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Thesis Abstract 
 

Solid solutions of Mg2Si and Mg2Sn (Mg2(Si,Sn)) are some of the most attractive thermoelectric 

materials by virtue of several properties of their constituents such as being abundant, light-weight, non-

toxic and environmentally friendly. They also have attractive thermoelectric properties, particularly for 

the n-type counterparts [1-3]. In order to implement these materials in technological applications, several 

n- and p-type legs need to be assembled as thermoelectric generators, for which they need to be contacted 

electrically in series through metallic electrodes. This contacting step of the thermoelectric legs with the 

metallic electrode is vital in the development of the generators. Yet, only a small portion of the research 

in thermoelectricity has been focusing towards it. In fact, the criteria of selection for a suitable electrode 

are not very well established, which complicates experimental investigations and thermoelectric 

generator development. 

This thesis tackles the topic of contacting Mg2(Si,Sn) thermoelectric materials by evaluating several 

candidate materials for electrodes and providing a path towards a more exhaustive list of requirements 

for electrode selection, based on both experimental testing and ab-initio calculations. 

In a first study, Cu and Ni45Cu55 electrodes were tested with n- (Bi-doped) and p- (Li-doped) type 

Mg2Si0.3Sn0.7 materials, selected based on their fitting coefficients of thermal expansion (CTE). Our 

obtained results report successful joining with the p-type counterpart for both electrodes, and annealing 

experiments with Cu also confirm the stability of the contacts. Low electrical contact resistance values 

(≤ 15 µΩ cm2) were obtained for both material types using both electrodes, and these values remained 

relatively low with Cu after annealing. An unexpected behavior was, however, observed where the 

Seebeck coefficient S changed by ~ 50% in the n-type materials after joining with both electrodes, while 

no such change occurred with the p-type samples. A further change in S was also observed after the Cu-

joined n-type sample was annealed.  

Following this work, experiments to understand the role and implication of the electrical current of the 

direct sinter press during the joining process were processed. For this purpose, an indirect resistive 

heating method was proposed and tested, where an electrically insulating layer was added on both sides 

of the sample system in an attempt to block the current from running through the sample. On the other 

hand, the samples contacted in the initial study were done following a direct resistive heating method 

where no insulating layer was included, and the sintering current was free to run through the sample. 

Comparing the results of both methods with Cu joining showed that the change in S still occurred, 

independently of the used method.  

As a previous study also reported such change in S in n-type Mg2Si1-xSnx but not in p-type after joining 

with Ag [4], it became clear that this behavior was not a one-time occurrence related to a particular 
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electrode; instead it was a general tendency in the behavior of our used TE materials with various 

electrodes. As the change in S was constantly observed with only one material type, a dependence of the 

behavior on the charge carrier concentration was concluded. As charge carrier concentrations are 

determined by the material´s defects, the focus of this thesis widened to include materials´ charged point 

defects. Here, we looked into the formation energies, therefore stabilities, of the intrinsic and extrinsic 

defects of the material system (doped thermoelectric material + electrode), and their relevance in the 

chemical potential windows of interest. To obtain these formation energies, hybrid-DFT calculations 

were conducted by our collaborators in the Korea Electrotechnology Research Institute (KERI), and 

comparisons with experimental data was processed. 

To facilitate this first study involving defects, Ag was experimentally contacted with n-type (also Bi-

doped) Mg2Si and Mg2Sn, as the hybrid-DFT calculations were done for the binary systems. The results 

of the experimental tests reported Ag defect diffusion in both binaries, causing, in fact, a change in the 

Seebeck value, which fits with the literature report on the ternary composition. Defect calculations 

predicted that the Ag substitutional defect on the Mg lattice site (AgMg) would be the most stable defect 

in the Bi-doped Mg2(Si,Sn) systems. As AgMg is an electron-acceptor defect with a low enough 

formation energy, it would trap the conduction electrons donated by the Bi atom on the Si/Sn site defect 

(BiSi/Sn), which is the main electron donor defect in the materials. This trapping of the conduction 

electrons results in a compensation of the charge carriers, which would experimentally translate into a 

change in the thermoelectric properties.  

As this study reached a good match between the experimental data and the calculation predictions, the 

method where hybrid-DFT is used to predict the behavior of the joining electrode defects on the 

Mg2(Si,Sn) system was established and further tested. Hybrid-DFT calculations of Cu and Ni defects in 

Bi-and Li-doped Mg2Si and Mg2Sn systems were then processed, and the results were compared with 

the experimental findings of the Cu joining from this work and the Ni joining from previous literature 

[5], as well as new experiments introduced in this thesis. Upon these comparisons, we could establish 

good matches between hybrid-DFT predictions for defect stability and contacting experiment results, 

which in turn established the importance of considering defect formation energy calculations in the 

contacting electrode selection procedure.  

As necessary as it may be, the step of contacting thermoelectric materials to build thermoelectric 

generators is rather challenging. No clear guidelines have been established yet, and fulfilling the 

available requirements (matching coefficients of thermal expansion, low electrical contact resistance, 

good mechanical adhesion, long term stability) is already laborious. In fact, all these requirements need 

experimental testing, but the pool of electrode candidate materials to select from and investigate is very 

large, which makes experimental investigations costly. Therefore, more pre-selection criteria are needed, 

to narrow down the available options. Through this thesis, we succeeded in establishing such a pre-

selection requirement based on the defect formation energies of the materials´ charged point defect. 
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Such calculations are highly automatable and provide predictions of the behavior of the thermoelectric 

material and the electrode of choice, which then tells if a certain electrode has potential to be a successful 

solution or not, before going through experimental investigations. With this newly established method, 

we believe that this work can make the electrode selection process simpler and can pave the way towards 

clearer guidelines for the Mg2(Si,Sn) system in particular, and for other thermoelectric systems in 

general.  
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Chapter 1 

1. Introduction 
 

The topic of energy is one of the most discussed topics of the decade. Between running out of the 

traditional energy sources, and a climate change crisis that is getting more serious by the day, finding 

new energy alternatives that are renewable and not harmful to the planet has gained priority in research, 

industry and even on the political scene all over the world.  

As technologies progress, and as the world shifts further towards a more electronic and numeric platform, 

the need for electricity increases constantly. To fulfill these demands, countries are using too much oil 

and fossil fuels, which are having a negative impact on the environment. For this reason, other energy 

alternatives like solar and wind have been studied for a long time, to eventually lighten the load on oil 

and fossil fuels. However, these technologies still cannot be used independently due to limitations such 

as storage and capacity. Therefore, several other renewable energy sources are needed to support solar 

and wind energies, and research for new environment-friendly sources is constantly growing. Among 

these technologies, thermoelectricity has proved itself to be an efficient useful alternative [6]. 

Thermoelectricity can be used in converting (waste) heat into electricity, in small scale refrigeration and 

temperature control, as well as in thermal sensors. It has already been used since World War II by the 

Russians for military purposes, and since the 70s by NASA and the Russian spaceflight in several space 

missions like Voyager, Curiosity, as well as numerous others missions equipped with radioisotope 

thermoelectric generators (RTGs). Since then, research focuses on implementing more thermoelectric 

energy sources, not only for space, but also for terrestrial applications. 

Our work at the German Aerospace Center (DLR) aims at providing reliable and efficient thermoelectric 

materials and devices for industrial and technological applications. Thermoelectric devices, being the 

final product of the research cycle, are self-sufficient modules that are highly reliable and have no 

movable parts. Therefore, once a device is built and functioning, it should be able to continue 

functioning for its entire planned lifetime. Thermoelectric devices are composed of optimized 

thermoelectric materials which are n- and p-type doped semiconductors called legs, that are electrically 

connected using metallic electrodes to guarantee a flow of the electric current with minimum contact 

resistances.  

Therefore, in order to guarantee an efficient functional thermoelectric device, not only do the 

thermoelectric legs have to be efficient, but also the metallic connections between them have to be 

optimized and not hinder the current flow along the device, which would cause losses and decrease the 

performance. 
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The following sections will start with a brief history of thermoelectricity, followed by an overview on 

thermoelectric devices, then a few criteria to take into consideration while arranging the thermoelectric 

legs together using metallic electrodes.  

 

1.1. Thermoelectric Effects 

 

Thermoelectricity can be used for several applications, among which is the conversion of waste heat 

directly into electricity. It encompasses three different effects which are physically closely interlinked 

with each other: the Seebeck effect, the Peltier effect and the Thomson effect. The origin of these effects, 

usually observed in metals and semiconductors, is the motion of the charge carriers. 

The Seebeck effect is the generation of voltage (difference of electrical potential) as a temperature 

difference is applied to a thermoelectric material in open-circuit voltage (no current flow) [7].  It was 

first observed in 1821 by Thomas J. Seebeck, and it occurs when charge carriers move inside a metal or 

a semiconductor, creating a redistribution of charge from one end to the other. These charge carriers are 

mainly electrons in n-type materials and holes in p-type materials. The Seebeck coefficient S is defined 

as the constant of proportionality between the difference of temperature ∆T and the voltage V between 

both ends of the material in an open circuit [8, 9] as follows: V = - S ∆T . 

 

Figure 1.1: Visualization of the Seebeck effect as the movement of the dominant charge carriers (electrons in 

this case) in a material (n-type semiconductor in this case) under temperature gradient (Th is the hot side and Tc is 

the cold side) generating an open-circuit voltage V. 

 

Figure 1.1 displays the example of an n-type semiconductor generating an open-circuit voltage after 

being subjected to a difference of temperature. The higher temperature Th at the hot side results in a 

higher thermal motion of the charge carriers, which leads to a thermal diffusion of the majority charge 

carriers (electrons, in the presented n-type semiconductor example) from the hot side towards the cold 

side. This thermal diffusion creates a redistribution of the charge carriers, where the majority charge 

carriers (electrons in our example) accumulate at the cold end, creating a difference in voltage between 

n-type semiconductor

Th Tc

V+

Movement of

electrons
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both ends. When a steady-state is achieved, such difference in the charge densities between both material 

ends develops a voltage that balances the thermal diffusion driving force [10, 11].  

Closely related to the Seebeck effect is the Peltier effect. Discovered by Jean Charles Athanase Peltier 

in 1834, the Peltier effect can be seen as the reverse effect of the Seebeck effect. In fact, while the latter 

concerns a voltage generated due to a difference in temperature, the former usually involves a 

temperature gradient induced as a result of a current flow through a junction between two connected 

materials M1 and M2. At this junction, heat will be either emitted or absorbed, depending on the 

direction of the current, which results in a warming up or a cooling down of the junction. Similarly to 

the Seebeck coefficient, a Peltier coefficient  can be defined as follows: Q =  I, where Q is the 

appearing Peltier heat per time unit and I the electrical current [8].  

The Peltier effect is related to the Seebeck effect as M1 -  M2 = (SM1 – SM2)T [12]. 

Another effect related to the Seebeck and Peltier effects is the Thomson effect, observed by Lord Kelvin 

in 1855. In various materials, the Seebeck coefficient is not a constant value, but instead, varies with the 

variation of temperature across the material.  In fact, as the current flows through a semiconducting 

material subjected to a temperature gradient, heat will be emitted or absorbed, because the Seebeck 

coefficient is a temperature-dependent property. At every point of the material, the appearing heat 

(Thomson heat) is then generated or absorbed, and can be expressed through qx = - τT jx
𝜕𝑇

𝜕𝑥
, where τT is 

the Thomson coefficient, jx is the electrical current density and 
𝜕𝑇

𝜕𝑥
 is the temperature gradient. The 

Thomson coefficient is defined as T = 𝑇
Δ𝑆

Δ𝑇
 [13, 14].  

These effects introduced above are known as the thermoelectric effects and they are the basis of the 

function of different thermoelectric devices [15]. The function of thermoelectric generators (TEGs) in 

particular is based on the Seebeck effect; however, it is important to keep in mind that the Peltier and 

Thomson effects also act on a TEG, simultaneously to the Seebeck effect. Further details about these 

TEGs and their development will be presented in the following sections.    

 

1.2. Thermoelectric Devices 

 

In order to be implemented into technological applications, n- and p-type semiconducting thermoelectric 

materials need to be assembled together into a thermoelectric device [15]. This device is composed of 

optimized n- and p-type TE materials arranged electrically in series and thermally in parallel, 

interconnected with metallic layers. Thermoelectric devices can be operated in two different modes: 

refrigeration and power generation. In the first mode, which utilizes the Peltier effect, a DC power supply 

provides an electric current which creates a Peltier heat flow along the device, leading to the cooling of 
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one of the device surfaces. The second mode, which is based on the Seebeck effect, results in a current 

flow, a voltage across the thermoelectric legs, and an electrical power output created by a difference of 

temperature. Both are represented in Figure 1.2.  

 

 

Figure 1.2: Refrigeration (left) and power generation (right) modes for thermoelectric devices. 

 

The efficiency of a thermoelectric device depends on the efficiency of its TE legs and the quality of the 

contact between them [7, 16]. The performance of a TE material is characterized by its figure of merit 

zT = σS2T/κ, where σ is the electrical conductivity, S the Seebeck coefficient, T the absolute temperature 

and κ the thermal conductivity.  In order to improve the performance of a TE material, researchers have 

been trying to increase the power factor PF = σS2, while trying to lower the thermal conductivity κ. To 

achieve the former and improve the electrical properties, band structure engineering has been 

implemented to obtain an optimum S and σ. As for the thermal conductivity κ, it is the sum of the lattice 

thermal conductivity κL, the bipolar thermal conductivity κbi and the electronic thermal conductivity 

κe=LσT, where L is the Lorenz number. In order to minimize κ, methods like alloying or nanostructuring 

have been employed, which would lower the lattice thermal conductivity κL. However, when a TE 

material is optimized by increasing its electrical conductivity σ, the electronic thermal conductivity κe, 

hence the total thermal conductivity κ, also increases. This duality represents one of the biggest 

challenges in thermoelectricity. To counteract this, new methods relying on studying point defects and 

their formation energies to simultaneously optimize the electrical and thermal properties are being 

researched. 

As for TE devices, their performance can be determined through their efficiency η which is the ratio of 

power output (P = Qin – Qout) to the heat input η = P/Qin  [17-19]. Considering that ηn and ηp are 

respectively the efficiencies of the n and p type elements, η = (ηn Qn + ηp Qp )/(Qn + Qp) [20]. The more 

n-p couples a device has, the larger the power output. Assuming temperature-independent material 

properties, the device´s maximum efficiency is given by  

Heat absorption

Heat release

Heat source

Heat sink

I I
+-
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𝜼𝐦𝐚𝐱 =
∆𝑻

𝑻𝒉
 
√𝟏+𝒁𝑻−𝟏

√𝟏+𝒁𝑻+
𝑻𝒄
𝑻𝒉

                     Equation 1.1                         

From Equation 1.1, it is clear that the conversion efficiency of a device is related to the Carnot factor 
∆𝑇

𝑇h
 

−which is the ratio of the difference of temperature across the TE legs (ΔT) by the hot side temperature 

Th− and is dependent on the device figure of merit ZT [21, 22], which is defined as  

𝒁𝑻 =  
𝑺𝐝𝐞𝐯

𝟐𝑻

𝑹𝑲
= 

𝑺𝐝𝐞𝐯
𝟐𝑻

(𝑹𝐥𝐞𝐠+𝑹𝐜)(𝑲𝐥𝐞𝐠+𝑲𝐛)
   Equation 1.2 .           

ZT is the sum value for all n- and p-type legs. In Equation 1.2, Sdev is the Seebeck coefficient of the 

device which is the summation of the Seebeck coefficients of the n-type (Sn) and p-type legs (Sp) as 

𝑆dev =  𝑁(|𝑆n| + |𝑆p|) with N being the number of n-p leg pairs, R is the total electrical resistance and 

K the total thermal conductance. Rleg, Rc, Kleg and Kb are respectively the total electrical resistance of the 

TE legs, the electrical contact resistances, the thermal conductance of the TE legs (which also includes 

the thermal contact resistances) and the thermal conductance of the parasitic heat paths that bypass the 

legs (thermal losses due to convection and radiation). The electrical contact resistances hinder the flow 

of the current in the device, while the thermal contact resistances change the real temperature that is 

actually felt by the TE material. In fact, due to the thermal resistances of the various layers that need to 

be added to the TE material (metallization layer, solder layer, external ceramic layer, etc.), the 

temperature that reach the TE material from the hot side of the device is lower than the initial externally 

input temperature. Therefore, in order to have an optimized and efficient TE device, not only do the TE 

materials need to possess optimum electrical and thermal properties, but also the contacts between these 

legs and the metallic layers (as well as the thermal bypass Kb) need to be optimized.  

In this work, we will only focus on electrical contact resistance measurements and optimization, as they 

are a more imminent task in the early stages of finding contacting solutions for TEGs, compared to 

thermal contact resistances. Figure 1.3 shows examples of the influence of the electrical contact 

resistance on the device properties. Figure 1.3 a, taken from a work by Ebling et al. [23], demonstrates 

the influence of the electrical contact resistance on different modules´ ZT with different Bi2Te3 leg 

lengths. Figure 1.3 b, taken from Goupil et al. [24], displays the decrease the efficiency of a Zn4Sb3-

based TE device as the electrical contact resistance increases (shows by the arrow on the figure). Note 

here that Figure 1.3 a presents values of the electrical contact resistance Rc which is not the usual quantity 

used for comparison. Instead, the specific electrical contact resistance rc = Rc × A, (A is the area) is 

usually utilized to qualify good or bad contacts, as it is independent of the surface area.  
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Figure 1.3: a) Sample curves of simulation results of the impact of the total electrical contact resistance Rc on a) 

ZT of modules using different Bi2Te3 leg lengths (taken from [23]). b) Efficiency of a Zn4Sb3-based TE device as 

Rc is varied between 0 and 1000 µΩ cm2. The direction of the increase of Rc is displayed by the arrow. The 

points represent the calculated values and the solid lines represent polynomial fits. (taken from [24]). 

 

As can be seen from Figure 1.3, an increase in Rc ultimately results in a decrease in ZT (as defined by 

Equation 1.2) and thus in the maximum efficiency of the device. Therefore, minimizing the electrical 

contact resistance is crucial in developing highly performing TE devices. One of the ways to increase 

the output power of a device is to lower the length of the TE legs. However, usually, a minimum leg 

length is imposed by the contact resistance between the actual leg and the metallization layer. 

Some of the highly optimized thermoelectric materials presented in literature are PbTe [25-28], half 

Heusler compounds [29-31], Skutterudites [32-34], SnSe [35] and Mg2(Si,Sn,Ge) materials [1, 3, 36-

41]. For most of these material systems (and particularly Bi2Te3-based materials), efficient n- and p-type 

have been reported, fulfilling the first step in TE module building. The next step is to find suitable 

metallic electrodes to contact these single legs [42].  

The next section (Chapter 1.3) introduces this thesis´ TE material system of interest which is the Mg2X 

system. Contacting will be discussed in further details in a following section (Chapter 1.4). 

 

1.3. Thermoelectric Materials: Mg2X (X = Si,Sn) 

 

Among the material systems that are studied recently are the Mg2X binaries and their solid solutions due 

to the several attractive properties they possess. In fact, this material system has a low density and is 

composed of cheap and abundant elements, and is non-toxic and environment-friendly. Thus, it is very 

attractive for several industry fields [43]. The most studied Mg2X materials are Mg2Si, Mg2Ge and 

Mg2Sn, as well as their solid solutions [39, 44, 45].  

(a) (b)
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Commercially, based on a PubChem database search performed in August 2021, undoped Mg2Si is 

available as powder (e.g -20 mesh (~ 0.8 mm) particle size from Sigma-Aldrich) or in larger pieces 

(3~12 mm piece size from VWR International). Other Mg2X compounds, however, aren´t as easily 

found. In fact, Mg2Sn isn´t available for purchase, and Mg2Ge is only provided by a limited number of 

distributors and can cost about 8 times as much as Mg2Si. Similarly, up to date, no thermoelectric 

generators based only on the Mg2X system are commercially available. Nevertheless, some 

technological applications of Mg2X-based thermoelectric generators could be automotive and aircraft 

industries where light-weight materials are preferred and would increase the power density as reported 

in the work of Kim. et al where they studied an n-type Mg2Si and a p-type higher manganese silicide 

(HMS) based TEG [46]. 

 

 

Figure 1.4: State-of-the-art comparison of ZT in different n-type materials (taken from Zhu et al. [47]) 

 

So far, n-type Mg2X materials were thoroughly synthesized and studied, with improved reports of their 

thermoelectric properties [48-50]. Figure 1.4 also shows the high zT of n-type Mg2Si0.3Sn0.7 and 

Mg2Ge0.75Sn0.25 in the mid-range temperatures. As efficient p-type Mg2X was harder to achieve, higher 

manganese silicides (HMS) were first used as the p-type counterpart to the n-type Mg2X materials [51, 

52]. However, differences in the coefficient of thermal expansions (CTE) of both material systems lead 

to inevitable thermal stresses that would cause device failure [53]. In fact, the CTE of n-type Mg2(Si,Sn) 

materials usually ranges between 16 and 18 × 10-6 K-1, while the p-type HMS system has a CTE ranging 

between 9 to 13 × 10-6 K-1 [54-56]. The difference in the elements composing the TE material system 

would also present an issue while trying to develop contacting solutions for the TE devices, as different 

elements react differently with the electrode materials. In fact, having the same materials on both sides 

of the thermoelectric pair guarantees a similar behavior of the legs under mechanical and thermal 

stresses, which facilitates the study of the systems, as well as the achievement of thermomechanical 
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durability. For these reasons, p-type Mg2X was also well studied, and optimized properties have been 

recently reported [57-60].  

One challenge in optimizing TE materials and obtaining high zT rests on the challenge in finding 

efficient dopants that would provide an optimum amount of charge carriers to the semiconductor, 

enhancing its conduction. In fact, as introduced before, zT depends on the electrical conductivity σ and 

the Seebeck coefficient S, which are both functions of the charge carrier concentration. In 

semiconductors, both electrons and holes contribute to the Seebeck voltage and current generation, 

however, to a different extent depending on the material type. In fact, the majority charge carriers, which 

are electrons in n-type and holes in p-type, have a more significant contribution to the TE properties. 

For simplicity, we can usually disregard the contribution of the minority charge carriers. Nevertheless, 

it is important to keep in mind that in some cases such as small band gap materials (Eg ~ κBT) at high 

temperatures, the contribution of the minority charge carriers will be more significant, as both the 

electrons and the holes would contribute to the charge transport. In this case, the Seebeck coefficient (as 

well as the Hall effect [61, 62]) would be greatly affected.  

In the case where the contribution of the minority charge carriers is disregarded, the concentration of 

the majority charge carriers determines the electrical conductivity as shown by the equation σ = n e μ, 

where n is the charge carrier density, and μ is their mobility. Similarly, the Seebeck coefficient can be 

expressed as 𝑆 =  
8𝜋2𝑘b

2

3𝑒ℎ2 𝑚D
∗ 𝑇 (

𝜋

3𝑛
)

2

3
, assuming a highly doped semiconductor, where 𝑚D

∗  is the 

effective mass of the carriers [63]. Figure 1.5 portrays this relation between zT and the charge carrier 

concentration, showing a special window of carrier concentration for which high zT values can be 

reached, and beyond which zT decreases. This window typically ranges from 1019 and 1021 per cm3. 

 

 

Figure 1.5: Dependence of the dimensionless figure of merit zT on the charge carrier concentration (taken from 

[63]). 
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Figure 1.6: Optimized zT of p- (Li doped) and n- (Sb doped) type Mg2Si0.4Sn0.6 composition. Data was taken 

from [28] and [29] respectively. 

 

In the scope of this thesis, the solid solutions of Mg2Si and Mg2Sn are the main focus, because they 

show better TE properties than the binaries [58, 59, 64]. Recent literature reported both optimized n- 

and p-type counterparts with high zT reaching ~1.4 and 0.55 at 700 K respectively, for the solid solution 

Mg2Si1-xSnx with x = 0.6, as shown in Figure 1.6 above [1, 3]. For these compositions, the corresponding 

Seebeck coefficient at 700 K is S ~ –220 µV/K for n-type and S ~ 200 µV/K for p-type. Sb was used as 

an efficient dopant for the n-type conduction, while Li was used for the p-type conduction. A previous 

work of Chen et al. using Sb as a dopant for Mg2Si0.4Sn0.6 reported compared Seebeck values, where S 

= –220 µV/K was reached at 700 K for 1% Sb doping [65]. In a different work, Bi was also used as an 

n-type dopant for Mg2Si1-xSnx and showed very attractive properties with S ranging between –110 µV/K 

at room temperature and –190 µV/K at 700K for 3.5% Bi concentration  [2]. This Bi concentration 

corresponded to a zT ~ 1.3 at 700 K [2]. As for p-type, Li doping in Mg2(1-x)Li2xSi0.3Sn0.7 (x = 0.00–0.07), 

S between 150 and 160 µV/K at 700 K was reported in a work by Zhang et al. for x = 0.03–0.07, 

corresponding to zT values between 0.4 and 0.5 [66]. 

In this work, Bi-doped n-type and Li-doped p-type Mg2Si1-xSnx will be evaluated with a few metallic 

electrode materials as a necessary first step in TE module building (Chapters 3 and 4). Nevertheless, the 

binary compounds Mg2Si and Mg2Sn will also be considered when studying the interplay of the 

material´s defects with the electrode-induced defects in the material (Chapter 5), as they are easier to 

understand compared to defects in solid solution.  
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1.4. Contacting and Electrode Selection 

 

In actual technological applications of thermoelectricity, the optimized n- and p-type legs are typically 

connected electrically in series through a conducting multi-layer composed of a metallization layer (also 

called metallic electrode), a solder layer, a conducting strip commonly called bridge, and a ceramic plate 

as shown in Figure 1.7.  

 

Figure 1.7: Configuration of a functional TE module containing a set of TE legs joined by a conducting multi-

layer (Taken from [18]). 

 

The purpose of this multi-layer is to connect the TE legs to each other, so they can be used in a TEG 

device and current can go through. However, with each added layer, added electrical and thermal 

resistances come into play, especially between the metallic layer and the TE material.  In fact, poor 

contacts result in a large loss of the ZT and power output of the TE device [67]. Therefore, it is crucial 

to develop good and reliable contacts to guarantee the durability and the efficiency of the final device.  

In this work, we focus only on the contact point between the TE leg and the metallization layer. This 

layer will be referred to as electrode in the rest of the manuscript. Up to date, there are no clear guidelines 

as to what qualifies a perfect contact. However, a preliminary list of requirements for electrode selection 

could be dressed and would include: 

• A metallic conducting electrode with high electrical and thermal conductivity 

• A good mechanical adhesion between the electrode and the TE leg 

• A matching coefficient of thermal expansion (CTE) between the electrode and the TE 

material of choice to guarantee a similar thermo-mechanical behavior under 

temperature gradient and thermal cycling 
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• A controlled reaction and diffusion between both materials, which would guarantee 

chemical stability 

• A low specific electrical contact resistance rc at the interface, with an acceptable 

threshold < 10 µΩ cm2 ([42]) between the interface contact resistance and the total 

device resistance, as displayed by Figure 1.8. 

 

 

Figure 1.8: Schematic of the efficiency of a TE device as a function of the specific contact resistance. 

 

Contacting on the binary Mg2X material system was tested with a few electrode materials, and 

preliminary results were reported in the literature [5, 68-70]. Among these electrodes, Ni was tested 

several times with n-Mg2Si, and showed to be more stable up to 400 °C compared to other electrodes 

[71]. It also resulted in a low specific electrical contact resistance rc < 10 µΩ cm2, even after 168 h of 

annealing [68]. In the same work, the resulting reaction layer between the electrode and the TE material 

did not change after thermal treatment, which confirms the stability of the contacts. 

 Cu electrodes were also evaluated with undoped Mg2Si [72]. The results showed a good mechanical 

adhesion between the electrode and the TE materials, and no cracks were observed inside the sample. 

However, the obtained rc was relatively high (~ 15 mΩ cm2). The authors related such observation to 

the fact that the used TE material was undoped, and claimed that, when used with a doped material, 

lower rc values would be achieved. 

However, as no optimized p-type Mg2X was reported yet, and as the solid solutions of Mg2(Si,Sn) show 

improved TE properties compared to the binaries, it is more attractive then to develop contacting 

solutions for the ternary compositions. Prior to this thesis, Ag and Ni were tested on both n- and p- type 

Mg2Si1-xSnx  with x = 0.6 – 0.7 [4]. Ag showed a low contact resistance with p-type, but not with n-type. 

As for Ni, rc was low for both material types; however, a lot of cracks were observed in the TE material, 

potentially due to the mismatch in the CTE.  
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Another interesting feature that was reported in [4] is the change of the Seebeck value of n-type 

Mg2Si0.3Sn0.7 during contacting with Ag, while no such behavior was observed with the p-type 

counterpart. As the main difference between the n- and p-type materials is the dopant, this might suggest 

a connection between the dominant charge carrier type –therefore defects– and the contacting behavior. 

Chapter 1.6 introduces point defects and their importance in semi-conductors. The main defects in the 

Mg2X (X = Si, Sn) system are also discussed.    

 

1.5.  Electrical contact resistance 

 

The concept of electrical contact resistance was mentioned above as being an important parameter to 

consider when selecting contacting electrodes (Chapter 1.4) and building TEGs (Chapter 1.2). The 

electrical contact resistance Rc, as the name implies, is the resistance that the electrical current faces 

when crossing a contact surface between two different conducting or semi-conducting materials. When 

two materials M1 and M2 are in contact under a given pressure, both material surfaces are in touch, and, 

assuming no surface film (such as contamination or oxide layers), there is direct contact between the 

materials. A current passing from M1 to M2 will encounter a resistance at the junction between M1 and 

M2 that will hinder its flow. The measure of this contact resistance of the current flow depends on 

several factors: (i) the class of materials and their conductivity: Rc between two metallic materials will 

be lower than Rc between a metal and a semi-conductor; (ii) the geometry of the contact surface and its 

condition (cleanliness, roughness, if there is added lubricant, if there is an interface layer…), and (iii) 

the applied mechanical pressure holding the contact together. 

This work mainly focuses on contacts between a metal and a highly doped semiconductor, so we talk 

about “ohmic contacts” [73-77], as opposed to non-ohmic/rectifying Schottky contacts [78-80]. Ohmic 

contacts are contacts where the interface potential barrier resulting from the difference in the Fermi 

levels between the metal and the semiconductor doesn´t manifest itself and/or is narrow and therefore 

can be easily surpassed by the charge carriers. They are also contacts where the I-V curve has a linear 

behavior, and where the current can run in both directions across the interface surface [75, 76]. A good 

ohmic contact would have a negligible contact resistance that maintains the linear I-V behavior and 

would only generate a voltage drop that is small compared to the voltage drop along the semiconducting 

material [81]. 

Figure 1.9 shows an energy band diagram of a contact between a metal and an n-type semiconductor 

before contacting (a) and after contacting (b). The work function of the metal ФM and the work function 

of the semiconductor ФS are respectively defined as the difference in energy between the Fermi level of 

the metal and the vacuum level, and the Fermi level of the semiconductor with the vacuum level. Х is 

the electron affinity of the semiconductor, and is defined as the difference in energy between the 
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conduction band edge and the vacuum level. In order to reach equilibrium conditions when both 

materials are brought into contact, the Fermi levels of the metal and the semiconductor equalize, which 

results in a bending at the interface in the band gap edges (conduction band with energy Ec and valence 

band with energy Ev) as shown in Figure 1.9 (b). This bending creates the potential barrier that would 

need to be surpassed by the charge carriers during their transfer between the materials, and the potential 

drop across the interface is a function of the difference in the Fermi levels of both materials. 

 

 

Figure 1.9: Schematic diagram of the energy bands at the interface between a metal and a heavily-doped n-type 

semiconductor (a) before contacting and (b) after contacting. As soon as a contact is established, the electrons 

flow from the metal to the semiconductor because ФM < ФS (electron movement shown by the green arrow in 

(a)). This movement results in an accumulation of positive charge at the edge of the metal and negative charge at 

the edge of the semiconductor. As the Fermi levels equalize, the transfer of charge from the metal to the 

semiconductor continues without having an added potential barrier to cross. The symbols utilized in this figure 

are explained in the text above. Eventually, when an external voltage is applied to the shown junction, electrons 

will be able to easily flow between both materials in both directions (electron movement shown by the green and 

orange arrows in (b)). As this is a characteristic of ohmic materials, such contacts are called ohmic contacts [77, 

82]. 

 

In the case of an ohmic contact between a metal and an n-type semiconductor as shown in Figure 1.9, 

ФM < ФS. Therefore, electrons will easily flow from the metal to the semiconductor without any energy 

barrier to cross (electron movement shown by the green arrows in Figure 1.9 b). Such charge transfer 

results in an accumulation of positive charge at the metal surface near the junction, and a negative charge 

at the semiconductor surface. The energy levels (band edges of the semiconductor) will also be changed 

by ФS - ФM = EF (semiconductor) - EF (metal). When the Fermi levels are equalized and the energy bands 

of both the metal and the semiconductor overlap, the eventual transfer of electrons from the 

semiconductor to the metal (under the effect of an external applied voltage) would also occur easily, as 

there is also no charge barrier for the electrons to overcome. Therefore, in such contacts, electrons can 
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easily flow between both materials in both directions, and the junction acts as a metal or an ohmic 

material, hence the name ohmic contact. In the case of p-type semiconductor, the work function of the 

metal is higher (ФM > ФS) and the Fermi level is closer to the valence band. Nevertheless, the same 

principles as explained above still apply to the junction, considering holes as the major charge carriers 

instead of electrons. 

Our particular research interest is centered on the ohmic contacts between metallic electrodes and the 

Mg2Si1-xSnx TE material. The geometry of the surfaces in contact is fixed, as will be explained in the 

method section (2). However, as the contacting experiments are done under high temperature, diffusion 

and reaction between both materials is expected, possibly resulting in an added reaction layer. This 

reaction layer can potentially contain new phases that are less conductive, which inevitably adds 

resistance and hinders the current flow. Moreover, as the surfaces of both materials are rough, the contact 

regions will be limited to localized points instead of a continuous flat area. These regions of interrupted 

contacts also hinder the current and add resistance.  

In case of a perfect contact between two surfaces of materials M1 and M2, the current lines can 

homogeneously cross the contacting surface. In case of a non-perfect contact, which is more realistic, 

the current lines have restricted isolated crossing areas, which results in a locally higher current density, 

as displayed in Figure 1.10. 

 

Figure 1.10: Schematic diagram of the current flow lines across an interface with restricted crossing points. 

(taken from [83]). The labels M1, M2, P1 and P2, indicating respectively Material 1, Material 2, Point 1 and 

Point 2, were added in this work for the sake of the in-text discussion. 

 

The electrical contact resistance can be explained qualitatively based on Ohm´s law. If we assume that 

V is the voltage drop between two points P1 on M1 and P2 on M2 (Figure 1.10) along the same current 

line, and I the electric current that flows from M1 to M2 through the contact surface, the total contact 

resistance is given by Rc = V/I. This total resistance includes three different resistance contributions Rc 

= RA + Ri + RB: 

P1

P2

M1

M2
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1- The resistance RA originating from the streamline effect due to the current line constrictions in 

surface A on M1 

2- The resistance Ri originating from the passage across the interface between surfaces A and B 

3- The resistance RB originating from the streamline effect due to the current line constrictions in 

surface B on M2 

In this section, this subdivision of Rc is only introduced for the sake of theoretical knowledge. The value 

of the total electrical contact resistance Rc is what matters for technological purposes. Related to this 

total electrical contact resistance is the specific contact resistance, defined as rc which is more 

meaningful to use because it is independent of the surface area that can change from case to case. rc will 

be used in the rest of this work. 

 

1.6. Point defects 

 

Crystallographic point defects are disturbances to a perfect arrangement of atoms in the lattice structure 

of a material; they can be missing atoms, atoms in irregular positions or foreign atoms. These defects 

have strong and different effects on the material´s behavior, depending on their concentration and charge 

state.   

There are four types of point defects:  

• self-interstitial atoms: atoms from the crystal positioned into an interstitial site ordinarily not 

occupied. 

• vacancies: atoms missing from their normal lattice site.  

• substitutional atoms: atoms replacing different atoms on their lattice positions. When an atom 

from the main lattice sits on a different crystal lattice site, the defect is called antisite.  

• impurity interstitial atoms: external atoms, different from the material´s original atoms, filling 

interstitial sites. 

Defects play a particularly important role in semiconducting materials because their type and 

concentration can majorly change the material´s electronic properties. Other material properties like 

diffusion and mechanical strength are also strongly dependent on defects. In fact, as H. J. Queisser stated, 

“imperfections in a nearly perfect crystal” are the guiding principles for semiconductor science and 

technologies [84].  

Semiconductors have native defects, also named intrinsic defects. They can be self-interstitials, anti-

sites and vacancies; they control basic processes like self-diffusion, and they can change the band 
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structure. For example, Ögut et al. showed that the increase of ZrSn antisite defect content leads to a 

decrease of the band gap of the ZrNiSn based half-Heusler alloys [85]. 

Doping a semiconductor with atoms other than the main lattice atoms generates extrinsic defects that 

are often more stable than the intrinsic defects of the material, causing a change in the electrical 

conductivity. In fact, incorporating extrinsic point defects in specific concentrations into a lattice results 

in a change in the electronic properties of the material, e.g. by tuning the carrier concentration and/or by 

adding scattering centers by alloying. Extrinsic point defects can be substitutional, thus occupying 

positions of one of the atoms from the main lattice, or can be interstitial. Such point defect control 

methods were already tested in several TE materials like Bi2Te3 [86], CoSb3 [87] and Mg2(Si,Sn) [88].  

Jund et al. [89] studied the relative defect stabilities of Mg2Si and Mg2Ge using first principles 

calculations, based on a comparison of their intrinsic defects. Their results showed that defect stabilities 

in these material systems depend on the growth conditions. Under Mg-rich conditions, the Mg vacancies 

(VMg) and the interstitial Mg (IMg) defects are the most stable, while under Mg-poor conditions, the X 

on Mg substitution defect (XMg) becomes very stable (the most stable in Mg2Ge). Under stoichiometric 

conditions, IMg becomes less stable, while VMg becomes more stable. One important parameter to keep 

in mind here is that Jund et al. only considered neutral defects in their work; they did not take into 

consideration the different charge states that defects can have. Nevertheless, their findings highlight the 

relation between the formation energies of defects (their stability) and their concentration. Growth 

conditions are hence important because they determine the concentrations of the defects, and therefore 

their effect on the conduction type and carrier concentration of semiconductors.   

Quantitatively, the relation between the defect´s formation energy and the defect´s concentration can be 

seen from the following equation ∆def𝐸multi(𝜇𝑒) =  
∆f𝐸defect(𝜇𝑒)− ∆f𝐸multi 

𝑥defect
 reported in a recent work 

from A. Berche and P. Jund [90], as an example among others. In this equation, ∆defEmulti is the defects´ 

formation energy taking into consideration their charge, ∆fEdefect is the formation energy of the phase 

containing the charged defect, μe the electron chemical potential, ∆fEmulti is the formation energy of a 

multi-phased region that corresponds to the exact composition of the defective cell, and xdefect is the 

defects´ concentration in the cell.  

In the case of the Mg2X system, which is our system of interest in this work, thorough investigations 

were already processed to establish the native point defects of the material. Kato et al. studied the Mg2Si 

system using density functional theory (DFT) calculations, and tried to identify the origin of the 

persistent n-type conduction of this material. Their results showed that the IMg charged defects are the 

most energetically stable defects under different electron chemical potential conditions (Mg-rich or Si-

rich), and these defects act as electron donors of charge q = 2+, which explains the constant n-type 

conduction and the experimental difficulty to synthesize good p-type Mg2Si [91]. 
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Liu et al. [41] also used first-principle calculations to determine the defects formed in Mg2X (X=Si, Ge, 

Sn) and discussed their effect on the thermoelectric performance of the system. Results showed that Mg 

vacancies VMg and Mg interstitials IMg are the dominant defects in Mg2X, as they have relatively low 

formation energies in the whole Mg chemical potential range. Figure 1.11, taken from [41], shows 

calculation results for the intrinsic defect formation energies and their dependence on the chemical 

potential in Mg2Si, Mg2Ge and Mg2Sn. In this figure, the band gaps are shown as the Fermi energy range, 

and the valence band maxima (VBM) is pinned at EF = 0 eV. From the figure, it can be clearly seen that, 

in fact, VMg is the defect with the lowest formation energy in all material cases at higher values of Fermi 

energy, i.e. near the conduction band minima, when the material has a more n-type behavior. Also, as 

mentioned before, the figure shows that IMg are also very stable. They are the defect with the second 

lowest formation energy for all materials under Mg-rich conditions near the conduction band. Under X-

rich conditions (X= Si, Ge, Sn), the substitutional defects of the X atoms on the Mg (XMg) sites are stable 

as well.  

Liu et al. established through their work that Mg2Si is always an n-type material, while Mg2Sn and 

Mg2Ge show both n- and p-type conduction type depending on the Mg chemical potential. In fact, the 

interplay between IMg and VMg is what determines the conduction type, as the former is a donor defect 

of charge 2+ while the latter is an acceptor defect of charge 2–. In the case of Mg2Ge, under Mg rich 

conditions, the concentration of IMg is higher than that of VMg, thus the material has an n-type conduction. 

However, under stoichiometric and Ge rich conditions, the material is p-type, as VMg becomes more 

stable. Similarly, Mg2Sn also exhibits a transition in the conduction type from p- to n- as the Mg 

chemical potential, and therefore, the concentration of IMg increases.  

Compared to these Mg-related defects, X atoms related defects have higher formation energies; therefore, 

they are less probable to occur during crystal growth and have less influence on the general charge 

carrier concentration. In fact, X atoms have much larger atomic radii (Si = 2.71 Å, Ge = 2.72 Å, Sn = 

2.94 Å) compared to the atomic radius of Mg (0.66 Å), which means that the strain energy and local 

disorders caused by the X atom defects are much larger compared to those created by Mg atom defects. 

These findings join what was reported above by Jund et al. concerning the importance of growth 

conditions, as they set the chemical potential environment, and their effect on the defect densities which 

determines the material´s charge carrier concentration.  

As doping is known to be an efficient strategy to improve the electronic properties of semiconductors, 

it is also a vital strategy to produce efficient n- and p-type thermoelectric materials for power generation. 

For example, Tani et al. [35] used first-principles calculations in a systematic study of several elements 

namely B, Al, Ga, In, N, P, As, Sb, Cu Ag and Au, which were used as extrinsic dopants to observe their 

effect on Mg2Si. Results showed that only Ga induced p-type conduction, while As, P, Sb, Bi, Al and N 

all resulted in n-type conduction. The other elements (In, Ag, Cu and Au) had different conduction types, 

depending on Mg and Si chemical potentials. Another example can be the work of Jiang et al. [88] where 
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they tried to enhance the TE properties of Mg2(Si,Sn) solid solutions through inclusion of Sb impurities 

on Si/Sn sites, and studied the interplay between these extrinsic defects with the main defects IMg and 

VMg. In their work, they demonstrated that the Sb ratio influenced the concentration of Mg vacancies, 

and that excess Mg facilitates the formation of IMg defects, which effectively influenced the carrier 

concentration. A theoretical zT ~ 1.1 was also obtained for Sb content x > 0.1 in the system Mg2Si0.4Sn0.6-

xSbx.  

In this work, Bi was chosen as the effective n-type dopant [69, 92, 93], while Li was used as the effective 

p-type dopant [3] for the Mg2Si1-xSnx solid solutions. The n-type conduction is a result of the Bi atom 

substituting Si/Sn atoms (BiSi/Sn) and the samples were synthesized under Mg-rich chemical potential 

conditions. The p-type conduction results from the Li on Mg substitution defect (LiMg), but, as the 

interstitial ILi defects can also easily form, a fraction of the added Li will be lost as interstitials instead 

of the intended Mg substitution, hence the system would be under an Mg-poor synthesis environment.  

 

Figure 1.11: Calculated formation energies for intrinsic point defects in Mg2X (X = Si, Ge, Sn) as functions of 

the Fermi energy. For each material type, the calculations are done under Mg-rich chemical potential conditions, 

as well as X-rich chemical potential conditions. The figure is taken from [41]. 
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1.7. Research Summary 

1.7.1.  Research Question 

 

In order to develop functional TEGs, research must not stop at optimizing the TE legs, but should take 

a step further and look into finding suitable electrodes for contacting. In finding contacting solutions, 

several established requirements should be fulfilled. However, these requirements are neither exhaustive 

nor exclusive, and electrodes matching the set criteria could easily still not work for the TE material of 

choice. A few electrodes were tested for Mg2Si1-xSnx and preliminary results were reported, but these 

electrodes were not suitable enough according to the mentioned requirements. Some electrodes also 

displayed an unexpected behavior which was not well understood and explained.  

So far, Ag was reported as being the best contacting electrode, but only for p-type Mg2Si1-xSnx. The 

same result was not obtained for n-type Mg2Si1-xSnx, which solves, then, only half of the problem. 

Moreover, no report on the thermal stability of the contact with Ag was provided, which is a necessary 

requirement for the implementation of the electrode into the actual device. In fact, the contacting 

procedure will result in potential diffusion between the electrode material and the TE material, as well 

as added thermomechanical stresses due to the differences in the coefficients of thermal expansion. The 

effect of these two mentioned parameters (among others) will be enhanced by thermal cycling to which 

a TEG would be subjected, and, if not controlled, would result in the failure of the generator.  

In general, the problem of contacting is not very well studied and understood. So far, electrodes were 

selected only based on the pre-testing requirements that they are stable metals with matching coefficients 

of thermal expansions to that of the TE material. Another post-testing criterion is also used to judge the 

suitability of an electrode, namely the specific electrical contact resistance rc, and previous studies 

indicated that rc < 10 µΩ cm2 was an acceptable threshold. From this short list of criteria, it is clear that 

the main problem with contacting is the absence of thorough guidelines to help narrow down the 

selection pool and make the search procedure for suitable contacts more efficient and effective. On a 

smaller and more specific scale, no successful electrode was found for Mg2Si1-xSnx materials. Both these 

topics will be tacked in this work while testing several possible electrodes. 

 

1.7.2.  Thesis Overview 

 

In this thesis, the aim is to develop contacting solutions for Mg2Si1-xSnx by testing a few selected 

electrodes and trying to build guidelines for electrode choice to help further research. Using a pre-

established synthesis and contacting procedure, we start by evaluating Cu and Ni45Cu55 electrodes with 

n- and p-type Mg2Si1-xSnx as both the electrodes and the TE materials have similar CTE coefficients 
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(Chapter 3). We discuss the microstructure of the obtained reaction layers and measure the electrical 

contact resistance for each electrode.  

Annealing experiments were also done on the Cu-contacted samples to investigate the thermal stability 

of the reaction layers and the diffusion of the electrode inside the TE materials. Moreover, as Cu is 

known to be a fast diffuser, an investigation of the effect of the sintering current on the contacting 

procedure was done. The aim was to figure out if the Cu diffusion would be affected by the current, and 

to verify if it is only temperature-induced diffusion or if it is also happening due to electromigration. 

Results of this work are introduced in Chapter 4.  

As for the Ni45Cu55 electrode, contacting experiments were also processed because both Ni and Cu gave 

low electrical contact resistance values, and because the alloy has a closer CTE to the TE material than 

Ni. Diffusion from the electrode was observed, and the CTE match was still not good enough, as several 

cracks were seen inside the TE material and along the contacting interface. Similar to the Cu case, 

studies of the effect of the sintering current were done on Ni45Cu55-contacted samples, and preliminary 

results are provided in Chapter 6.1.1. This particular topic is also further discussed in the Appendix. 

The Ag electrode was already tested with Mg2Si1-xSnx materials in a previous work [4], and yielded to 

unexpected results that were not fully explained. In fact, a change in the Seebeck value after contacting 

was observed in n-type Mg2Si1-xSnx samples, while no change was recorded for the p-type samples, but 

no clear explanation was provided. It was however stated that the differences between the results 

obtained for n- and for p-type samples could be related to the major charge carriers inside the TE 

materials. To follow this lead and understand the reported data, an investigation of the intrinsic and 

extrinsic point charged defects is provided for Mg2Si and Mg2Sn contacted with Ag. The defect 

formation energies were calculated using a hybrid-DFT method, and an analysis of the experimental 

results with the calculation data is provided and explains the observed behaviors (Chapter 5). 

Such dependence of the behavior of the contacted TE material on the major charge carrier wasn´t only 

observed with Ag. In fact, it was also observed with Cu and Ni45Cu55. Therefore, the method used to 

correlate experimental data to hybrid-DFT calculation data was extended to Cu and Ni materials.  

Calculations of defect formation energies between these electrodes and the binaries are provided in 

Chapter 6.2. A summary of the comparisons between the different experiment joining cases and the 

corresponding hybrid-DFT calculations is also provided, in order to evaluate the reliability of the method. 

An extension of this method to a new electrode material Ti is provided in the Appendix, where results 

of contacting with n- and p-type Mg2Si0.3Sn0.7 as well as calculations of the defect formation energies 

are provided. Ti was selected because it can be also used as a diffusion barrier for the Mg2(Si,Sn) system.  

Finally, collecting the obtained contacting results from this work and previous research, we try to 

compile a list of selection criteria to choose a “good” and suitable electrode for technological 

applications on Mg2(Si,Sn) materials.  
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Chapter 2 

2. Methods 
 

In this section, the experimental procedures and methods used to synthesize and characterize the samples 

are introduced. A melting route and high energy ball milling were used to synthesize the initial powder, 

and optimized condensed pellets were sintered by current-assisted sintering pressing. Contacting of the 

pellets with metallic foils was also done using the same sintering facility. Experimental characterization 

involved SEM/EDX investigations, as well as a Potential & Seebeck Microprobe (PSM) mapping 

facility. First-principle calculations based on Density Functional Theory (DFT) performed by Byungki 

Ryu, Sungjin Park and Sudong Park from the Korea Electrotechnology Research Institute (KERI) within 

the frame of a collaborative work were employed for analysis and were compared with experimental 

data. All of the mentioned methods, including the hybrid-DFT calculations, are explained in the 

following sections. 

 

2.1. Powder synthesis and hot pressing 

2.1.1. Induction melting  

 

In this work, n- and p-type powder samples of the Mg2Si1-xSnx solid solutions were synthesized through 

induction melting. This synthesis route consists of melting the desired amounts of the starting elements 

together in a graphite crucible, following a procedure described by Farahi et al. [2]. The procedure is 

done in a direct-current sintering press chamber (Dr. Fritsch GmbH, DSP 510 SE) under Ar gas 

atmosphere, and is divided in three melting cycles. Each cycle is divided into three steps of temperature 

increase. For the most used composition in this work, which is Mg2Si0.3Sn0.7, the final temperature of 

the first melting cycle is 800 °C, that of the second melting cycle is 850 °C, and the final melting 

temperature of the last cycle is 900 °C.  During each cycle, the first temperature increase is stopped at 

300 °C, and the second temperature increase reaches 600 °C for n-type and 575 °C for p-type. The 

reason behind the different temperatures is the Mg content that is initially lower in the p-type 

compositions compared to the n-type composition. Therefore, the melting of p-type is maintained at a 

slightly lower temperature to avoid further Mg loss.  

This procedure is shown in Figure 2.1, but for simplicity and to avoid repetition, only the third 

temperature-increase cycle reaching 900 °C is shown. Each ramping up was done in 10 mins, and then 

held for 20 mins, apart from the first temperature step (300 °C) that was only held for 10 mins. The used 

precursors were Mg turnings (Merck), Si (<6 mm, ChemPur), Sn (<71 μm, Merck) along with the 
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dopants which are Bi granules (99.999%, Goodfellow, ∼7 mm) for n-type, and Li granules (> 99.5%, 

Labochemie) for p-type. 

 

Figure 2.1: Diagram representing the third and last melting cycle of the induction melting route for n- (in blue) 

and p- (in red) type powder samples, reaching the final temperature of 900 °C. 

 

The n-type samples were doped with 3.5 at% Bi and the p-type samples with 3 at% Li, leading to the 

nominal compositions Mg2.06Si0.3Sn0.665Bi0.035 and Mg1.97Li0.03Si0.3Sn0.7 respectively. The n-type samples 

were synthesized with 3 at% excess Mg to compensate for the Mg losses that occur during the higher 

temperature step of the material preparation, as well as the longer sintering time for n-type compared to 

p-type [1, 2, 36]. The ingot obtained from this melting procedure is ball-milled for one hour with 

stainless-steel balls and vials in a high energy ball mill (SPEX 8000D Shaker Mill) to obtain a fine 

homogeneous powder, ready for sintering.   

The graphite crucible is held stable inside the DSP´s air-tight chamber through a plunger providing a 

force of ~ 4200 N, to keep the crucible close and the reaction contained, as shown in Figure 2.2. A direct 

electric current runs through the graphite crucible and heats it up, and the transfer of heat from the 

crucible to the elements inside it occurs through conduction and radiation/convection.  The temperature 

at the inner wall of the crucible is kept in check through a type K-type thermocouple inserted in the wall 

of the crucible, as shown in the zoomed-in upper right part of Figure 2.2. As the temperature increases, 

elemental Mg and Sn liquify and start to react together to form Mg2Sn containing some Si, which will 

later incorporate more Si to form the final composition.  
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Figure 2.2: Schematic representation of the graphite crucible fixed inside the Direct Sintering Press (DSP) 

chamber. The zoomed-in section shows the thermocouple that just remains inside the wall of the crucible, very 

close to the inner edge, but without actually going inside the crucible.  

 

2.1.2. High energy ball milling (HEBM) 

 

High energy ball milling (HEBM) is a method commonly used to synthesize powder materials [94, 95]. 

In this process, mechanical energy is applied on a fast-held stainless-steel jar containing stainless-steel 

balls and the material of interest, and this energy will move the balls rapidly inside the jar. The 

movement of the balls and their high energy collisions transfer kinetic energy to the material and results 

into cold-welding and fracturing. After a set time and rotation speed, this process, also known as 

mechanical alloying, significantly changes the structural and chemical properties of the material and 

produces fine powders.   

In other works, HEBM was used for low temperature material synthesis, where precursors are added 

together in stoichiometric composition in the milling jar with the milling balls, according to a desired 

ball-to-powder ratio, then the whole system was subjected to the external mechanical energy of the shake 

[1, 36, 37]. During this procedure, the particles are repeatedly subjected to collisions with the balls, 

which causes fracturing to the material, breaks chemical bonds and provides kinetic energy for new 

bonds to form. 

However, in this work, the reaction of Mg, Si and Sn into Mg2Si1-xSnx was (mainly) achieved during the 

induction melting (Chapter 2.1.1). HEBM was only used to break the melted ingot and produce fine 

powder [4, 96, 97], allowing for a better compaction and homogenization in the sintering step. The ingot 

was broken manually into smaller parts with a chisel, then milled inside the stainless-steel vial under the 

effect of the milling balls (1 ball per 10 g of material). The used apparatus was a SPEX 8000D shaker 
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mill. Fine homogeneous powder with an average particle size ranging between 7 and 10 µm was 

obtained, ready for pellet sintering. The pressing method used is explained in the following section.  

 

2.1.3. Sample compaction 

Current-assisted sintering and hot pressing are among the most commonly used processes for powder 

compaction. In this work, current-assisted sintering using a direct sinter press (DSP) is the main followed 

route; however, experiments where the current was blocked from running through the samples were also 

done for the sake of particular studies as explained in Chapters 2.2, 4 and 6.1.1. As current-assisted 

sintering shares common features with hot pressing, particularly in the case of blocked current, this 

section will start with a short introduction to hot-pressing first, followed by a description of the current-

assisted method as being the main compaction route.   

Hot-pressing is a process that involves a simultaneous temperature load and uniaxial pressure to produce 

high density condensed samples. During hot pressing, a mechanical load along the vertical axis from an 

external hydraulic system is applied, along with heating from the furnace. The pressure plunger transfers 

a force to the punches that are pressing powder inside a die. These punches and die are usually made of 

graphite, due to its attractive thermal and mechanical properties. The system is also often kept in a non-

oxidizing atmosphere (vacuum or inert gas). Along with the vertical pressure, a radial pressure is caused 

by the inner walls of the die. In fact, as the powder material and the die material have different coefficient 

of thermal expansions (CTE) (respectively ~ 17 × 10-6 K-1 in the case of Mg2Si1-xSnx and < 10 × 10-6 K-

1), their expansion rates under thermal stresses are different, resulting in expansion forces originating 

from the powder towards the graphite die. Reciprocally, a counter force from the inner walls of the die 

will be applied on the powder. The differential stress between both pressures (vertical and radial) applied 

on the powder creates a shear stress proportional to the applied stresses and that enhances particle 

bonding [98]. This shear stress, combined with the right temperatures (material specific) which are 

usually not as high as other compaction processes such as hot isostatic pressing (HIP) [99], can produce 

samples with maximum density and a limited grain growth [100, 101].  

In certain hot-pressing processes, heat can be provided by an assisted applied electric field, and we talk 

then about current-assisted sintering. Such process allows the improvement of the heating rate and the 

pressing efficiency. An electric current runs through the die and sample system, similar to the setting 

shown in Figure 2.2 (replacing, in this case, the graphite crucible on the figure by a graphite die), 

generating a convection/radiation resistive heating that will elevate the temperature of the powder 

sample until reaching a temperature high enough to initiate a plastic deformation regime. In this regime, 

the powder particles plastically yield to the applied pressure and temperature, and the contact area 

between the particles is increased [100]. The initial densification phase starts with powder compacting 

and shaping as the powder particles rearrange and grain boundaries form under the effect of the uniaxial 
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pressure. As temperature increases and densification continues, high temperature deformation and creep 

by grain boundary diffusion occurs, allowing pore closure [98]. Finally, the system is often allowed to 

cool down to room temperature passively, and the uniaxial pressure is sometimes also released during 

this step. 

In this work, the powder as obtained after high energy ball milling is sintered into pellets, mainly using 

a current-assisted direct sinter press (DSP), achieving densification and reaction completion. The 

powder is stabilized inside the die through a graphite foil (15 µm thick) wrapped around the inside of 

the die, graphite foil disks to avoid powder loss, and pistons pressing on both ends. The lot is then fixated 

with graphite legs. Most sample pellets were made with 1.2 g of powder and hot pressed in a 15.15 mm 

diameter graphite die at specific temperatures and times, resulting in a ~ 1.5 mm thick pellet. One 

particular study (Chapter 5) where a thicker sample was required, involved ~ 5 g of powder that was 

sintered into a ~ 7 mm thick pellet.  

 n-type samples were pressed at T = 700 °C for t = 1200 s, while p-type samples were pressed at T = 

700 °C for t = 600 s. These selected pressing conditions were reported by [3] and [1] to obtain optimized 

TE properties for both material types.  

All sintering experiments were done in the same direct sinter press used for the induction melting 

(Chapter 2.1.1) step, under a pressure of 66 MPa, and the heating rate was 1 K/s. All experiments were 

conducted under vacuum condition (~10-5 bar). The sintering method (including powder synthesis) is 

shown in Figure 2.3. 
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Figure 2.3: Synthesis method for p-type Mg2Si1-xSnx (The same method is used for n-type with Bi as dopant). 

The method is divided into three steps until the final pellet is obtained: a melting of the precursors following a 

route explained above (Chapter 2.1.1), high energy ball milling of the ingot obtained from melting (Chapter 

2.1.2), and pressing in the direct sinter press (Chapter 2.1.3). The synthesis parameters depend on the desired 

composition. 

 

2.2. Joining by sintering 

 

The obtained n- and p-type pellets were wet ground using SiC paper down to a 2500-micron size and 

ethanol to remove the sticking graphite foil and obtain pellets with parallel surfaces. The parallelism of 

the surfaces was obtained by grinding utilizing an aid tool that allows a homogeneously distributed 

pressing force on the whole surface of the sample, then was checked using a digital caliper by measuring 

at different parts of the sample, allowing an error ~ 1%. The grinded pellets were then contacted with 

different metallic electrode foils in the DSP, at different temperatures depending on the electrode 

material. All joining temperatures are presented in Table 2-1. These temperatures were selected as being 

around half of the melting temperature of the electrode, all the while making sure not to reach 700 °C, 

which would affect the optimized TE properties of our pellets. In all cases, the heating rates were 1 K/s, 

the pressure and the holding time were maintained at 28 MPa and 10 min. Due to the limited spatial 

resolution the Potential & Seebeck Microprobe (PSM) facility (Chapter 2.4.2), the total thickness of the 

electrode was set to a minimum of 150 µm. In case of thin foils, several disks of the same material were 

stacked up to provide the necessary electrode thickness.  
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Table 2-1: Joining temperatures used with the different studied metallic electrodes. Several temperature points 

were tested and are presented in the table. The final used temperature is marked in bold and underlined. 

Selected Electrode Provider Joining Temperature (°C) 

Ag  VWR International GmbH 450, 475, 600 

Cu Goodfellow 99,99% 500, 600 

Ni45Cu55 Goodfellow Ni45Cu55Fe0,0025Mn0,0075 550 

Ni Thomas Geyer GmbH 600, 650, 700, 750 

 

For the joining step between the TE material pellet and the selected metallic electrodes, two different 

methods were tested to understand the potential effect of the electrical current of the DSP on the 

contacting results (interdiffusion of elements, reaction layer, electrical contact resistances…). The first 

method was done simply by stacking graphite foil, metallic electrode foil and the TE material pellet 

inside a graphite die, then subjecting the system to the current of the sinter press. This method was called 

“direct resistive heating” where the heating of the system would mainly occur through a Joule heating 

of the sample, as the current runs directly through the TE material and the metallic electrode. A small 

fraction of the current distribution would also pass the graphite die and pistons, but this portion is usually 

negligible.  

The second method was achieved by adding an extra layer of resistive boron nitride (BN) solution, 

which is an electrically insulating ceramic material with a large bandgap Eg = 4 eV [102], coated on the 

inside of the graphite pistons to hinder the electric current from running through the sample directly. 

Instead, the current would mainly go through the graphite die, and the heating of the sample would occur 

through radial heating from Joule heating of the die. This method is called “indirect resistive heating”, 

as the current does not pass the samples directly. 

Both methods are schematically portrayed in Figure 2.4. In these methods, the electrode material softens 

when the target temperature is reached, and adheres to the rough surface (surface scratch depth ~2 µm) 

of the TE pellet. Diffusion and reaction also occur between the electrodes and the pellet with different 

rates depending on the electrode material. 
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Figure 2.4: Different joining methods of pressed pellets with Cu foil as an example. The first joining method 

referred to as direct resistive heating method, is a procedure during which the current from the direct sinter press 

(DSP) runs freely through the sample. The second joining method, called indirect resistive heating, is a 

procedure where layers of a boron nitride solution are added on top and bottom of the sample arrangement. By 

doing so, the current from the DSP is hindered from passing vertically through the sample and, instead, has to go 

through the graphite die around. 

 

2.3. Sample preparation (cutting, grinding, embedding, polishing) 

 

After joining, the samples undergo a series of preparation steps for microstructure analysis and electrical 

contact resistance measurement. Each 15 mm Ø pellet is first cut into four elongated pieces of 3 ~ 4 mm 

width each. The used apparatus is an automatic dicing disco saw (DISCO, DAD 3231) with an approach 

speed of 0.3 mm s-1 and disk speed of 30.000 rpm. Typically, two pieces would be used for a direct 

analysis, while the two remaining pieces would be kept for annealing studies if needed. For the purpose 

of SEM/EDX analysis, a piece of the sample is embedded with its cross-section side up in conductive 

resin (graphite and mineral filled phenolic thermoset, BUEHLER, Konductomet) using an embedding 

apparatus (Struers, CitoPress-20). The embedding is done in two steps under a sensitive mode of the 

machine to avoid added stresses that would cause cracking in the TE material. In the first step, the 

temperature is increased to 180 °C for 2 min under a pressure of 50 bar, and in the second step, the 

reached temperature (180 °C) is held for 5 mins while the pressure is increased to 200 bar. Cooling is 

done passively.  
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Each embedded sample is wet grinded with a grinding machine (ATM Metallography, SAPHIR 250 M2) 

using ethanol and four different SiC grinding papers of roughness 800, 1200, 2500 and 4000-micron 

size to obtain a mirror-like surface. For a cleaner surface, and in order to be able to see grain boundaries 

when needed, the samples are also polished using an automatic grinding and polishing machine (ATM 

Metallography, SAPHIR 550) with alcohol-based diamond solutions (Schmitz Diamond suspensions). 

Different polishing disks are used, along with different polishing solutions with particle sizes 3 µm, 1 

µm, 0.25 µm and 0.05 µm. Each polishing step is done under a pressure of 15 N for 5 min. Between 

each polishing step, the samples are gently rinsed with ethanol.  A final cleaning step is done in the same 

polishing instrument using a cloth disk under constant input of ethanol for 10 mins, and under a pressing 

force of 10 N. Finally, the samples are put in a supersonic bath (in ethanol) for 10 mins to guarantee a 

surface as free from the diamond solution as possible.  

For electrical contact resistance measurements, a different non-embedded sample piece is grinded on 

the cross section and on the edges to form a rectangular shape. The cross section is grinded with SiC 

paper until 2500 roughness, then the prepared sample is put in the Potential & Seebeck Microprobe 

(PSM) facility for Seebeck and electrical contact resistance mapping. 

Both the SEM/EDX and the PSM facilities are introduced in the next section (Chapter 2.4.1 and Chapter 

2.4.2, respectively).  

 

2.4. Sample characterization 

2.4.1. Scanning electron microscopy (SEM) 

 

The embedded samples are observed in a scanning electron microscopy (SEM) facility (Zeiss Ultra 55) 

to investigate the microstructure of the samples, and particularly the contacting interface/reaction layer. 

SEM is a technique that generates detailed high-resolution images using a focused monochromatic 

electron beam across the surface of the studied sample, and detecting backscattered or secondary 

electron signals [103]. The samples are studied under vacuum using high energy electrons (15 keV).  

To quantitatively study the local chemical composition and phase approximation (present elements, 

distribution and concentration), energy dispersive X-ray spectroscopy (EDX) is employed. In this 

spectroscopy method, the electron beam hits a localized portion of the sample, and the resulting emitted 

X-rays would serve to identify the chemical composition. The microstructure and contrast between 

different compositions are observed under a back-scattered detection mode (BSE), producing contrasted 

images that indicate differences in the atomic numbers of the present elements. Brighter areas indicate 

heavier elements, while darker areas indicate lighter elements. In this study, a combination of 
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composition and elemental mappings, line scans and compositional point analysis is utilized to study 

the reaction layers resulting from the contacting between the TE material and the metallic electrode. 

Despite being a state-of-the-art facility, the SEM/EDX still holds shortcomings that cannot be avoided 

such as the difficulty in detecting light-weight elements. This is relevant in our case as we use Li as 

dopant for the p-type samples, and it is not possible to properly quantify such elements with SEM/EDX. 

What is needed in this case would be Wavelength dispersive X- ray spectroscopy (WDS) [104]. The 

latter allows a better energy resolution and prevents peaks overlap that is commonly encountered in 

EDX. Nevertheless, WDS would cause greater damage to the samples because of the high beam currents, 

and it is also costly.  

Other limitations of the utilized SEM/EDX apparatus are ~ the 1 nm beam spatial resolution for SEM 

imaging with low working distance, and the 1 µm EDX spatial resolution for mappings under a voltage 

of 15 kV. Lastly, the used Oxford software has a quantitative detection limit of ~ 2 at%, which does not 

allow a reliable detection of some diffused elements with low atomic percentages. The detected 

concentrations could also vary depending on the detection angle at which the sample is set, and this can 

lead to some uncertainties.  

 

2.4.2. Potential & Seebeck Microprobe (PSM) 

 

An in-house built Potential & Seebeck Microprobe (PSM) facility is utilized to map the Seebeck profile 

of the contacted samples, as well as the voltage drops along their cross section [105, 106]. The latter is 

used to calculate the electrical contact resistances at the interface between the TE material and the 

metallic electrode. In this work, all PSM measurements are done at room temperature.  

The PSM machine probes simultaneously the local Seebeck values at different positions, as well as the 

difference in potential between one end of the sample and the point of measurement. This mapping 

provides line scans of the Seebeck coefficient and the voltage along the cross section of the sample. 

During the measurement, the sample is clamped between two Cu blocks, to mechanically fix the sample 

during the measurements, and to allow an undisturbed passage of the electrical current for the voltage 

pick up. The voltage drop along the sample is measured using a lock-in amplifier (LIA-BV-150-L, 

FEMTO Messtechnik GmbH) in a three-point scheme, as the voltage is tapped between the measuring 

tip, the low potential holder electrode and the high potential holder electrode.  

To measure the sample´s Seebeck coefficient Ss, a heated microprobe connected to a type T (Cu-CuNi) 

thermocouple is placed on the surface of the sample, heating a small volume around it, and consequently 

inducing a temperature gradient that generates a thermovoltage in the vicinity of the contact point. 

Considering T0 as the temperature picked up by the thermocouple at the heat sink - sample contact point 
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and T1 as the local temperature at the point of contact, two voltages U1 and U2 can be measured, as 

shown in Figure 2.5 a. As the tip can move in three dimensions, a complete mapping of the desired 

sample surface can be achieved.  

 

 

Figure 2.5: Schematic of the a) Seebeck coefficient microprobe measurement, b) the potential drop 

measurement in the PSM facility (taken from [105]). 

 

Using the following equations where SCu and SCuNi are respectively the known Seebeck coefficients of 

Cu and CuNi [105],  

𝑼𝟏 = (𝑺𝐒 − 𝑺𝐂𝐮) × (𝑻𝟏 − 𝑻𝟎)   Equation 2.1 

𝑼𝟐 = (𝑺𝐒 − 𝑺𝐂𝐮𝐍𝐢) × (𝑻𝟏 − 𝑻𝟎) Equation 2.2   

we can obtain Ss as  

𝑺𝒔 = 
𝑼𝟏

𝑼𝟐− 𝑼𝟏 
 × (𝑺𝐂𝐮 − 𝑺𝐂𝐮𝐍𝐢) + 𝑺𝐂𝐮  Equation 2.3 

As the Seebeck coefficient of relevant TE semiconductors tends to show a non-linear behavior with 

temperature, a temperature difference (∆T = T1 − T0) below 10 K is desired, in order to guarantee the 

linearity of the function as introduced in Equation 2.3 [107]. During our measurements, ∆T is kept 

around 5 K. The expected total error of the absolute Seebeck value as recorded by the PSM is expected 

to range between 10 to 15%, depending on the measured sample´s thermal properties as reported in 

[107]. This value holds for semiconductors with absolute Seebeck values between 50 and 250 µV/K, 

which is where our samples fall. For low S semiconductors, as well as for metals, the error values can 

rise up to 40%.  

The potential drop across the sample is also measured using the same microprobe, however with a 

different technique. An electrical AC current is provided to the sample, and as the microprobe scans at 

different positions, a reading of the local electric potential is picked up, as shown in Figure 2.5 b. This 

measurement not only gives a scanning of the voltage drop along the semiconductor (TE material), but 

a)
b)
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also a scanning of the voltage drops across the contacting interface between the TE material and the 

metallic electrode. Knowing the applied electric current and the resulting (measured) electric potential 

drop, an estimation of the electrical contact resistance Rc can be calculated using the basic Ohm´s law  

𝑹𝐜 = 
∆𝑽

𝑰
= 

𝑽𝐞𝐥𝐞𝐜− 𝑽𝐓𝐄

𝑰
                Equation 2.4                

where ∆V is the difference in voltage between the contacting electrode Velec and the TE material VTE at 

the interface, and I is the applied AC current.  

Though this equation was used in various literatures before [72, 108-110], it is only valid in the case of 

a homogeneous current density running through the sample. However, in realistic cases, the 

homogeneity of the current distribution cannot be guaranteed. In fact, there is a high probability of 

internal and external disturbances that will hinder the current flow, such as improper clamping of the 

sample between the Cu holder blocks, non-perfect contacts between the electrode and the TE material, 

local impurities inside the TE material and along the contacting interfaces, etc. Under such conditions, 

the real current density running through the sample and the current density calculated from the current 

value read by the PSM are not the same, as the latter inevitably assumes a homogeneous current density.  

To check this, an approximation of the actual current density j that passes the sample using the intrinsic 

properties of the TE material is used to compare with the PSM current density (output current value by 

the sample cross section in contact with the holder). Note that the output current value given in the final 

PSM output file is a constant value (for all line scans during a measurement). This value is measured by 

evaluating the voltage drop over a 1 Ω precision shunt resistor (PBV, ISA-Plan® Isabellenhütte) which 

is connected in series with the sample holder. It is, thus, mainly dependent on the input voltage and the 

resistor´s resistance. As for the TE material in play, as long as the measured sample has a low internal 

resistance (and a low electrical contact resistance for contacted samples), the contribution of the 

material´s resistance to the total resistance of the circuit is considered minor, and therefore can be 

overlooked.  

Using the properties of the measured TE material, the specific electrical contact resistance independent 

of the geometry, defined as rc = Rc × A, where A is the area crossed by the current lines, is utilized and 

it is calculated as described below: 

𝒓𝐜 =
(𝑽𝐞𝐥𝐞𝐜− 𝑽𝐓𝐄) 𝑹𝑻𝑬∗𝑨

∆𝑽𝑻𝑬
          Equation 2.5 

with                             

𝑹𝑻𝑬 = 
𝒍𝑻𝑬 

𝑨𝝈𝑻𝑬
         Equation 2.6  

where ∆VTE and RTE are the voltage drop and the resistance across the TE material, and lTE and σTE are 

the length and electrical conductivity, respectively. A representative line scan of the simultaneously 
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measured S and U is provided in Figure 2.6 as an example, using an annealed n-type Mg2Si0.3Sn0.7 joined 

with Cu. ∆VTE can be read from the potential line scans as being the voltage drop due to the resistivity 

of the TE material and lTE is the length of the TE material portion of the measured sample. σTE is 

measured on the TE material (after grinding off the electrode layer) utilizing an in-house built High 

Temperature Seebeck-σ (HTS-σ) setup based on the four-probe technique. As the PSM measurements 

are done at room temperature, the room temperature σTE value is taken. 

In Figure 2.6, the interface positions where the voltage drop Velec – VTE is measured are determined by 

the large change in the Seebeck profile line. In fact, as the contact here involves a metal and a TE 

material, S of the metal would be ~ –10 µV/K, while S of the semiconductor would be much lower (~ –

230 µV/K in the example presented in the figure). The point where S changes from the metal value to 

the semiconductor value is determined to be the interface region. The voltage values of interest are then 

read right before and after the interface (or Seebeck drop) region.  

 

 

Figure 2.6: Representative line scan of the Seebeck profile (in black) and the potential profile (in blue) for an 

annealed n-type Mg2Si0.3Sn0.7 sample contacted with Cu foil. The orange rectangles delimit the thickness of the 

Cu electrodes, and the green and red circles indicate the region where Velec – VTE is read in order to calculate the 

electrical contact resistance. In this example, the left hand-side marked by the green circle shows a very smooth 

transition from the electrode region to the TE material region. Therefore, the specific electrical resistance rc is 

expected to be low. However, on the right-hand side marked with the red circle, the passage from the TE 

material to the electrode exhibits a large drop in the potential line. Here, rc is expected to be high. ∆VTE would be 

the difference between the voltage value at the left-hand side (at x = 0.15 mm) and the voltage value at the right-

hand side of the TE sample (at x = 1.05 mm). 

 

The difference between both contact resistance calculation methods (Equation 2.4 and Equation 2.5) 

resides mainly in the value of the electrical current/current density. In the first approach, the value of I 

provided by the PSM is simply read on the Cu holder blocks as being the voltage provided by the external 

lock-in amplifier (SR830, SRS) divided by a reference circuit internal resistance (shunt resistor). In this 

case, specificities of the measured sample (interfaces, impurities, bad contacts…) and their influence on 

the current density are not taken into consideration. Therefore, the sample is considered homogeneous 

and a homogeneous current density is assumed. The second approach, however, provides a closer current 
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density to the actual one, considering the actual internal resistance of the sample. In fact, in this case, 

the density is obtained through an approximation of the actual sample´s resistivity and the actual voltage 

drop along its cross section, which would factor in more local irregularities in the area crossed by the 

current lines, causing an inhomogeneous density.  

Calculating specific electrical contact resistances rc using both different current values introduced above 

provides a verification method for the homogeneity of the sample/contacts. If both rc values are similar, 

the sample/contacts are likely to be homogeneous and free of impurities, cracks, pores, etc. that would 

hinder the current flow and allow a homogeneous current distribution across the sample. If the joining 

experiment resulted in newly formed phases, the newly formed interfaces between them would then be 

conductive.  

If both rc values are different, the value obtained using the second approach (using the current 

approximated from the sample properties) is more reliable and would be better to use. In this case, the 

current density would look more like the schematic presented in Figure 1.10, where the areas crossed 

by the current lines are more restricted than what is assumed in the case of homogeneous samples (the 

current density would be calculated along the whole contact area between the sample holder and the 

sample). Moreover, in such a situation, the homogeneity of the sample including the TE material and 

the newly formed interfaces, the contacts between the metallic electrode and the TE material, and 

potentially the clamping of the sample between the holder blocks need to be checked and improved. 

As explained in Chapter 1.4 (Figure 1.8), a threshold of 10 µΩ cm2 is defined to qualify a low and 

acceptable specific electrical contact resistance rc.  

 

2.5. Annealing for thermal stability evaluation 

 

To study the thermal stability of some contacted samples, annealing experiments were processed after 

joining. The samples were coated with a thick boron nitride (BN) and ethanol solution to minimize Mg 

losses through evaporation (Figure 2.6 a), and then sealed at room temperature in quartz ampoules under 

Argon atmosphere with a pressure of 560 Torr. Mg flakes (~ 0.5 g) were also added inside the quartz 

ampoule before sealing to help minimize Mg evaporation and losses during the annealing procedure, 

and to maintain a constant Mg partial pressure. The quartz ampoules were then kept in an annealing 

furnace for 7 days, at a temperature of 450 °C. The heating rate was 1 K/s, and the cooling process was 

through radiative free cooling. 
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Figure 2.7: Pictures of a) coated cut sample before annealing, b) ampoules after annealing. The darker areas of 

the ampoules indicate evaporated Mg that deposited on the inner walls. 

 

2.6. Hybrid-Density Functional Theory 

 

In this section, a short introduction to Density Functional Theory (DFT) calculations is provided, 

followed by a segment about hybrid-DFT [111]. Note that all work related to DFT and hybrid-DFT as 

presented and discussed in this manuscript was exhaustively done by our collaborators Byungki Ryu, 

Sungjin Park and Sudong Park at the Korea Electrotechnology Research Institute (KERI). However, the 

data analysis and comparison with experiments were done by our group at DLR under close 

collaboration with the group in KERI. 

 

2.6.1. Background on Density Functional Theory 

 

The DFT method is a set of calculations that are used to obtain the quantum mechanical wave function 

of a system and to determine its allowed energy states, providing all needed information about the 

structural, magnetic and electronic properties of defects, molecules and materials in general [112-114]. 

It is basically a method to solve the Schrödinger equation �̂�𝛹 = 𝐸 𝛹, where �̂� is the Hamiltonian 

operator, Ψ is the wave function and E is the energy level. For an N-body system, it is not possible to 

directly solve the Schrödinger equation. The Hamiltonian operator in this case is expressed as 

�̂� =  �̂� + �̂� = 𝑬𝐤𝐢𝐧(𝐢𝐨𝐧) + 𝑬𝐤𝐢𝐧(𝐞𝐥𝐞𝐜) + 𝒗𝐞𝐞(�⃗� ) + 𝒗𝐢𝐢(�⃗⃗� ) + 𝒗𝐞𝐢(�⃗� , �⃗⃗� )        Equation 2.7  

Where �̂� is the total kinetic energy operator, �̂� the total potential energy operator,  Ekin(ion) and Ekin(elec) 

are the kinetic energies of the ions and the electrons respectively, 𝑣ee(𝑟 ), 𝑣ii(�⃗� ) and 𝑣ei(𝑟 , �⃗� ) are 

respectively the interaction energies between the electrons, the ions and the electrons and ions. 𝑟  and �⃗�  

are the 3D coordinates of the electrons and the ions, respectively. 

The heart of  DFT is the Hohenberg-Kohn (HK) theorem which states that the ground-state electron 

density ρ(r) at each point r determines the external potential v(r) (due to the nuclei) [115, 116].  A 

a) b)
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normalization of ρ(r) will then determine the total number of electrons N, with ∫ ρ(r) dr = N. Within this 

theorem, the minimum (ground-state) energy of a system can be expressed as 

𝑬 = 𝒎𝒊𝒏𝝆{∫𝒗𝐢𝐨𝐧𝐬(�⃗� ) 𝝆(�⃗� ) 𝒅𝟑�⃗� + 𝑭[𝝆(�⃗� )]}        Equation 2.8    

However, within this theorem, the functional 𝐹[𝜌(𝑟 )], which includes the kinetic energies of the system 

and the interaction energy terms, is unknown. To facilitate the issue, the Born-Oppenheimer 

approximation states that the ions of a system, being heavy and slow particles compared to the electrons, 

can be considered fixed in space i.e. (Ekin(ion) = 0) [117-119]. Within this approximation, the functional 

𝐹[𝜌(𝑟 )]  as introduced in Equation 2.8 is simplified, and we define then the Born-Oppenheimer 

Hamiltonian as follow 

�̂�𝐁𝐎 = 𝑬𝒌𝒊𝒏(𝐞𝐥𝐞𝐜) + 𝒗𝐞𝐞(�⃗� ) + 𝒗𝐞𝐢(�⃗� , �⃗⃗� )   Equation 2.9  

The Mean Field approximation follows the Born-Oppenheimer approximation in simplifying the 

Schrödinger equation by eliminating the 3N dimensionality of the wavefunction. In fact, this 

approximation states that the wavefunction of all the electrons can be rewritten as the product of single 

electron orbitals, giving 𝛹({𝑟𝑖⃗⃗ }) =  𝛷1(𝑟1) × 𝛷2(𝑟2)  × …× 𝛷𝑁(𝑟𝑁). We move then from a problem 

with many electrons to many one-electron problems, and we can assume that each electron moves 

independently in the external potential created by the fixed ions and the rest of the electrons. This system 

is called a system of non-interacting electrons. 

Applying this Mean Field approximation into the Schrödinger equation leads to the Hartree equations, 

which are basically a set of single electron Schrödinger equations. Within the Hartree approach, the 

electron-electron interaction term can be expressed as 𝑣ee(𝑟 ) = ∑ 𝑒2 ∫
|𝛷𝑖(𝑟´)|

2

⌈𝑟−𝑟´⌉
 𝑑3𝑟´𝑁

𝑖 , and the 

Schrödinger equation becomes 

[𝑬𝐤𝐢𝐧(𝐞𝐥𝐞𝐜) + 𝒗𝒆𝒊(�⃗� , �⃗⃗� ) + ∑ 𝒆𝟐 ∫
|𝜱𝒊(𝒓´)|

𝟐

⌈𝒓−𝒓´⌉
 𝒅𝟑𝒓´𝑵

𝒊≠𝒋 ] 𝜱𝒋(𝒓´) = 𝑬 𝜱𝒋(𝒓´)     Equation 2.10   

where [𝐸kin(elec) + 𝑣ei(𝑟 , �⃗� ) + ∑ 𝑒2 ∫
|𝛷𝑖(𝑟´)|

2

⌈𝑟−𝑟´⌉
 𝑑3𝑟´𝑁

𝑖≠𝑗 ] is the effective Hamiltonian �̂�.  

The Hartree theory assumes that the electrons are distinguishable (electron 1 is for orbital Φ1, electron 

2 is for orbital Φ2…), which is not the case. Another shortcoming of the Hartree approach is that it 

doesn´t consider the fact that wavefunctions describing fermions are anti-symmetric, meaning that the 

output should change sign when particle coordinates are interchanged [120, 121]. Therefore, the Hartree 

approach fails when electrons interchange positions in the orbitals. To solve this issue, the Hartree-Fock 

equations add to the Hartree approach an exchange interaction term that caters to the anti-symmetric 

nature of the wavefunction [122, 123]. In this approach, the expectation value of the effective 

Hamiltonian is then expressed as 
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〈�̂�〉 =  𝐸kin(elec) + 𝑣ei(𝑟 , �⃗� ) + 𝑣ee(𝑟 ) − ∑ ∫𝑑3𝑟 𝑑3𝑟´ 𝑒2  
𝛷𝑖

∗(𝑟) 𝛷𝑗
∗(𝑟´) 𝛷𝑖(𝑟´) 𝛷𝑗(𝑟)

|𝑟−𝑟´|
𝑁
𝑖<𝑗 , 

where ∑ ∫𝑑3𝑟 𝑑3𝑟´ 𝑒2  
𝛷𝑖

∗(𝑟) 𝛷𝑗
∗(𝑟´) 𝛷𝑖(𝑟´) 𝛷𝑗(𝑟)

|𝑟−𝑟´|
𝑁
𝑖<𝑗  is the exchange interaction term that represents the 

orbitals i and j evaluated over the electrons at the positions r and r´.  

The Hartree-Fock equations still miss the correlation energy term which is introduced by the Kohn-

Sham equations [124]. 

The Kohn-Sham approach is based on the idea of single electron orbitals and a system of non-interacting 

electrons which has the same ground-state electron density as the real physical system [125]. The Kohn-

Sham (KS) equations can be then written as: 

 

Following this formulation, the Kohn-Sham equations can be solved if all unknown terms are moved to 

the exchange and correlation term Vxc. The exact solution to the remaining portion (Hartree equation) is 

known as described above. In order to approximate a solution for the exchange-correlation term Vxc, 

exchange and correlation functionals are needed, and these functionals can be either plane wave or 

localized basis sets are needed. Two of the commonly used functionals are Local density approximation 

(LDA) and Generalized gradient approximation (GGA).  

Local density approximation (LDA) is an approximation method based on an integration over space of 

a function that only depends on the local density 𝜌(𝑟 ) at the point r [126, 127]. In this approximation, 

the exchange term corresponds to an exact equation for a homogeneous non-interacting electron gas and 

can be written as 𝐸x
LDA[𝜌(𝑟)] =  − 

3𝑞2

4
 (

3

𝜋
)
1

3⁄

∫𝑑3𝜌 𝜌
4

3⁄  [112, 128]. This approximation, though, 

only works for homogeneous electron gases with no gradients or variations in the density. As for the 

correlation term, LDA does not provide an analytical solution. However, numerical solutions to this 

term can be obtained through Monte Carlo simulations applied also on homogeneous electron gases 

[129, 130]. 

 Generalized gradient approximation (GGA) is a functional that depends on both the local density and 

the density gradient [131-133]. Within this approximation, the exchange term can be written as 

𝐸x
GGA[𝜌(𝑟)] =  ∫ 𝑑3𝜌 𝑒xc

GGA (𝜌(𝑟), ∇𝜌(𝑟))  [112], where 𝑒xc
GGA (𝜌(𝑟), ∇𝜌(𝑟))  is a GGA exchange 

functional that depends both on the electron density ρ(r) and its gradient  ∇𝜌(𝑟). Such functionals work 

better than LDA, particularly in situations where the electron gas has strong density variations, like 

Kohn-Sham Equation =                      Hartree equation +              Vxc

E(ρ(r)) =
Non-interacting

kinetic energy
+

Hartree term

(electron-electron

interaction)

+
External potential 

(ion-electron

interaction)

+
Exchange  -

Correlation energy

term
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defect calculations [134, 135]. There are various parametrizations in GGA, and the most popular one is 

called PBE (Perdew, Burke, Ernzerhof) [131, 136, 137].  

Even though DFT provides an accessible solution to several calculations in different scientific fields, it 

still has many limitations. In particular, DFT calculations fail in properly describing strongly correlated 

systems, such as estimating the fundamental energy band gaps in semiconductors and insulators, which 

is crucial in semiconductor development and dopability [138]. In fact, the gaps estimated by DFT and 

the Kohn-Sham equations in semiconductors are usually smaller than the actual gap by about 50% [139]. 

For these reasons among others, hybrid-DFT was developed as a new approach to compensate the 

limitations of conventional DFT in such systems. 

 

2.6.2 Hybrid Density Functional Theory 

 

In this work, hybrid-DFT calculations were performed by B. Ryu and S. Park to study charged point 

defects of the materials of interest. First principle electronic structure calculations were performed to 

compare the stability of the materials´ charged point defects and investigate their potential interplay to 

predict their effect on the material´s total charge carrier concentration [111, 140].  

In these calculations, the Heyd-Scuseria-Ernzerhof functional (HSE06) used for the electron exchange 

correlation energy function, is a hybrid between exact Hartree-Fock and GGA-PBE. These calculations 

are adopted to overcome the DFT band gap errors, and the formation energies of these defects were 

calculated using the following equation 

𝑬𝐟𝐨𝐫𝐦(𝑫𝒒,𝐌𝐠𝟐𝐗) = 𝑬𝐭𝐨𝐭[𝑫
𝒒] − 𝑬𝟎 − 𝚺𝒋(𝝁𝒋𝚫𝒏𝒋) + 𝒒(𝑬𝐅 + 𝑬𝐂𝐁𝐌)              Equation 2.11 

where D is the defect and q its charge, Etot[Dq] and E0 are the total energies with and without defect in 

the supercell, μj is the atomic chemical potential of species j in the supercell, ∆nj is the number change 

of atomic species j in the defective supercell with respect to the pristine supercell without defects, EF is 

the electron Fermi level, and ECBM is the energy of the conduction band minimum (CBM) [140-143]. In 

this equation, the Fermi level is referenced to ECBM, meaning that at the conduction band minimum, EF 

= 0 eV. 

Following this equation, a defect is formed by changing the number of atoms of species j in the sample, 

which results in a change in energy due to the addition or the removal of the atom. This change is 

quantified by μj of each species. Similarly, an addition or a removal of an electron to form a certain 

defect results in a change of energy according to the Fermi energy, which is the electrochemical potential. 

As for the difference between Etot[Dq] and E0, it is obtained by constructing the supercells of the pristine 

cell and calculating the difference in energies of these supercells with and without the defect of interest 

[144]. 
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To model the system, a (2×2×2) cubic supercell was utilized, using the lattice parameters 6.35 Å for 

Mg2Si and 6.75 Å for Mg2Sn. The supercell contains 64 Mg and 32 Si/Sn atoms, then the dopants are 

either added, removed or replaced to generate the defective supercells for interstitial, vacancy and 

substitutional defects. The calculations were done using the Vienna Ab Initio Simulation package, and 

the hybrid exchange-correlation function used was HSE06 with an exact-exchange parameter of 25% 

and a screening parameter of 0.208 Å-1. The projector-augmented wave pseudopotentials were used for 

the atomic potentials, and the planewave energy basis set was used with the energy cutoff of 296 eV. 

Both n- (Bi-doped) and p-type (Li-doped) counterparts of the Mg2(Si,Sn) system are studied in this work 

with hybrid-DFT. As these materials were contacted with various electrodes (Chapter 2.2), the 

potentially occurring interactions between the TE material and the electrode materials are investigated 

from a charged point defect perspective. 
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Chapter 3: Paper 1 

3. Developing Contacting Solutions for Mg2Si1-xSnx-based 

Thermoelectric Generators: Cu and Ni45Cu55 as Potential 

Contacting Electrodes 
 

As established in the chapters before, it is necessary to find contacting solutions in order to develop 

thermoelectric generators (TEGs) ready for application. In the case of Mg2(Si,Sn)-based TEGs, only a 

couple of electrodes were tested and reported, namely Ni (with doped Mg2Si [5], and with Mg2Si1-xSnx 

[4]), Cu (with undoped Mg2Si [72]), and Ag (with Mg2Si1-xSnx [4]). Here, we tested Cu, as well as the 

alloy Ni45Cu55, as electrodes for the solid solution Mg2Si1-xSnx with x = 0.7. In both cases, the contacting 

experiments were done with n- and p-type compositions, where Bi and Li were used as dopants, 

respectively. The synthesis of the TE materials was done following an upscaling procedure established 

by Farahi et al. [2], and the contacting experiments were done using recommended conditions reported 

in [4]. Through this work, we found that the Cu electrode resulted in good adhesion, no cracking and 

low electrical contact resistance values rc (< 10 µΩ cm2) with both TE material types, and these values 

remained relatively low even after annealing for 7 days at T = 450 °C. One major issue, however, with 

this electrode is the strong diffusion of Cu into the Mg2(Si,Sn) matrix, that resulted in very thick reaction 

layers. Such diffusion also continued during the annealing procedure, which resulted in the change of a 

big portion of the optimized TE material into the newly formed phases after diffusion and reaction. As 

for Ni45Cu55, good adhesion was also observed, but more cracks were seen in the TE material, which 

could be due to the difference in the coefficient of thermal expansions of the joined materials. Higher rc 

values were also obtained (between 15 and 30 µΩ cm2). Diffusion-wise, the contacting with Ni45Cu55 

resulted in uneven interfaces on both sides of the material, which was correlated with a potential 

combination of electromigration of the Ni and Cu cations and the new Ni-Si formed phases that act as a 

diffusion barrier to Cu. As the contacted samples showed cracks already, no annealing experiments were 

done with this electrode. 

In this manuscript, the submitted revised version of the paper, following the journal´s template, is 

provided. This work was published on 17 October 2019 in ACS Applied Materials & Interfaces journal, 

Volume 11, Issue 43, from page 40769 to page 40780.  

The DOI of the article is https://doi.org/10.1021/acsami.9b12474. 
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Abstract 

Magnesium silicides can be used for thermoelectric energy conversion, as high values of figure of merit 

zT were obtained for n-type (1.4 at 500 °C) and p-type (0.55 at 350 °C) materials. This, however, needs 

to be complemented by low resistive and stable contacting to ensure long-term thermogenerator 

operation and minimize losses. In this study, we selected Cu and Ni45Cu55 as contacting electrodes for 

their high electrical conductivity, similar coefficient of thermal expansion (CTE) and good adhesion to 

Mg2(Si,Sn). Both electrodes were joined to Mg2Si0.3Sn0.7 pellets by hot pressing in a current-assisted 

press. Microstructural changes near the interface were analyzed using SEM/EDX analysis, and the 

specific electrical contact resistance rc was estimated using a travelling potential probe combined with 

local Seebeck scanning. Good contacting was observed with both electrode materials. Results show low 

rc with Cu, suitable for application, for both n-type and p-type silicides (< 10 µΩ∙cm2), with the 

occurrence of wide, highly conductive diffusion regions. Ni45Cu55 joining also showed relatively low rc 

values (~ 30 µΩcm2) for n- and p-type, but had a less inhomogeneous reaction layer. We also performed 

annealing experiments with Cu-joined samples at 450 °C for one week to investigate the evolution of 

the contact regions under working temperatures. rc values increased (up to ~ 100 µΩcm2) for annealed 

n-type samples, but remained low (< 10 µΩcm2) for p-type. Therefore, Cu is a good contacting solution 

for p-type Mg2(Si,Sn), and a potential one for n-type if the diffusion causing contact property 

degradation can be prevented. 

 

Keywords 

Thermoelectrics; contacting; interface; electrical contact resistance; annealing. 
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I. Introduction 

 

Thermoelectric (TE) materials can convert heat into electricity, providing an effective option for 

sustainable energy conversion in any system generating waste heat 1. The performance of such TE 

materials is governed by the dimensionless figure of merit zT, defined as: 

𝑧𝑇 =  
𝜎𝑆2

𝜅tot
 𝑇                                                                    𝐸𝑞. (1) 

where σ is the electrical conductivity, 𝑆 is the Seebeck coefficient, 𝜅tot = 𝜅lat + 𝜅el is the total thermal 

conductivity, which is the summation of the lattice thermal conductivity 𝜅lat and the electronic thermal 

conductivity 𝜅el, and T is the absolute temperature. Improved TE materials with optimized Seebeck 

coefficient and electrical and thermal conductivities are necessary for the development of high-

performance thermoelectric generators (TEG), as the efficiency of the TEGs depends on 𝑧𝑇 2-3. 

The efficiency of a TEG is governed by the efficiency of the n- and p-type legs, as well as the losses 

generated through different mechanisms, including thermal radiation, non-optimized current, material 

inhomogeneity of the legs, and electrical and thermal resistances between the TE material and the other 

interfaces such as metallic bridges. Resistances, being the major sources of loss, are being constantly 

investigated. Device efficiency is directly related to the device figure of merit which is defined as 4-5: 

𝑍𝑇 =  
𝑆dev

2𝑇

𝑅𝐾
= 

𝑆dev
2𝑇

(𝑅leg+𝑅c)(𝐾leg+𝐾b)
                                                  𝐸𝑞. (2)   

where Sdev is the Seebeck coefficient of the device, R the total electrical resistance and K the total thermal 

conductance. Rleg and, Rc are the electrical resistances of the TE legs and the contacts, Kleg is the thermal 

conductance of the TE legs and Kb the thermal conductance of the parasitic heat paths that bypass the 

legs. To stay within the focus of this paper, Kb will not be taken into consideration. More locations where 

contact resistances can appear come into play with more mature TEG prototypes, like the resistance 

between the contacting layers and the metallic bridges, but these can usually be neglected as they are 

metal-metal interfaces. 

From 𝐸𝑞. (2), it is clear that, for a high device efficiency, the electrical contact resistance (𝑅𝑐) between 

the legs and the joining electrodes must be low. An acceptable ratio between contact resistance and the 

total resistance of the device is < 10% 6. The joining should also be stable, and there should be no cracks 

or delamination between the electrode and the TE legs. This can be avoided by choosing a joining 

electrode with a coefficient of thermal expansion (CTE) similar to that of the TE material.  

The CTE matching assures a similar behaviour of both materials under the effect of temperature and 

minimises the occurrence of cracks 7 which can grow further under mechanical load or thermal cycling 
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stress, leading to an eventual failure and breakage of the TE leg. Such cracks can also increase the 

internal resistance of the material, which wouldn’t be beneficiary for the device performance. 

Interdiffusion or local reactions often occur between the contacting electrode and the TE material, 

forming reaction layers. It is crucial to study these new layers in order to know their effect on the contact 

resistance, their inertness with respect to the composition and function of the TE material as well as their 

stability and development under thermal cycling or long-term annealing. 

Among the efficient TE materials are magnesium silicide-based materials, which are cheap, non-toxic, 

abundant and environment friendly. They are also lightweight and possess good thermal and mechanical 

stability. These properties make them very attractive to industries such as aerospace and automotive 8. 

The binary Mg2Si has been thoroughly studied 9-10, and contact development has shown promising 

results. Ni worked well as a contacting electrode with Mg2Si showing good adhesion, low specific 

contact resistance (< 10 µΩcm2) and temperature stability 9, 11-14.  

Cu has also been tested as a joining electrode for undoped Mg2Si in ref. no 15. The samples showed good 

adhesion of the interlayer and no cracks within the sample, but the obtained 𝑟𝑐 was moderately high (~ 

15 mΩcm2) before and after thermal stability testing. It has also been stated, that, as the specific contact 

resistance depends on the carrier concentration, doping is expected to decrease 𝑟c.  

Solid solutions of Mg2Si and Mg2Sn show improved thermoelectric properties compared to the binary 

Mg2Si 16. In fact, n-type and p-type Mg2Si1-xSnx, with 0.6 < 𝑥 < 0.7, show zTmax ~ 1.4 and ~ 0.55, 

respectively, at mid-range temperatures (350 ~ 450 °C) 17-22. These solid solutions become, then, more 

attractive for technological applications and device development. Traditionally, higher manganese 

silicides (HMS) have been used as the p-type counterpart to n-type Mg2(Si,Sn) materials due to their 

abundance, relatively good stability and high zT 23-24. A few research papers also reported trials for 

module building using n-type Mg2Si with p-type HMS materials 25-27. However, due to the recently 

improved TE properties of p-type Mg2Si1-xSnx materials 17, they are an excellent alternative to HMS. In 

fact, using them as counterparts to n-type Mg2Si1-xSnx reduces chemical complexity in further 

investigations and potentially simplifies contacting electrode selection and study.  

So far, concerning contacting solutions, Ni and Ag have been tested as contacting electrodes for 

Mg2(Si,Sn) compounds. Ni joining results in small electrical contact resistance, but cracks were 

observed due to the high CTE mismatch between Ni and the TE materials (Ni: 13 ∙ 10-6 K-1, Mg2Si0.4Sn0.6: 

18 ∙ 10-6 K-1). As for Ag, low contact resistance was obtained only with p-type, while it was about one 

or two orders of magnitude higher for n-type 28.  

In this work, n- and p-type Mg2Si1-xSnx with 𝑥 = 0.7 have been synthesized and joint with two different 

metallic electrodes, namely Cu and Ni45Cu55. The Mg2Si0.3Sn0.7 composition has been chosen in 

particular because it shows the best TE properties for n-type. As p-type also has its best TE properties 
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for compositions with 0.6 < 𝑥 < 0.7 29, 𝑥  = 0.7 has been selected for a better comparability of the 

results. It is also favourable to use similar n- and p-type materials as this simplifies contact development 

30. The selection of Cu and Ni45Cu55 was based on their CTE which matches with the selected TE 

material: Cu: 17 ∙ 10-6 K-1 31, Ni45Cu55: 14.9 ∙ 10-6 K-1  32, Mg2Si0.3Sn0.7: 17.5 ∙ 10-6 K-1
 
28.  

The joining with both electrodes resulted in interfaces that were investigated with SEM/EDX, and the 

resistance of the contacts was determined from local mappings of the electrical potential and the Seebeck 

coefficient. 

Results show good joining for both Cu and Ni45Cu55.  As expected, Cu diffuses into the TE material, 

creating an inhomogeneous reaction layer and diffusion zones of different size. Nevertheless, the 

specific contact resistance is very low for both n- and p-types (< 10 µΩcm2). Similarly, for Ni45Cu55, 

both Ni and Cu diffuse into the Mg2Si0.3Sn0.7 matrix, with inhomogeneous interface and thick localized 

diffusion zones, but 𝑟c is higher than that obtained from Cu contacting. This could be explained by the 

different resulting interfaces, as well as the differences in CTE matching between the electrodes and the 

TE material. From this perspective, Cu would be preferred as a potential contacting solution for 

technological optimization. 

Annealing was also done for Cu joined samples. The obtained results show a proceeding diffusion of 

the electrode material into the TE material, and a low 𝑟c for p-type materials. N-type materials, however, 

show a slightly different behaviour causing 𝑟c results to be higher than for p-type. 

 

II. Materials and methods 

 

N- and p-type powder materials were synthesized with starting compositions of Mg2.06Si0.3Sn0.665Bi0.035 

and Mg1.97Li0.03Si0.3Sn0.7, respectively 33. N-type samples were initially synthesized with 3% excess Mg 

to compensate for the Mg evaporation that occurs during the sintering time, which is double the sintering 

time needed for p-type samples. Both types were pressed in a 15 mm diameter graphite die at 700 °C 

for 1200 s for n- and 600 s for p-type, utilizing a direct sinter press DSP 510 SE from Dr. Fritsch GmbH, 

Fellbach, Germany, under vacuum, with a pressure of 66 MPa and a 1 K/s heating rate. These pressing 

conditions have been selected as to obtain optimal TE properties for both compositions34-35. All studied 

samples had a high relative density (≥ 97%). Further details on measurements of Seebeck coefficient 

and electrical conductivity can be found in the literature 34-36. 

Each sample was joined with three stacked disk shape foil layers on each side; each foil having a 

thickness of ~ 50 µ𝑚. Such thickness of the electrodes was selected to simplify the contact resistance 

scanning measurements which have a limited lateral resolution. Cu (99,9%; Goodfellow) and Ni45Cu55 
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(Ni45Cu55Fe0,0025Mn0,0075; Goodfellow) foils were joined to the pressed pellets for 600 s at 600 °C and 

550 °C respectively. These temperatures were chosen to be around half of the melting temperatures of 

the used materials (Tmelt (Cu) ≈  1085 °𝐶, Tliquidus (Ni45Cu55) ≈  1300 °𝐶). As Ni45Cu55 has a higher 

melting point, a higher joining temperature was expected. However, joining it 600°C led to melting and 

breakage of the sample; which is why a lower temperature was chosen. A more elaborate selection would 

have been based on thermodynamic data for Cu and Ni-Cu, but such data is not fully described in the 

ternary systems Cu-Mg-Sn and Cu-Mg-Si and to the best of our knowledge, no quaternary description 

is available. Therefore, the processing temperatures were determined from experimental results.  

As joining temperatures are preferred to be as low as possible, 500 °C was also tried for both electrodes, 

but it was not sufficient for a good adhesion to the thermoelectric material. Delamination between 

individual foils of the joining electrodes was also observed at 500 °C. During all joining steps, no 

insulation layer to prevent current flow through the samples was applied. 

The final samples were imaged along their cross section after being cut, grinded and polished. 

Microstructure and properties of the joining interfaces were investigated under SEM using Zeiss Ultra 

55 equipped with an energy dispersive X-ray (EDX) detector with a 15 kV acceleration voltage. The 

spatial resolution corresponding to this voltage (E0 = 15 keV) and to the density of the material used (ρ 

= 3.11 g cm-3) is 𝑅 =
0.064 (𝐸0

1.68− 𝐸c
1.68)

𝜌
≈ 2 µm, where Ec = 3.44 keV is the critical excitation energy 37. 

Measured compositions were compared with expected phases from literature equilibrium diagrams for 

the ternary systems Cu-Mg-Si 38 and Cu-Mg-Sn 39, as well as the binary Ni-Si 40. 

The contact resistance was calculated from the potential and Seebeck results obtained by an in-house 

built Potential & Seebeck Scanning Microprobe (PSM) 13, 41.  

Annealing was also processed for Cu-joined samples to study the stability of the contact under set 

conditions of time and temperature. Each sample has been coated with a thick boron nitride layer to 

minimize Mg losses due to evaporation at high temperatures, sealed in quartz ampules filled with Argon, 

and then annealed for one week at 450 °C. 
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III. Results: 

 

1. Microstructure: 

 

Figure 1: SEM - EDX results of Cu-joined n- (a–c) and p-type (d–f) Mg2Si0.3Sn0.7: (a,d) overview of joined 

samples, (b,e) element mappings at an interface (c,f) line scans over interface layers. 

 

Figure 1 shows SEM - EDX results of both n- and p-type Mg2Si0.3Sn0.7 samples joined with Cu. Figures 

1 (a) and (d) show only selected sections of the samples; however, the visible size is > 3 𝑚𝑚2 and thus 

representative. The adhesion is good for both material types and neither delamination nor cracks 

between the electrodes and the TE material were observed (Figure 1 (a) and (d)). In fact, high 

magnification analysis proved that the darker “lines” along the interface between thermoelectric 

material and electrode are not cracks but thinner parts of the reaction layer. No cracks were also 

observed in the TE material itself, apart from one penetrating crack that can be seen on Figure 1 (a) as 

a horizontal channel running through the sample, which is believed to be rich in Mg2Sn.  

 

Both samples contain darker and brighter spots scattered over the TE Mg2Si0.3Sn0.7 matrix. These are, 

respectively, Si-rich Mg2(Si,Sn) phases and Sn segregates. The Si-rich phases are presumably residuals 
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from the synthesis process, which has been confirmed through comparative SEM investigations before 

and after contacting 34; while the Sn-rich phases appear in the second sintering step. In fact, these Sn-

rich phases were most probably formed during the joining with Cu, under occurring current-induced 

temperature gradients that differently affect local inhomogeneities (local compositions, difference in 

grain size, micro-cracks…) in the sample, inducing Mg losses, and leaving the matrix locally rich in 

Sn.  

 

Table 1: EDX composition analysis results of interface layers 1–3 from Figure 1 (c) of the n-Mg2Si0.3Sn0.7 joined 

with Cu. 

 Layer 1 Layer 2 Layer 3 

 Dark segregates Bright Region  

Cu (at.%) ~ 50 ~ 50  ~ 50 

Mg (at.%) ~ 35 ~ 35  ~ 35 

Sn (at.%) ~ 15 <  5  <  5 

Si (at.%) <  5 ~ 15  ~ 17 

Likely phase γ (Cu1.55MgSn0.45) 𝜏1 (Cu1.5MgSi0.5) Mg2Sn 𝜏1 (Cu1.5MgSi0.5) 

 

The reaction layers forming from contacting both n-type and p-type Mg2Si0.3Sn0.7 are thick and visible 

even at low magnification. They are uneven in thickness ( 25 ~ 30 µ𝑚 ) and inhomogeneous in 

microstructure, with locally thicker zones of diffusion of 150 ~ 200 µ𝑚 . Besides inhomogeneous 

current distributions during the pressing, the location of these thicker diffusion zones might be related 

to inhomogeneities of the thermoelectric material (local fluctuations in composition, varying grain sizes 

…) which serve as a seed for a faster reaction between electrode and thermoelectric material. EDX 

investigation of some of these diffusion zones is shown in shown in Figure 1 (b), (c), (e) and (f) and 

their descriptions are presented in Table 1 and Table 2, respectively. Note that these selected diffusion 

zones in (b) and (e) are taken from parts of the samples that are not shown in (a) and (d). EDX detected 

percentages that are lower than 5% were not taken into consideration due to detection limitation and 

potential errors and artefacts. References n° 38 and 39 were respectively used as references for 

interpretation and phase identification in the Cu-Mg-Si and Cu-Mg-Sn ternary phase diagrams. 

For n-type (Figure 1 (c)), the diffusion zone shows dendritic growth from the Cu side inside the TE 

material. It contains different regions that can be categorized in four separate layers, each with a different 

composition. The outermost layer, numbered 1, has a thickness ~ 25 µ𝑚. Combining composition 

results from EDX investigations and interpretations based on the used phase diagram 39, this layer seems 

to be mainly composed of one phase, the γ phase from the Cu-Mg-Sn phase diagram, which is 

Cu2+𝑥−𝑦Mg1−𝑥Sn𝑦 with x = 0 and y = 0.45, giving the Cu51.7Mg33.3Sn15 composition. This phase is 

similar in structure to the Cu2Mg binary but with Sn atoms sitting on some Cu sites. As Cu diffuses into 

the TE material matrix which is rich in Sn, nucleation and growth occur, leading to the formation of the 

γ phase in the first layer of the interface. 
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The following layer, numbered 2, is the thickest (~ 75 µ𝑚). The scatter in greyscale colours indicates 

that it is composed of more than one phase. In fact, from the EDX element mapping, the black spots are 

Cu segregates (dendrites) that have grown within a brighter matrix, which is Sn rich. From the line scan, 

one can see that where the Sn content peaks, that of Cu and Si drops. Mg content on the other hand 

doesn’t vary a lot throughout the whole layer. This can be interpreted as the ternary 𝜏1 (Cu1.5MgSi0.5) 

phase for the darker segregates, and the Mg2Sn matrix for the brighter area. Nucleation and growth of 

the 𝜏1 phase happen towards the TE material side of the γ phase, as Cu continues to diffuse inside the 

TE material.  

The third layer has a thickness of ~ 30 µ𝑚 and it seems to be similar in composition to the first layer as 

it is mainly composed of three elements but with Sn being replaced by Si. The stoichiometry (see Table 

1) fits with the ternary 𝜏1 phase (Cu1.5MgSi0.5) of the Cu-Mg-Si system. 

The fourth layer, adjacent to the TE material, is the thinnest one (~ 20 µ𝑚) and most complicated in 

composition. All four elements exist with non-negligible atomic percentage (≥ 10 at.%), which make 

phase recognition difficult. Nevertheless, a closer investigation of the line scan across this layer as well 

as the correlation with the SEM data shows the existence of at least two phases, potentially Mg2Si0.3Sn0.7 

and the 𝜏1 phase (Cu1.5MgSi0.5). This is similar with the phases composing layer 2 (𝜏1 and Mg2Sn), but 

as we are closer to the TE material side, the concentration in Si is higher.  

Cu-joined p-type investigations of a localized diffusion zone are presented in Figure 1 (e) and (f). This 

diffusion zone has a thickness of ~ 200 µ𝑚 and, similar to the n-type case, it is composed of four layers. 

Two of these layers are very thin (<  10 µ𝑚) and will therefore be disregarded in the following analysis.  

Table 2: EDX composition analysis results of interfaces of p-type Mg2Si0.3Sn0.7 joined with Cu 

 Layer 1 Layer 2 

Cu (at.%) ~ 45 ~ 45 

Mg (at.%) ~ 35 ~ 35 

Sn (at.%) ~ 15 ~ 20 <  5 

Si (at.%) <  5 ~ 15 ~ 20 

Possible phases γ + Sn / Mg2Sn 𝜏1 + Sn / Mg2Sn 

 

From the element mapping and the line scan, Cu and Mg are roughly constant throughout the layer 

scheme, except for the Sn-rich spots. On the other hand, Si and mostly Sn fluctuate a lot. The outermost 

layer numbered 1 is mainly composed of Cu, Mg and Sn, and the difference in greyscale colours 

indicates the coexistence of more than one phase. The atomic compositions match with the ternary γ 

phase observed in layer 1 of Figure 1 (b). The higher Sn concentrations, though, can be related to 

elemental Sn or a mixture of Mg2Sn and elemental Sn that accumulates as the brighter islands visible in 

the SEM figures. This is in line with the observation of high Sn content (peaks) in the corresponding 

line scan.  
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Layer number 2 has at least two phases: the darker part that is mostly Cu, Mg and Si, and the brighter 

spots are, here again, Sn-rich segregates. In this region, the atomic compositions correspond to the 𝜏1 

phase that was also observed in the n-type case. Sn line scan in Figure 1 (f) oscillates a lot between 

values ≤ 5 at.% and ≥ 80 at.%, which correlates very well with the scattered appearance of the bright 

Sn-rich microstructures.  

Figure 2 is a composition mapping that shows a section of a diffusion zone from the reaction layer of 

p-type with Cu under very high magnification. The dendritic growth of Cu-containing phases as it 

precipitates out of the matrix is clearly visible as the grey elongated shapes seen in the figure below. 

These dendrites contain about 50 𝑎𝑡.%  Cu, 30 𝑎𝑡.%  Mg and 20 𝑎𝑡.%  Si, but no Sn. Such 

stoichiometry corresponds to the 𝜏1 phase from the Cu-Mg-Si ternary system, already mentioned above. 

Sn is mainly filling the white areas around the dendrites, with measured atomic percentages varying 

between 50% and 80%. This proves that the Cu-Mg-Si phases are more stable than the Cu-Mg-Sn phases, 

which explains the favourable crystallization of the 𝜏1 phase and the left out elemental Sn. As Mg seems 

to be also present in these white areas with concentrations between 30 and 50%, whereas Si and Cu are 

not, the matrix surrounding the dendrites could be a mix of elemental Sn and some Mg2Sn. Figure 2 

also shows some local black spots, which seem to contain ~ 90% of Sn according to the composition 

mapping. As Sn is the heaviest element in the matrix and is so expected to be the brightest, these black 

spots are then presumably pores and the readings of the mapping at these black spots are artefacts. 

Further work and better spatial resolution are required to confirm whether it is Sn or Mg2Sn (or both). 

 

 

Figure 2: Composition mapping on the reaction layer of Cu-joined p-type Mg2Si0.3Sn0.7 (Cu on right hand side) 
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Figure 3: SEM - EDX results of a Ni45Cu55-joined n- and p-type Mg2Si0.3Sn0.7: (a) overview of joined n-type, (b) 

overview of joined p-type, (c) element mapping on interface of n-type, (d) element mapping on interface of p-type 

 

Figure 3 shows SEM/EDX investigations of the joining of Ni45Cu55 with n- and p-type Mg2Si0.3Sn0.7 

doped with Bi and Li, respectively. Similar to the case of Cu joining, no delamination was observed. 

The dark Si-rich phases due to the synthesis process are visibly scattered across the samples, but no Sn-

rich segregates were observed. As the appearance of such phases in the Cu joined cases has been 

correlated with temperature gradients and local overheating inside the sintering chamber, their absence 

in this Ni45Cu55 joining case could be due to the lower joining temperature (550°C for Ni45Cu55, 600°C 

for Cu) and therefore lower local overheating. Figure 3 (c) also shows some cracks inside the p-type 

TE material, starting from the reaction layers towards the inside of the material.  

An interesting feature occurring with Ni45Cu55 and which has not been seen with Cu is the difference 

between the reaction layers on each side of the samples. As Figure 3 (a) and (c) show, the interface is 

much thicker on one side of each sample than on the other. The thin layers have a thickness of 15 ~ 20 
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µm, while the thick ones have a thickness of 150 ~ 190 µ𝑚, are inhomogeneous and contain different 

regions.  

Figure 3 (b) presents an EDX element mapping of the interface of the joint n-type. Both thin and thick 

layer have a similar composition and microstructure, so only an analysis of the thick side is presented 

here. The first region labeled 1 on the figure, a very thin layer closest to Ni45Cu55 side is mainly Cu, Mg 

and Sn, but no Ni or Si. The layer doesn´t look single phased, so it could potentially contain the binary 

Mg2Sn with some elemental Cu, or it could also be a mix of Mg2Sn and a Cu-Mg-Sn ternary phase. As 

the γ (Cu1.55MgSn0.45) phase occurred often in the case of Cu contacting, it could be the existing ternary 

phase here, and this first layer would then contain Mg2Sn and γ.  

The following layer, layer 2, is a larger Ni- and Si- rich layer, and the third and last layer, which is the 

thickest and closest to TE material, contains all five elements, with square-shaped precipitates of Ni and 

Si. A similar description can be made for the interface of the joint p-type, as can be seen from Figure 3 

(d). Here also, we can see a first layer that doesn´t contain any Ni or Si, and could possibly be Mg2Sn + 

(Sn,Cu). The Ni-Si accumulations also exist in an Mg-Cu-Sn matrix, and occur even more often than in 

the case of n-type. 

 

 

Figure 4: Composition mapping on interface of Ni45Cu55-joined p-type Mg2Si0.3Sn0.7 

 

To confirm the microstructure of these Ni-Si accumulations, composition mapping in the middle of the 

interface of the joined p-type sample is presented in Figure 4. The obtained data show that these square 

shapes have an atomic composition of 50 ~ 75 𝑎𝑡.%  Ni and 20 ~ 35 𝑎𝑡.% 𝑆𝑖 . Such Ni-Si phase 

formation has been observed in the literature 14 before, in Mg2Si/Ni contacts where a single reaction 

layer of Ni31Si12 (Ni ~ 73 𝑎𝑡.% and Si ~ 27 𝑎𝑡.%) was identified. The Ni-Si precipitates shown in 

Figure 4 are surrounded by a eutectic-like morphology with an average composition of ~ 50 𝑎𝑡.% Mg, 
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~ 35 𝑎𝑡.%  Sn and ~ 20 𝑎𝑡.%  Cu which falls in a non-fully determined region of the Cu-Mg-Sn 

equilibrium diagram. As the micrographs show at least two different phases, it could be 𝜏1-CuMgSn 

with the binary Mg2Sn.  

 

2. Electrical Contact Resistance:  

 

The resulting contact resistance is calculated using the electrical potential data obtained from the PSM 

measurements, as well as the properties of the employed TE material. In case of a homogeneous current 

density 𝑗 =  𝐼 𝐴⁄  passing through the sample and the contact, the bulk contact resistance 𝑅c  can be 

obtained using this equation: 

 

𝑅c = 
𝑉elec− 𝑉TE

𝐼
         (Eq.3) 

where 𝑉elec and 𝑉TE are the local voltages measured on the electrode and the TE material, respectively, 

on both sides of the interface. Previous literature 15, 42-45 also uses the same equation. 

However, the homogeneity of the electrical field can be distorted by irregularities in the material and 

non-homogeneous interfaces 45. Given the complex and sub-structured interfaces observed in the 

samples, a homogeneous current density distribution can therefore not be assumed a priori. If one 

assumes that the current density 𝑗 is approximately constant in the direction of the line scan (which is a 

less strict assumption) 𝑗 can be estimated using the properties of the TE material, where the specific 

contact resistance 𝑟c = 𝑅c ∗ 𝐴 is 

𝑟c =
𝑉elec− 𝑉TE

𝑗
             (Eq.4) 

with 

𝑗 =  
∆𝑉𝑇𝐸

𝑅𝑇𝐸∗𝐴
                                  (Eq.5) 

𝑅𝑇𝐸 = 
𝑙𝑇𝐸 

𝐴𝜎𝑇𝐸
           (Eq.6) 

where ∆𝑉𝑇𝐸  and 𝑅𝑇𝐸 are the voltage and the resistance across the material, 𝑙𝑇𝐸 and 𝜎𝑇𝐸 are its length 

and electrical conductivity, respectively. The average cross section A for all measured samples is around 

3.5 𝑚𝑚2. 

Thus, 𝑟c can be estimated from  
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 𝑟𝑐 = 
(𝑉𝑒𝑙𝑒𝑐− 𝑉𝑇𝐸) 𝑙𝑇𝐸

∆𝑉𝑇𝐸∗ 𝜎𝑇𝐸
                           (Eq.7)  

 

Figure 5: PSM graphs of (a): n-type Mg2Si0.3Sn0.7 joined with Cu, (b): p-type with Cu, (c): n-type with Ni45Cu55 

and (d): p-type with Ni45Cu55. The dashed green lines indicate the value of the sample´s Seebeck coefficient 

before joining. 

 

Figure 5 shows typical results of line scans of the Seebeck coefficient and the electrical potential 

obtained from PSM measurements. The drop in the Seebeck graph is used to determine the position of 

the interface. From that position, the values of the voltages 𝑉𝑒𝑙𝑒𝑐 and 𝑉𝑇𝐸 are read from the 𝑈 graph at 

the positions just before and after the interface. Several line scans are used to obtain an average result 

for 𝑟𝑐.  

All four graphs shown above display a smooth decrease in 𝑈 towards the low potential side within the 

sample. The absence of sudden potential drops at the interface positions (marked with red circles) 

indicates that the contact resistance is low. 

Quantitative results for  𝑟𝑐  using the material properties  (𝐸𝑞. 7)  and  𝑟𝑐  assuming constant current 

density (𝐸𝑞. 3) are presented in Table 3.  
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Table 3: Specific contact resistance values of n- and p-type Mg2Si0.3Sn0.7 joined with Cu and Ni45Cu55. The relative 

measurement uncertainty is the standard deviation of all line scans for each sample 

Sample 𝑟𝑐  (𝐸𝑞. 7) / (µ𝛺𝑐𝑚2) 𝑟𝑐  (𝐸𝑞. 3) / (µ𝛺𝑐𝑚2) 

n + Cu 6 ±  4 9 ±  6 

p + Cu 8 ±  5 3 ±  2 

n + Ni45Cu55 24 ±  17 4 ±  3 

p + Ni45Cu55 (thin interface side) 11 ±  6 15 ±  8 

p + Ni45Cu55 (thick interface side) 53 ±  26 73 ±  36 

 

As shown in the table,  𝑟𝑐   (𝐸𝑞. 7) values are indeed relatively low, especially for the case of Cu joining.  

Note that the change in potential across the sample is very low and that the signal is noisy for n-type 

contacted with Ni45Cu55 (Figure 5 (c)), which indicates a low current density in the measurement region.  

For Ni45Cu55 with p-type samples,  𝑟𝑐 was around 6 times higher than Cu joined with p-type. The values 

for the thick and thin layer sides were respectively ~ 11 µΩcm2 and 53 µΩcm2 (𝐸𝑞. 7) yielding an 

average  𝑟𝑐  value of ~ 30 µΩcm2. Such difference can be correlated with the corresponding S graph in 

Figure 5 where a higher peak is visible on the right-hand side of the graph, indicating a local change of 

the material properties at the position of the thick interlayer.  

Comparing results from 𝑟𝑐 (𝐸𝑞. 7) and 𝑟𝑐  (𝐸𝑞. 3), all obtained values are similar, except for n-type joint 

with Ni45Cu55. For this sample, further SEM/EDX investigations have shown the existence of “diffusion 

channels” of ~ 100 µ𝑚 width running between interfaces on both sides. These channels are mainly 

composed of metallic phases that create a short circuit in the samples, which explains the observed small 

change in potential and increases measurement uncertainties due to line to line differences. In general, 

if the material properties are known, 𝐸𝑞. 7 is more reliable than 𝐸𝑞. 3 as its applicability requires fewer 

conditions. 

Besides the low contact resistances, a change in the TE properties has been observed in n-type samples 

joint with both Cu and Ni45Cu55. In fact, Figure 5 (a) and (c) show that the S values of the samples after 

joining are −150 ~ − 160 µ𝑉/𝐾 , while the initial value before contacting was ~ − 110 µ𝑉/𝐾 

(marked with green dashed line). Such change in S is not observed with p-type samples where the S 

value remains constant after joining (~ 80 µ𝑉/𝐾). For this reason, 𝜎𝑇𝐸 has been measured again for n-

type contacted samples and implemented in 𝐸𝑞. 7 to obtain correct  𝑟𝑐 values 46.  

Table 4 below summarizes the changes in S values and provides estimations for the corresponding 

carrier concentrations. As Mg2(Si,Sn) is a well-studied material system and it had been shown that single 

parabolic band model can be used to describe the electrical transport for both n-type 22, 47-48 and p-type 

17, 19, 29, we used a well-established SPB model that was developed in our group to estimate carrier 

concentration values29. For these calculations, we assume 𝒎𝑫
∗ = 2.5 49 for n-type samples and 𝒎𝑫

∗ =
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1.5 for p-type samples 29 and use S = 
𝑘𝑏

𝑒
 (

2𝐹1

𝐹0
− 𝜂)  𝒂𝒏𝒅 𝒏 = 𝟒𝝅(

𝟐𝒎𝑫
∗ 𝒌𝒃𝑩𝑻

𝒉𝟐 )
𝟏.𝟓

 𝑭𝟏
𝟐

 
(𝛈) to estimate the 

carrier concentration 𝑛 from the measured Seebeck coefficient. 

The table also presents the ratios of electrical contact resistances to the resistance of the thermoelectric 

material with assumed dimensions of length 𝑙 = 5 𝑚𝑚 and area 𝐴 = 1 𝑐𝑚2. As the actual samples used 

were not designed for module building, they had different thicknesses.  

Table 4: Seebeck coefficients S, estimated carrier concentrations 𝒏 and ratios of contact resistance to material 

resistance for contacted samples.  

Type Contact 
𝑆  

(µ𝑉/𝐾) 

𝑛  

(𝑐𝑚−3) 
𝜎  

(𝑆/𝑐𝑚) 

 𝑟𝑐    

(µ𝛺𝑐𝑚2)) 

𝑅𝑇𝐸   
(× 10−4𝛺) 

2𝑟𝑐
(𝐴 × 𝑅𝑇𝐸)⁄  

n 

None −110 2.9 × 1020 1851 -- 2.7 -- 

Cu −160 1.38 × 1020 710 6 ± 4 7.04 1.70 % 

Ni45Cu55 −160 1.38 × 1020 710 24 ± 17 7.04 6.82 % 

p 

None 

 80 2.35 × 1020 683 

-- 

4.39 

-- 

Cu 8 ± 5 3.64 % 

Ni45Cu55  

(thin side) 
11 ± 6 5.01 % 

Ni45Cu55  

(thick side) 
53 ± 26 24.14 % 

 

It can be seen that the estimated reduction in carrier concentration is significant and in line with the 

observed reduction in electrical conductivity. The ratio of contact to material resistances is in the lower 

percentage range for Cu and n-type contacted with Ni45Cu55, and somewhat higher for p-type contacted 

with Ni45Cu55.  

 

3. Annealing:  

 

As Cu contacted samples show better  𝑟𝑐 results, they have been annealed at 450 °C for one week to 

study their thermal stability under thermal treatment. This temperature has been selected because it is 

around the actual working temperature of the final Mg2Si1-xSnx-based thermoelectric device.  
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Figure 6: SEM pictures of annealed Cu joined Mg2Si0.3Sn0.7: (a): overview of joint n-type, (b): EDX element 

mapping of localized n-type joined interface, (c): overview of joined p-type, (d): EDX element mapping of 

localized p-type joined interface 

 

Figure 6 shows the SEM results of annealed Cu-joint n- and p-type samples. At low magnification, the 

annealed n-type Mg2Si0.3Sn0.7 looks similar to the non-annealed sample, but, as expected, the interface 

and the local diffusion zones have expanded respectively to ~ 250 µ𝑚 and ~ 600 µ𝑚. Two bright lines 

joining the diffusion zones from the interfaces on both sides are visible in Figure 6 (a). As it was taken 

in backscattering mode, the brightest regions are Sn-rich, Sn being the heaviest element. One more 
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interesting feature was also observed and is shown in Figure 6 (b) which is the diffusion of the TE 

material inside the Cu layers, causing a delamination of the foils.  

EDX element mappings show that the microstructure and composition of the diffusion layers on the 

joint n-type interface remain almost the same after annealing: Cu dendrites agglomerate in a Sn-rich 

environment. The part that diffuses inside Cu is mostly Mg. Sn areas locally exist but Si is completely 

absent. Literature on inter-diffusion of Cu and Mg under temperatures ~ 450°𝐶 50 shows that the binary 

compositions Mg2Cu and MgCu2 occur. As the formation energy of Mg2Cu is lower than that of MgCu2, 

the former binary compound would form before the latter. This could explain the higher concentration 

of Mg diffused in Cu.  

The annealed Cu-joined p-type sample on Figure 6 (c) shows also stronger diffusion, similar to n-type, 

with diffusion zones ~ 200 µ𝑚 thickness. One crack can also be seen inside the sample parallel to the 

interface.  

Figure 6 (d) shows very thick localized diffusion zones ~ 450 µ𝑚 each, where Cu has penetrated far 

inside the material from both sides. From the difference in greyscale, the diffusion zones seem to have 

different compositions, but as general overview, they both seem to be mainly composed of Mg-Cu-Si 

phases in Sn-rich Mg2(Si,Sn) matrix. 

 

 
Figure 7: PSM graphs of annealed (a): n- and (b): p-type Cu joined Mg2Si0.3Sn0.7. The dashed green lines 

indicate the value of the sample´s Seebeck coefficients before joining. 

 

Figure 7 shows the Seebeck and potential graphs of the annealed samples. P-type samples still show no 

drop at the interfaces, indicating a low  𝑟𝑐. However, the potential line for n-type shows a large drop at 

the right-hand side interface, even though the left-hand side shows none. This indicates that changes 

have occurred at the interfaces under annealing, which caused the potential to drop. Another possibility 

could be that the scanned region had cracks or localized delamination between Cu and the TE material.  

n-type p-type(a) (b)
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The averaged results using 𝐸𝑞. 3 and 𝐸𝑞. 7 are displayed in Table 5. As expected from the PSM graphs 

in Figure 7,  𝑟𝑐  is low for p-type. For n-type, the final averaged 𝑟𝑐  has been disentangled for interfaces 

on both sides.   

Table 5: Specific contact resistance values of annealed n- and p-type Mg2Si0.3Sn0.7 joined with Cu (450°C, 1 week) 

Sample  𝑟𝑐(𝐸𝑞. 7) / (µ𝛺𝑐𝑚2) 𝑟𝑐  (𝐸𝑞. 3) / (µ𝛺𝑐𝑚2) 

Annealed n + Cu (left side) 11 ±  6 13 ±  7 

Annealed n + Cu (right side) 155 ±  30 181 ±  30 

Annealed p + Cu 7 ±  5 6 ±  4 

 

Similar to the non-annealed case, S of n-type changed to  ~  − 230 µ𝑉/𝐾 . Here again, new 

measurements for 𝜎𝑇𝐸 have been obtained and implemented in 𝐸𝑞. 7. Here also, we provide estimations 

for the carrier concentrations (using  𝒎𝑫
∗ = 2.5 49 for n-type and 𝒎𝑫

∗ = 1.5 for p-type 29) as well as 

ratios of electrical contact resistances to total resistances in Table 6. 

Table 6: Seebeck coefficients S, estimated carrier concentrations 𝑛 and ratios of contact resistance to material 

resistance for contacted samples. 

Sample  𝑆  
(µ𝑉/𝐾) 

𝑛  
(𝑐𝑚−3) 

𝜎  
(𝑆/𝑐𝑚) 

 𝑟𝑐    

(µ𝛺𝑐𝑚2)) 

𝑅𝑇𝐸   
(× 10−4𝛺) 

2𝑟𝑐
(𝐴 × 𝑅𝑇𝐸)⁄  

n + Cu  

(left side) 

−230 5.5 × 1019 450 

11 ± 6 

11.1 

1.98 % 

n + Cu  

(right 

side) 
155 ± 30 27.92 % 

p + Cu 80 2.35 × 1020 683 7 ± 5 4.39 3.19 % 

 

It can be seen that the resistance ratio remains small also after annealing, with the exception of the right 

side of the n + Cu sample.  

 

IV. Discussion 

 

Results for n- and p-type Mg2Si0.3Sn0.7 contacted with Cu and Ni45Cu55 electrodes are presented. Both 

electrodes showed mechanically stable joining to both material types, with no delamination. SEM/EDX 

investigations show Cu diffusion into n- and p-types, resulting in thick inhomogeneous reaction layers 

and diffusion zones of complex structures. These diffusion layers contain dendrites of Cu growing into 

a Sn-rich matrix, which occurred due to heterogeneous nucleation. In fact, heterogeneous nucleation, 

which is common in solid solutions, occurs at phase boundaries or around impurities, initiating the 

growth process of the dendrites 51. In our case, the dendritic growth presumably initiates as Cu diffuses 
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along the grain boundaries 52-53 and grows due to the temperature gradient caused by the local heating 

under direct joining current, which disturbs the equilibrium conditions.  

The composition and microstructure of the diffusion zones are different. In both n- and p-type cases, the 

ternary phases γ (Cu51.7Mg33.3Sn15) and 𝜏1 (Cu1.5MgSi0.5) exist, but with different layering order and 

different thicknesses. The size and distribution of the dendrites are also different. While some thickness 

variation of the interface layer is often observed, comparison with literature 15, 28 indicates that the 

combination of Cu and Sn is responsible for the strong variations observed in our Sn-rich samples, as 

Cu and Sn tend to form various phases a wide range of temperatures and concentrations54.  

Similar diffusion behaviour was observed in joining with Ni45Cu55, except for the difference in interface 

thicknesses on both sides of each sample. This could be explained by the direct current running through 

the materials inside the sintering die. In fact, the (technical) current runs through the samples from 

bottom to top, which would favor the electromigration of Ni and Cu cations in that particular direction. 

Therefore, the thicker interfaces would be on the bottom side of the joint samples, while the thinner ones 

would be on top. As such behavior was not observed with Cu-joining, Ni is expected to play an important 

part in this electromigration process. It is carried by the current from the electrode to the sample, but it 

acts as a diffusion barrier to Cu when the diffusion happens in the opposite direction of the current flow 

55. In fact, Ni, but also metallic silicide materials (Ni-Si in this case) are known to be good barriers to 

Cu diffusion 53, 56-57. The difference in joining temperatures with Cu and Ni45Cu55 (600 °C and 550 °C 

respectively) is another possible explanation that cannot be excluded 28. 

For both electrodes, inhomogeneous diffusion occurred, leading to different reactions with the TE 

material, and the formation of new phases with new properties. Even though some diffusion is preferred 

as it helps the adhesion of the electrode to the TE material, too much diffusion would cause a loss of the 

initial functional material with the desired TE properties. The new resulting phases would also bring 

new CTE values into play, which increases the risk of higher CTE mismatches and hence results in 

further cracks under thermal cycling. 

Local potential and Seebeck mapping were used to determine the specific electrical contact resistance. 𝑟𝑐 

was low (< 10 µΩ.cm2) for Cu joint with both n- and p-types, indicating that the interfaces are mainly 

composed of conductive phases that do not hinder the current flow. As Cu has a CTE that matches the 

CTE of Mg2(Si,Sn) solid solutions better than that of the binary Mg2Si, such good contacting was 

expected. This also proves the prediction of Cai et al. 15 that doped Mg2(Si,Sn) would work better than 

undoped Mg2Si, which had a quite high contact resistance ( 𝑟𝑐  = 13.7 mΩcm2) when joined with Cu. 

However, despite the differences in CTE, no cracks were observed in both the solid solution and the 

binary cases, indicating that the CTE mismatch is not the only relevant criterion of choice for contacting 

electrodes. In fact, it seems as if the order is also important, with the preferred case of the electrode 

having the higher CTE.  
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The  𝑟𝑐 values of Cu joint Mg2Si0.3Sn0.7 are also lower than those obtained from Ni and Ag joining 28.  

Even though Ag joint with p-type Mg2Si1-xSnx at 450 °C had a low contact resistance (< 10 µΩcm2), 

results with n-type were higher. Such behaviour was correlated with the fact that, as Ag is a p-type 

dopant, unexpected p-type doping occurred close to the Ag/n-type interface, resulting in a carrier density 

depletion area which led to the higher contact resistance.  

On the other hand, values for samples joined with Ni45Cu55 were higher for p-type and with higher 

uncertainty for n-type, due to the different interfaces in the reaction layers and the metallic channels 

connecting the interfaces, respectively. Previous studies on Ni joining reported that Ni was a good 

contacting solution for Mg2Si, with low  𝑟𝑐 (< 10 µΩcm2) 13-14, but it was not a good option for the solid 

solution, as cracks have developed due to the CTE mismatch and local 𝑟𝑐 values were somewhat higher 

(~ 35 µΩcm2) 28. From that perspective, Ni45Cu55 was expected to have better contacting results than Ni. 

However, as the CTE of Ni45Cu55 still does not perfectly match that of Mg2Si0.3Sn0.7, some cracks still 

occurred.  

After contacting, a change in S values from −110µ𝑉/𝐾 to −160µ𝑉/𝐾, and therefore a change in carrier 

concentration, was observed for the case of n-type samples joined with both Cu and Ni45Cu55, while they 

remained unchanged (~ 85 µ𝑉/𝐾) for p-type. No clear explanation to this behaviour has been obtained 

so far. However, one hypothesis is the difference in Si and Sn ratio (30:70 for p, 30:66.5 for n), though 

very small, between both material types as Bi substitutes Sn in n-type. Another possible cause could be 

the difference in Mg content, as n-type materials are made with 3% excess Mg, but also Li substitutes 

Mg in p-type materials. The dopants themselves could also add to this observed difference in behaviour. 

As similar results were observed in Mg2(Si,Sn) joined with Ag 28, it is clear that we have a carrier type 

dependence of the behaviour of the Mg2Si1-xSnx material system which needs to be studied further.  

Annealing experiments were carried out at 450°C during one week for Cu joining to study the thermal 

stability and the development of 𝑟𝑐. As expected, the diffusion of Cu was intensified, which affected the 

contact resistance and is expected to change the material properties on the long run.  𝑟𝑐  values remained 

relatively low (< 10 µΩcm2) for p-type after annealing, while n-type samples show a different behaviour. 

In fact, the averaged contact resistance was quite high because of the sudden potential drop on one side 

of the sample (Figure 7 (a)). This can be correlated with both the changes in interfaces at diffusion 

zones and the delamination that was observed due to the inter-diffusion of Mg and Cu. In fact, in case 

of foil delamination, extra resistance terms at each interface would be added (foil to foil, or foil to TE 

material), and due to the limited spatial resolution of the PSM, these added resistances are picked up as 

part of the total contact resistance, leading to high  𝑟𝑐 values.  

The Seebeck value has also changed for n-type after annealing, reaching a value of −230 µ𝑉/𝐾, which 

did not happen with p-type. We then observe a clear dependence of the change in material properties, 

and thus contact resistances, on the dominant carrier type, similarly to what was observed for Ag 28 with 
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Mg2(Si,Sn). A dependence of interface properties on dominant carrier type has also been reported for 

the Bi2-Te3 system where n-type Bi2Te2.7Se0.3 and p-type Bi0.4Sb1.6Te3 showed different behaviours at 

the interfaces when joined with Ni 58. Whether this is due to (local) changes in the composition or is 

related to defects in the material requires further investigations. However, as such change in TE 

properties did not happen after annealing non-contacted Mg2Si0.3Sn0.7 at 450°C for one month 33, it can 

be safely assumed that the observable changes here are due to contacting and continuous inhomogeneous 

diffusion, and not only annealing. 

 

V. Conclusion   

 

In this work, contacting of n- and p- type Mg2Si0.3Sn0.7 with Cu and Ni45Cu55 electrodes was investigated. 

Both electrodes have shown stable contacting and adhesion with no delamination. Strong diffusion of 

both metals was observable inside the TE material, resulting in complex interfaces and thick diffusion 

zones. The specific electrical contact resistance 𝑟𝑐 was low for Cu (< 10 µΩcm2) but higher for Ni45Cu55 

(< 50 µΩcm2), which could be a result of the cracks that occurred due to a higher CTE mismatch.   

The stability of the Cu contacting has been tested by annealing the joined samples for one week under 

a temperature of 450°C. The obtained results show a stronger diffusion of Cu, and even a diffusion of 

the TE material into the electrode, which caused local delamination. Moreover, the specific contact 

resistance  𝑟𝑐 remained relatively low, except for one case where the delamination occurred. However, 

the diffusion changed the microstructure and the thermoelectric properties of the n-type material, which 

does not guarantee optimized properties anymore, possibly reducing 𝑧𝑇 and TE efficiency. Therefore, 

the diffusion needs to be controlled in order for Cu to be a potential technological contacting solution. 

Sputtering of a thin diffusion barrier layer is a possible option to remediate this issue.  

Finally, the results of this work show that CTE match is not the only criterion for electrode material 

selection. Though necessary, it appears like there is a favourable order in the CTE comparability (CTE 

electrode ≥ CTE TE material better than CTE electrode ≤ CTE TE material). It is also important to consider the phases 

in the reaction layer as well as potential interactions between electrode and TE material. As we have 

shown here, these can depend on the dominant carrier type of the TE material.  
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Chapter 4: Paper 2 

4. Contacting Cu Electrodes to Mg2Si0.3Sn0.7: Direct vs Indirect 

Resistive Heating 

 

 

The work of this chapter was based on the results of Chapter 3, where the contacting of Cu resulted in a 

thick and uneven reaction layer with both TE materials, but also a change in the Seebeck value S was 

recorded in the n-type material from –110 µV/K to –160 µV/K.  Moreover, a further change of S to –

220 µV/K was recorded after annealing. No such change was observed in the p-type materials neither 

after joining nor after annealing. Both of these observations (diffusion layer and change of S) were 

obtained for samples joined under direct resistive heating (DRH) conditions, where the samples were 

simply stacked inside a graphite die and then joined under a sintering current that was free to run through 

the TE material and the electrode. In order to investigate if the sintering current contributes to the 

obtained results, comparative experiments where the current was blocked from running through the 

sample were conducted. To this purpose, a boron nitride (BN) layer was coated on the inner sides of the 

graphite punches, and the method was called as indirect resistive heating (IRH). In this method, the 

sintering current would mainly be running the graphite die around, and the heating of the sample would 

occur through Joule heating of the die. The IRH samples were also annealed under the same conditions 

as the DRH samples as reported in Chapter 3.  

This study showed that obtained results of n- and p-type with Cu under both DRH and IRH were similar 

after contacting and annealing. The newly formed interfaces were still thick and inhomogeneous under 

IRH conditions for both material types, and diffusion continued during annealing. In all the cases, the 

electrical contact resistance was also low (< 10 µΩ cm2), and the change in S for the n-type materials 

was also recorded, reaching comparable values for both current conditions (within the error bars) after 

joining and after annealing. Therefore, we could conclude here that, in the case of Cu joined with Mg2Si1-

xSnx, the contacting results are not strongly influenced by the sintering current, and that the diffusion of 

Cu inside the Mg2(Si,Sn) system is mainly temperature-induced (electromigration is not so prominent).  

An in-depth discussion about both contacting methods is introduced in Chapter 6.1.1. Results using 

Ni45Cu55 as an electrode are introduced, along with a more detailed discussion about the indirect heating 

process. Section A.1 in the Appendix also continues the topic, with a more technical comparison of both 

joining methods.  
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Abstract 

Mg2(Si,Sn)-based thermoelectric materials have been gaining interest in the past years due to their 

attractive properties. In this work, we present the outcome of using two different approaches to contact 

n- and p- type Mg2Si0.3Sn0.7 legs with Cu electrodes  to study the influence of current on the joining 

procedures. The first approach is a direct current heating procedure where the current runs directly 

through the sample, while the second approach uses the current as an indirect source of resistive heating. 

Results show that Cu diffuses into n- and p-type materials, creating relatively thick and complex reaction 

layers, both under direct and indirect resistive heating, and these layers have, respectively, an average 

thickness of 200 µm and 100 µm. Electrical contact resistance  𝑟c values are also similar for both types, 

under both joining conditions (< 10 µΩ. cm2). The directly and indirectly contacted samples were then 

annealed, and the results for all samples were similar. The reaction layers developed similarly in all 

cases and the contact resistances remained low (< 10 µΩ. cm2). 

 

Introduction 

The field of thermoelectricity, which allows the conversion of waste heat into electricity, has been 

growing in the past decades. In fact, thermoelectricity provides an independent, renewable and 

environmental-friendly energy alternative that can be applied in various fields of industry (aerospace, 

automobile…). A large selection of thermoelectric (TE) materials is being studied and implemented into 

functional thermoelectric generators (TEG) such as Bi2Te3 or PbTe. The performance of these materials 

is determined by the value of their dimensionless figure of merit zT = 𝜎𝑆2𝑇
𝜅𝑡𝑜𝑡

⁄ , where σ is the 

electrical conductivity, S is the Seebeck coefficient, T is the absolute temperature and 𝜅𝑡𝑜𝑡 = 𝜅𝑒𝑙𝑒𝑐 +

 𝜅𝑙𝑎𝑡  is the total thermal conductivity with 𝜅𝑒𝑙𝑒𝑐  being its electronic component and 𝜅𝑙𝑎𝑡  lattice 

component  [1, 2].  
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To obtain a stable and efficient TEG, the optimized n- and p- type TE materials have to be contacted 

and assembled using metallic electrodes and bridges to form a TEG device. The interfaces resulting 

from these joining steps induce thermal and electrical contact resistances that vary in magnitude 

depending on the chosen materials. Therefore, the selection of these electrodes and joining procedures 

is a critical step, which has to ensure that the contact resistances are as low as possible [3, 4].  

Other criteria to take into consideration while contacting metallic electrodes to TE materials are the 

difference in their coefficients of thermal expansion (CTE), and the joining methods. Both require 

experimental testing, but the latter is not as straightforward as the former, and might therefore need 

deeper investigations. 

In this paper, we discuss the joining step of Mg2Si0.3Sn0.7 TE materials with Cu foils as metallic 

electrodes under two different conditions, and we report the results for the reaction layer microstructures 

and the electrical contact resistances.  

Magnesium silicide-based materials have been selected because they possess a set of properties that 

make them attractive to the field of thermoelectricity. In fact, they are non-toxic, abundant and cheap. 

They are also lightweight and have good thermal and mechanical stability. We study  Mg2Si1-xSnx solid 

solutions because these show improved TE properties compared to binary Mg2Si [5, 6]. The specific 

composition of Mg2Si0.3Sn0.7 has been selected because the material shows high 𝑧𝑇𝑚𝑎𝑥 values for both 

n- and p- type samples (~ 1.4 and ~ 0.55, respectively) at mid-range temperatures (350 ~ 450 °C) [7-9]. 

Cu has been chosen as the contacting electrode because it has a coefficient of thermal expansion (CTE) 

close to that of the studied TE material (Cu: 17∙10-6 K-1 [10] and Mg2Si0.3Sn0.7: 17.5∙10-6 K-1 [11]). Cu 

has also been tested with the binary Mg2Si in [12], showing good preliminary results. Cai et al.[12], 

reported that the Cu contacted samples had good adhesion and that no cracks have been observed. 

However, they reported a high value of electrical contact resistance  𝑟c (~ 15 mΩ.cm2) which was stated 

to decrease after doping. 

The two joining conditions we used here differ in the way the samples (TE material + Cu) were heated 

during the sintering step. In the first case, the current from the sintering press was running through the 

samples and heating them up to the desired temperature. We called this procedure “direct resistive 

heating”. However, in the second case, an extra layer of an electrically insulating compound was added 

on top and bottom of the samples to block the direct passing of current through them. Here the heating 

was done indirectly through radial conduction from the sides to the inside of the samples, and we called 

this procedure “indirect resistive heating”. 

All samples were then annealed under the same conditions to study their thermal stability. In all cases, 

the reaction layers resulting from the contacting were studied with SEM/EDX, and the electrical contact 

resistances were resolved using electrical potential and Seebeck coefficient local mappings.  
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Experimental Setup 

Powder batches of n-type Mg2.06Si0.3Sn0.665Bi0.035 and p-type Mg1.97Li0.03Si0.3Sn0.7 have been produced 

and pellets were sintered in a direct sinter press facility (DSP 510 SE from Dr. Fritsch GmbH, Fellbach, 

Germany)[13]. These pellets were pressed in a 15 mm die under vacuum at 700 °C, for 1200 s for n- 

and 600 s for p-type, with a pressure of 66 MPa and a heating rate of 1 K/s. All pressed pellets had a 

high relative density (≥ 97%), and were contacted with three disk shaped Cu foils on each side; each 

with thickness of 50 µm. The number of foils was chosen to account for the lateral resolution of the 

electrical contact resistance scanning measurements.  

In the direct resistive joining procedure, n- and p-type pellets along with the Cu foils were stacked in 

the graphite die, then put into direct contact with the graphite pistons on top and bottom, which allows 

the sintering current to run directly through the electrodes and the sample.  

However, in the indirect resistive joining procedure, the inner ends of the graphite pistons were covered 

with a thick layer of boron nitride (BN), and then used to press the Cu foil and pellet. The electric current, 

thus, flows along the walls of the graphite die and the joining reaction occurs by radial heat transfer. 

To prepare for the annealing tests, cut pieces of the contacted samples were coated with a thick boron 

nitride layer to minimize Mg loss by evaporation. Then, they were sealed in quartz ampules under Argon 

gas and annealed in annealing furnaces for 7 days at 450 °C. 

In the results section, eight samples will be presented. To simplify sample reference, sample names have 

been attributed as suggested in the table below: 

Sample name Experimental conditions 

S_n_d n- type, direct joining 

S_p_d p- type, direct joining 

S_n_d_a n- type, direct joining, annealed 

S_p_d_a p- type direct joining annealed 

S_n_i n- type indirect joining 

S_p_i p- type indirect joining 

S_n_i_a n- type indirect joining, annealed 

S_p_i_a p- type indirect joining, annealed 

 

The results of all the above-mentioned samples were investigated under SEM/EDX (Zeiss Ultra 55 with 

a 15 kV acceleration voltage) to study the microstructures of the resulting reaction layers, and using a 

Potential & Seebeck Scanning Microprobe (PSM) [14, 15] to determine the electric contact resistances. 
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Results and discussion 

- Microstructure 

 

Figure 1: Cu contacted n- and p-type Mg2Si0.3Sn0.7 samples: (a) & (e): under direct heating, (b) & (f) under 

direct heating and annealed, (c) & (g): under indirect heating, (d) & (h): under indirect heating and 

annealed. 
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Figure 1 shows the SEM/EDX results of all samples. The left column and right column contain n- and 

p-type samples, respectively. Starting with the directly joined samples S_n_d (Figure 1 (a)) and S_p_d 

(Figure 1 (e)), it is clear that both cases display thick and complex reaction layers, each containing 

various diffusion zones (100 ~ 200 µm thick each). These reaction layers are not single-phased; instead 

they are composed of several layers of different microstructures and compositions. Some of the phases 

contained in these layers are γ (Cu1,55MgSn0,45), 𝜏1 (Cu1.5MgSi0.5) which forms as Cu-rich dendrites, and 

Mg2Sn. More details about the microstructure and the kinetics of the reaction layer formation are 

discussed in another work.  

Along the TE material surface, localized darker and brighter areas can be seen. The darker areas are Si-

rich Mg2Si0.3Sn0.7 matrix, while the brighter regions are Sn-rich. In the p-type samples, Sn-rich areas are 

more scattered along the sample surface and appear as small agglomerations of ~ 20 µm diameter, while 

in n-type samples, they are seen as thin channels (Mg2Sn-channel) running across the sample, from one 

Cu contacted end to the other. Such channel could be the result of Sn interdiffusion from one reaction 

layer to the other and Mg2Sn formation as the channel progresses inside the TE material. So far, no exact 

explanation has been obtained to correctly explain why Sn in particular seems to crystalize out of the 

Mg2Si0.3Sn0.7 matrix after Cu contacting. 

After annealing (Figure 1 (b) and (f)), more Cu diffusion was observed, creating thicker diffusion zones 

and more Si-rich regions. It is clear here that when directly joined with Mg2Si0.3Sn0.7, Cu diffuses easily 

and rapidly, and this diffusion progresses even further after just 7 days at 450 °C. As TEG often undergo 

continuous thermal cycling, contacting the TE materials with metallic electrodes that diffuse 

uncontrollably does not guarantee a constant efficiency and will cause material and generator damage. 

The decision to test Cu contacting under indirect resistive heating conditions was to investigate any 

potential effect of the current on the joining and the Cu diffusion. However, as the SEM pictures on 

Figure 1 (c) and (g) show, indirect heating results look very similar to direct heating, for both n- and p- 

type samples. In fact, the inhomogeneous reaction layers with thicker diffusion zones are clearly visible, 

as well as the scattered Si-rich darker areas along the sample surfaces. Mg2Sn-channels are also observed 

in this case, which proves that these channels are not a result of electromigration, but instead, of another 

diffusion mechanism. One probable explanation here could be that during contacting, micro cracks 

develop near the interface, and as Sn is the element with the lowest melting point, it liquefies faster and 

runs through them, reacting with Mg from the TE material as it diffuses. Such process causes the cracks 

to progress even further inside the sample, opening even more diffusion path for Sn inside the TE 

material. 

Another interesting feature that is also observed in all SEM figures above is the demixing of the 

Mg2Si0.3Sn0.7 initial matrix into what seems to two sub-matrices, one which is rich in Si and one which 
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is rich in Sn. This behaviour also clearly just happens after contacting under the effect of time and 

temperature. The electric current doesn’t seem to play a big role. 

After annealing, the indirectly heated samples (Figure 1 (d) and (h)) didn’t show any big difference 

from the directly heated ones. Despite the fact that the reaction layers and the diffusion zones seem to 

be not as thick (respectively ~ 50 µm and ~ 100 µm) as they were in the case of direct heating 

(respectively ~ 100 µm and  ~ 200 µm), the Mg2Sn-channels and the demixing of the initial matrix of 

the TE material were still observed.  

As an initial conclusion, it is clear that whether Mg2Si0.3Sn0.7 and Cu are contacted under direct or 

indirect heating, the resulting interfaces are similar. The diffusion of Cu inside the TE material, as well 

as matrix de-mixing and other observed behaviors are independent of current and mainly driven by 

temperature and time. The next step here would be to investigate how these complex reaction layers 

affect the electrical contact resistance. 

 

- Electrical Contact Resistance 

The electrical contact resistance resulting from the contacting of Cu with Mg2Si0.3Sn0.7 is calculated 

through PSM measurements [14, 15]. If we have a homogeneous current density 𝑗 =  𝐼 𝐴⁄  passing 

through the electrodes and the sample, the bulk electrical contact resistance 𝑅c is calculated as follow: 

                                                        𝑅c = 
𝑉el− 𝑉TE

𝐼
                                         

(Eq.3) 

where 𝑉el and 𝑉TE are the local voltages measured on the electrode and the TE material, respectively 

[12, 16, 17]. 

However, in our case, the occurrence of a homogeneous current density is very unlikely, due to the 

complex interfaces and the irregularities (demixing) observed inside the TE material. Therefore, we 

have to assume an inhomogeneous current flow, and the value of the current density 𝑗 used here can be 

approximated using the TE properties of the material. In this case, instead of the bulk resistance 𝑅c 

defined above, we define the specific electrical contact resistance 𝑟c = 𝑅c ∗ 𝐴, 𝐴 being the area, as 

follows: 

𝑟c =
𝑉elec − 𝑉TE

𝑗
 

with 
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𝑗 =  
∆𝑉𝑇𝐸

𝑅𝑇𝐸∗𝐴
                                  (Eq.4) 

𝑅𝑇𝐸 = 
𝑙𝑇𝐸 

𝐴𝜎𝑇𝐸
           (Eq.5) 

where ∆𝑉𝑇𝐸  and 𝑅𝑇𝐸 are the voltage and the resistance across the material, 𝑙𝑇𝐸 and 𝜎𝑇𝐸 are its length 

and electrical conductivity, respectively. Hence, the final specific electrical contact resistance is defined 

as 

                       𝑟𝑐 = 
(𝑉𝑒𝑙𝑒𝑐− 𝑉𝑇𝐸) 𝑙𝑇𝐸

∆𝑉𝑇𝐸∗ 𝜎𝑇𝐸
                  (Eq.6) 

 

Furthermore, due to the demixing observed in the samples, the electrical conductivity was re-measured 

after contacting and after annealing, and the new values were put in (Eq. 6) to obtain correct 𝑟𝑐  values. 

Results of PSM scanning measurements as well as calculations of the electrical contact resistances are 

presented below. 
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Figure 2: PSM plots of Cu contacted n- and p-type Mg2Si0.3Sn0.7 samples: (a) & (e): under direct heating, 

(b) & (f) under direct heating and annealed, (c) & (g): under indirect heating, (d) & (h): under heating 

current and annealed. 
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red circles on the graphs, and it is evident that at these positions, the U plots do not show big drops. 

Instead, they display a smooth transition between the metallic electrodes and the TE material, which 

means that there is no major resistance added from the newly grown reaction layers. One exception to 

this general behavior is the n-type annealed directly heated sample (Figure 2 (b)): The U graph shows 

a large drop at the right-hand side interface. Further SEM/EDX investigations have shown that for that 

sample in particular, Mg has diffused inside the Cu layer causing the foils to delaminate, which explains 

the sudden increase in resistance.  

The obtained 𝑟𝑐  values for n- and p- type samples are presented in the Tables 1 and 2 below. Equations 

3 and 6 have been used to compare different potential 𝑟𝑐 values to have a better idea of the homogeneity 

of the current flow across the samples. 

Table 2: Electrical contact resistance 𝑟𝑐   values for n-type Mg2Si0.3Sn0.7 samples contacted with Cu under direct 

and indirect heating, non-annealed and annealed conditions. 

Sample 𝑟𝑐  (𝐸𝑞. 6) / µΩ. cm2 𝑟𝑐  (𝐸𝑞. 3) / µΩ. cm2 

 S_n_d 6 ± 4 9 ± 6 

S_n_d_a  (left side) 11 ± 6 13 ± 7 

S_n_d_a  (right side) 155 ± 30 181 ± 30 

 S_n_i 7 ± 4 10 ± 7 

S_n_i_a 4 ± 1 11 ± 1 

 

Table 3: Electrical contact resistance rc values for p-type Mg2Si0.3Sn0.7 samples contacted with Cu under direct 

and indirect heating, non-annealed and annealed conditions. 

Sample 𝑟𝑐  (𝐸𝑞. 6) / µΩ. cm2 𝑟𝑐  (𝐸𝑞. 3) / µΩ. cm2 

S_p_d 8 ± 5 3 ± 2 

S_p_d_a  7 ± 5 6 ± 4 

S_p_i 7 ± 5 11 ± 7 

S_p_i_a 9 ± 5 9 ± 5 

 

As expected from the PSM graphs in Figure 2, the electrical contact resistances are very low for all 

samples, at all joining conditions, before and after annealing. The values of 𝑟𝑐 obtained with Eq. 6 and 

Eq. 3 are also very comparable considering the measurement uncertainty, which indicates that the PSM 

current runs homogeneously through all the samples. The complex interfaces as well as the demixing of 

the initial TE material matrix did not hinder the current flow. 



82 

 

One interesting behavior, however, can be seen for the Seebeck graphs in Figure 2, which is the change 

in S values of n-type samples a first time after contacting (~ -150 µV/K), and a second time after 

annealing (~ -230 µV/K). This is visible in the considerable difference between the initial S values (~ -

110 µV/K) for n-type Mg2Si0.3Sn0.7 marked with the green dashed lines on the graphs and the actual S 

values after contacting or annealing. Such behavior occurs independently of the heating method (direct 

or indirect), and is not observed for p-type samples. The change in S values indicates a change in the TE 

properties of the material, and the limitation of the occurrence to just one sample type suggests a 

dependence of the material behavior on the dominant carrier type.   

So, despite the fact that 𝑟𝑐 was low for Mg2Si0.3Sn0.7 contacted with Cu, the change in TE properties 

suggests that the diffusion strongly affects the n-type TE material, which requires a certain control (e.g. 

diffusion barrier) in order for Cu to be a technological solution.   

Finally, the way of applying the electric current during the joining step might have an influence on the 

final results; however, it seems to be weaker than the effect of temperature and pressure, and thus cannot 

be clearly observed.  

 

Conclusion 

Two different contacting approaches were used in this work to understand the effect of the electric 

current on the contacting results and properties. When n- and p-type Mg2Si0.3Sn0.7 were contacted with 

Cu electrodes, similar results were obtained, independently on the joining procedure. In all cases, the 

contacts had good adhesion, Cu diffused into the TE material, creating a thick and inhomogeneous 

reaction layer with localized thicker diffusion zones, and we obtained low 𝑟𝑐 values. Additionally, the 

irregularities observed in the TE materials after joining occurred for both contacting approaches, which 

tells that electric current is not the only parameter to influence microstructure results.  During annealing, 

Cu diffusion continued in all samples, though with different ratios, while values of  𝑟𝑐 remained low (≤ 

10 µΩ. cm2). Thus, it is clear that the results of Cu contacting are not sensitive to the current path, and 

that blocking the current is not sufficient to control the metal´s diffusion. 
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Chapter 5: Paper 3 

5. On the Relevance of Point Defects for the Selection of Contacting 

Electrodes: Ag as an Example for Mg2(Si,Sn)-based 

Thermoelectric Generators 
 

As the change of S that was observed in the n-type samples joined with Cu could not be explained by 

the sintering current, another perspective was followed. What initiated this study, also, was the work of 

Pham et al. where a change in S was recorded after joining n-type Mg2Si1-xSnx with Ag, while no change 

was seen for the p-type samples [4]. Both our findings and those of the mentioned literature show that 

this dependence on the dominant carrier type is not dependent on one electrode in particular. It is, 

instead, a general trend that needs to be studied and understood, as its implications affect the optimized 

TE properties of the material in use. We decided, then, to look into the intrinsic and extrinsic defects of 

the studied materials, as the main difference between the used n- and p-type samples resides in the 

dopant and the chemical potential of the electrons. For this purpose, ab initio hybrid-DFT calculation of 

the formation energies of charged point defects in Bi-doped and Li-doped Mg2(Si,Sn) were processed 

[111]. These calculations were done by our collaborators Byungki Ryu, Sungjin Park and Sudong Park 

at the Korea Electrotechnology Research Institute (KERI). We chose to continue this study with the Ag 

electrode instead of the Cu electrode (both in the experiments and the calculations) because Ag 

contacting resulted in a very thin reaction layer (< 30 µm). Therefore, we could avoid the issues and 

uncertainties that would arise due to thick reaction layers and new phases in the case of Cu, which would 

also simplify the calculations as the thin reaction layer could be dismissed. The binaries Mg2Si and 

Mg2Sn were utilized in this study instead of the solid solution composition for simplicity, but also to 

verify two points: (i) if, experimentally, both ends of the solid solution would show a similar behavior, 

which would indicate a comparable behavior for all the compositions in between, and (ii) if using the 

calculations on both binaries would provide good predictions that match the experimental results, which 

would allow the interpolation of the calculation results for the solid solutions.  

Results showed that, as expected, a change in S was observed for the Ag-joined Mg2Si and Mg2Sn, and 

that the defect formation energy calculations provided plausible explanations to the observed TE 

property change. In fact, the Ag substitutional defect on the Mg site (AgMg) is a stable defect with a low 

formation energy, and as it is an electron acceptor defect, it would act as a trap to the free conduction 

electrons provided by the Bi on Si/Sn defect. This trapping mechanism would cause a compensation in 

the charge carriers that would be experimentally picked up as an increase in S (in absolute value).  
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Through this work, we could establish that hybrid-DFT provides good predictions that could explain 

unexpected experimental observations, and that the method should be implemented more often in the 

screening process of potential contacting electrodes.  

In this manuscript, the submitted revised version of the paper, following the journal´s template, is 

provided. This work was available online on 31 October 2020 and published in January 2021 on 

Materials Today Physics, volume16, starting from page 100309.  

The DOI of the article is https://doi.org/10.1016/j.mtphys.2020.100309 
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Abstract: 

In developing thermoelectric generators, optimizing interfaces between thermoelectric materials and 

contacting electrodes is a crucial step. Among the tested electrodes for Mg2(Si,Sn)-based generators, Ag 

shows good adhesion, controllable interfaces and low electrical contact resistances. However, it induces 

unexpected changes in the Seebeck coefficient of n-type samples, while no change is observed in p-type.  

In order to understand said behavior, contacting results for Bi-doped Mg2Si, Mg2Sn and Mg2Si1-xSnx 

with Ag are compared with predictions based on defect formation energies obtained within hybrid-

density functional theory (DFT). A qualitative description of the Ag diffusion mechanism in Mg2X is 

also introduced. 
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Calculation results show that Ag-induced defects have sufficiently low formation energies to influence 

charge carrier concentrations, particularly Ag substitution on the Mg site (AgMg). AgMg acts as an 

acceptor and causes a counter-doping effect by compensating the electrons provided by Bi. However, in 

Li-doped p-type, as Li-defects have the lowest formation energies, a negligible charge carrier 

concentration change is predicted, which fits with experimental observations. Concerning solid solutions, 

interpolation from the binaries predicts a similar behavior, which also meets experimental findings. 

Therefore, this work not only establishes the calculation method and explains the observed effect, but 

also proves the importance of defects in selecting contacting electrodes. 

 

1. Introduction 
 

Thermoelectric (TE) materials are used in several industrial fields such as aerospace, automotive, and 

industry; and research to develop more environmental-friendly TE generators is continuously expanding 

[1-4]. In order to have a highly efficient TE device, contacting the TE legs is as important as optimizing 

the TE material [5, 6]. In fact, this step adds contact resistances and potential chemical interactions 

between the contact materials and the TE material, and both can be detrimental to the TE device if not 

controlled. The electrical contact resistances Rc, as well as the thermal contact resistances, have to be 

kept as low as possible, and the electrodes should be chemically and physically stable metals or 

conductive intermetallics that (mechanically) adhere well to the TE material [7, 8]. There should also 

preferably be very limited diffusion between the metal and the semiconductor that would result in 

reactions forming new phases. All the mentioned conditions should remain stable in the long term under 

working temperature and thermal stress [9]. That is also why the electrode and the TE material should 

have similar coefficients of thermal expansion (CTE), which would guarantee a stable behavior free of 

failure under temperature cycling.  

Several studies on developing contacting solutions were conducted, studying different material systems 

for thermoelectric applications. In fact, finding suitable contacts is a material specific problem, as the 

outcome will depend on the TE material, the metallic electrode and the potential interactions between 

them (CTE, adhesion, diffusion, reaction …). Among others, Ni [10, 11] and Fe [12] were studied with 
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PbTe showing good bonding results thin interface layers and low electrical contact resistances, Ti [13] 

and Fe-Ni [14] were successfully tested for skutterudites materials, and Mo [15] and Ag [16] were used 

with half-heusler systems.  

One of the also frequently studied TE materials are Mg2Si1-xSnx solid solutions as they consist of 

abundant elements, are environmentally friendly, and have improved thermoelectric properties 

compared to their binaries [17-21]. Contacting of Mg2Si1-xSnx materials was tested using Ag [22] Ni [22-

24] and Cu [7, 25, 26] electrodes, and electrical contact resistances and microstructure of the reaction 

layers were reported.  

In this work and for the first time, contacting Mg2Si1-xSnx based-TEGs is studied from a point defect 

perspective. We discuss here experimental results of contacting for the binaries Mg2Si and Mg2Sn as 

well as the Mg2Si1-xSnx solid solutions with Ag as a suitable example for the importance of point defects 

in the thermoelectric material in the selection of joining electrodes. 

The issue was first observed while contacting n- and p- type Mg2Si1-xSnx (with x = 0.4 and x = 0.3, 

respectively) with Ag, where the results showed different behaviors of the TE materials after joining 

[22]. In fact, not only the electrical contact resistances were very different (rc ~ 400 ± 38 µΩ cm2 for n-

type vs. ~ 9 ± 1 µΩ cm2 for p-type, both joined at 450 °C), but also a change in the Seebeck values of 

the n-type samples was measured after joining (from ~ - 110 µV K-1 to ~ - 200 µV K-1 at room 

temperature), while they remained unchanged for p-type samples (~ 100 µV K-1). 

A similar behavior was also observed after contacting n- and p-type Mg2Si0.3Sn0.7 with Cu [25]. Seebeck 

values of n-type samples also changed during contacting (from ~ - 110 µV K-1 to ~ - 160 µV K-1) and 

annealing (to ~ - 230 µV K-1), while no change was observed for p-type samples. In this study, only Ag 

will be considered because it showed a less complex reaction layer and much less diffusion than what 

was observed with Cu as reported in [22] and in [25]. 

However, Mg2Si1-xSnx solid solutions are known to suffer from demixing under certain conditions [27-

29] and indeed demixing into Si-rich and Sn-rich phases was observed for both Cu and Ag contacted 

samples, potentially also influencing the Seebeck coefficient. In order to reduce the chemical complexity 
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and identify the origin of the observed alteration of the Seebeck coefficient, we contacted n-type Mg2Si 

and Mg2Sn with Ag at different temperatures. To further understand the observed Seebeck behavior, an 

investigation of the intrinsic and extrinsic point defects of the studied binaries is required. This does not 

come as a surprise, as point defects are known to play a crucial role in determining semiconductors´ 

conduction types [30-33]. In fact, for materials like Bi2Te3, references [34, 35] reported that, under 

anion-rich conditions, the antisite defect Te on Bi (TeBi) account for the n-type conduction, while, under 

cation-rich conditions, the negatively charged antisite defects such as Bi on Te sites (BiTe) account for 

the p-type conduction. As for the case of Bi2Se3, the n-type conduction was related to the Se on Bi 

antisite defect (SeBi) under anion-rich conditions, while it was related to the Se vacancies (VSe) under 

cation-rich growth conditions.  

Defect studies and computation of their formation energies can be easier done for binaries than for solid 

solutions, and an interpolation to the intermediate ternary compositions can be achieved from the results 

of the binaries. This explains why almost all respective research focuses on the binary Mg2X (X = Si, 

Sn, Ge) rather than to their solid solutions. 

In the case of Mg2X materials, Kato et al. [36] used density-functional theory (DFT) calculations to 

evaluate point defect formation energies in Mg2Si and to understand the origin of the previously reported 

intrinsic n-type conduction of this material [37, 38] Their results showed that the n-type conduction 

comes from the positively charged (q = 2+) Mg ions at interstitial sites (IMg), which are the most 

energetically stable point defects under both Mg-rich and Mg-poor (Si-rich) conditions.  

Jund et al. [39] studied the relative stabilities of Mg2Si and Mg2Ge using first principles calculations 

with different functionals. They showed that the stability of the point defects strongly depends on the 

growth conditions. In case of Mg2Si, under stoichiometric and Mg rich conditions, Mg interstitials (IMg) 

is the most stable defect, while under Mg poor conditions, SiMg is more stable. This contradicts what 

was reported by Kato [36], but Kato et al. considered charged defects and dependence of the formation 

energies on chemical potentials, while Jund et al. considered neutral defects.  
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Another work by Liu et al. [40] stated that Mg vacancies VMg and Mg interstitials IMg are the dominant 

defects in Mg2Si and Mg2Sn, independently of the chemical environment (Mg-rich or Si/Sn-rich). The 

concentration of these defects is what determines the conduction type in each material. VMg is an 

acceptor (q = 2-) more favorable under Mg-depleted conditions, and IMg is a donor more favorable under 

Mg-rich conditions. Si/Sn related defects are less likely to occur in the binaries, partly because their 

ionic radii (2.72 Å/2.94 Å) are larger than that of Mg (0.66 Å), so the local disorder and strain due to 

these defects are much larger than the strain caused by Mg related defects.  

Meanwhile, there have been few studies on intrinsic defects in Mg2Sn mitigated by the band gap 

underestimation in conventional DFT calculations, i.e. using the local density approximation or 

generalized gradient approximation. While Liu et al. [40] reported a quantitative analysis of the possible 

intrinsic defects in Mg2Si, Mg2Ge, and Mg2Sn, their quantitative analysis of the defect densities suffers 

from a severe band gap underestimation: most of the major carriers are compensated by the minority 

carriers due to the small band gap calculated by DFT. This underestimation of the band gap persists with 

other works using conventional DFT, including the works of Kato et al. [36] and Jund et al. [39] 

mentioned above. In agreement with this, our conventional DFT calculations also showed that the band 

gap is obtained negative for Mg2Sn. Such band gap underestimations affect the electronic chemical 

potential, which in turn affects defect stabilities. To overcome this issue, advanced computational 

methods such as hybrid-DFT [41] and quasi-particle calculations [42] were found to be important. Our 

recent hybrid functional study on intrinsic defects in Mg2Si and Mg2Sn finally quantitatively describes 

the intrinsic defect properties of these material systems [43]. 

Besides intrinsic defects, extrinsic defects (e.g. due to doping) are used to tune the carrier concentration 

of TE materials as the most common way to improve zT [44-47]. As these “added” defects can be more 

stable than the intrinsic defects of the material and influence the charge carrier concentrations in the 

chemical potential region of interest, both defect types need to be taken into consideration in order to 

have a full picture and predict the materials´ behavior [48].  

The aim of this paper is to understand the unexpected behavior of Ag contacted n-type Mg2Si1-xSnx using 

first principle calculations of point defect formation energies. In order to model the experimental 
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situation (doped Mg2X in contact with Ag), we investigate the simultaneous presence of intrinsic and 

extrinsic defects in n- and p-type Mg2Si and Mg2Sn employing hybrid DFT calculations [41]. 

An understanding for the solid solutions can then be extrapolated. The considered dopants for n- and p- 

type conductions are respectively Bi and Li, and both Mg-rich (for n-type) and Mg-poor (for p-type) 

conditions are discussed.  

Our findings show that the extrinsic defects generated after joining Ag with Mg2Si1-xSnx, namely AgMg, 

are behind the experimentally observed Seebeck changes in n-type materials. AgMg acts as an electron 

trap for the conduction electrons provided by Bi (BiSi for Mg2Si and BiSn for Mg2Sn), leading to a 

decrease in the majority charge carrier density. In case of p-type materials, Ag related defects have 

higher formation energies than Li defects, which makes the influence of AgMg or IAg not as visible as in 

n-type materials. 

This example highlights that, in thermoelectricity, defect calculations are not just important for TE 

material development and dopant selection, but they also need to be taken into consideration when 

selecting contacting electrodes.  

 

2. Material and methods 

2.1. Sample Preparation and Characterization 
 

Mg2Si and Mg2Sn were prepared from ball milled powder as reported in [18] with the respective nominal 

stoichiometries Mg2.06Si0.97Bi0.03 and Mg2.15Sn0.97Bi0.03. The powders from each material were pressed 

into three 15 mm diameter pellets for 10 min, at 800 °C for Mg2Si and at 600 °C for Mg2Sn [49] in a 

direct sinter press and then joined with Ag foil. The contacting experiments were also done through 

current assisted joining in the same direct sinter press. Each pellet was joined at a different temperature: 

450, 500 and 550 °C for Mg2Si, and 400, 450 and 500 °C for Mg2Sn. The heating rate was 1 K s-1 and 

the holding time was 10 min for each sample. These temperatures were selected because 450 °C showed 

to be a good joining temperature for Mg2Si1-xSnx [22]. 
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The solid solution Mg2Si1-xSnx samples were prepared with the following stoichiometry: 

Mg2.06Si0.3Sn0.665Bi0.035 for n-type and Mg1.98Li0.02Si0.4Sn0.6 for p-type according to the procedures reported 

in [22], [25] and [50]. Three extra samples were prepared for this particular study following the 

procedure described in [22] to further investigate the observed trends: the first of these samples was 

prepared using 5 g of n-type Mg2Si0.3Sn0.7 powder instead of the usual 1.2 g, which was then pressed in 

a 15 mm diameter pellet (700 °C, 20 min) and contacted with Ag foil at 450 °C for 10 min. The second 

and the third samples were made out of pre-pressed n- and p-type pellets that were joined together with 

Ag foils in between, also at 450 °C for 10 min. These samples were joined in two different experiments, 

one where the n-type pellet was at the bottom and the p-type pellet was on top of the Ag foil (referred 

to as n//Ag//p) and one where the stacking order was reversed (p//Ag//n). 

Property characterization of the samples was done with SEM/EDX for microstructure investigations 

along the cross sections, and with an in-house built Potential & Seebeck Scanning Microprobe (PSM) 

[23, 51] for Seebeck measurements. Estimations of carrier concentration n and reduced chemical 

potential η were obtained from experimental results of the Seebeck coefficient combined with the 

effective mass (m*
D) values from a single parabolic band (SPB) model based on the following equations 

[19, 52-54] 

S = 
𝑘𝐵

𝑒
 (

2𝐹1(𝜂)

𝐹0 (𝜂)
− 𝜂)                                                                             (1) 

𝑛 = 4𝜋 (
2𝑚𝐷

∗ 𝑘𝑏𝐵𝑇

ℎ2 )
1.5

 𝐹1
2

 
(η)                                                            (2) 

where kB is Boltzmann´s constant and Fi(η) is the Fermi integral of order i.   

 

2.2. Hybrid-DFT Calculations for Defect Formation Energies 
 

First-principles calculations were performed to investigate the electrical properties of intrinsic and 

extrinsic defects in Mg2Si and Mg2Sn within the hybrid-DFT calculations [55] using the Vienna Ab 

Initio Simulation Package [56, 57]. The hybrid exchange-correlation energy function of HSE06 was 

employed with the exact-exchange mixing parameter of 25% and the screening parameter of 0.208 Å-1. 
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The planewave energy basis set was used with the energy cutoff of 296 eV. The projector-augmented 

wave pseudopotentials were used for atomic potentials.  

To model the defective system, a (2×2×2) cubic supercell was used with the lattice parameters of 6.35 

Å and 6.75 Å for Mg2Si and Mg2Sn, respectively. In the supercell, there are 64 Mg and 32 Si/Sn atoms, 

and the dopant atom is added, removed, or replaced in the host supercell to generate defective supercells 

for vacancy, substitutional, and interstitial defects.  The Г-centered (2×2×2) k-point mesh was sampled 

for charge density integration over the Brillouin zone. The atomic positions were fully relaxed until the 

magnitude of the remaining forces was smaller than 0.005 eV Å-1.  

The charged defect formation energy of a defect D in the charge state q (Dq) in the Mg2X was obtained 

using the following equation 

𝐸form(𝐷𝑞 , Mg2X) = 𝐸tot[𝐷
𝑞] − 𝐸0 − Σ𝑗(𝜇𝑗Δ𝑛𝑗) + 𝑞(𝐸F + 𝐸CBM) 

where Etot[Dq] and E0 are the total energies with and without defect in the supercell, j is the atomic 

species in the supercell, Δnj is the number change of atomic species j in the defective supercell with 

respect to the pristine supercell without defects, EF is the electron Fermi level, and ECBM is the energy of 

the conduction band minimum (CBM) [43, 58, 59]. Note that for the defects, the total energies were 

calculated using HSE06. However due to the huge computational cost, the spin-orbit interaction is not 

included. 
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3. Results 
 

3.1. Mg2Si/Sn with Ag 
 

 

Figure 1: Representative Seebeck profiles for Mg2Si and Mg2Sn contacted with Ag at different temperatures. 

The grey rectangles indicate the Ag foil and the yellow rectangles delimit the length where the Seebeck 

coefficient is altered.  

 

Seebeck scan lines by the PSM at room temperature of n-Mg2Si and n-Mg2Sn joined with Ag at 3 

different temperatures, (450°C, 500°C, 550°C) and (400°C, 450°C, 500°C) respectively, are presented 

in Figure 1. All the samples displayed an interesting Seebeck profile where the S values peak near the 

interfaces and then return back to the bulk value beyond a certain depth. The portions of the samples 

where S changed are marked with yellow rectangles on Figure 1. As no significant local variation was 

observed in the samples before the joining step, it must be linked to the interaction with the electrode. 

The observed changes in the Seebeck coefficient are believed to be caused by the diffusion of Ag into 

the TE material. For each binary, the diffusion of Ag, observed by the zone width of the altered Seebeck 

coefficient, differs with temperatures as can be seen in Figure 1. The presented line scans of the Seebeck 

coefficient are representative of the general behavior for each sample.  
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The average change in Seebeck coefficient in the Mg2Si samples is comparable for all joining 

temperatures. The Seebeck value of the bulk of the TE material is maintained around -55 µV K-1 for all 

samples, and the average values close to the interface are -57 ± 1 µV K-1, -63 ± 10 µV K-1 and -58 ± 2 

µV K-1 respectively for 450 °C, 500 °C and 550 °C. The high standard deviation observed for the sample 

joined at 500 °C comes from the line to line scatter, potentially due to local inhomogeneities in the 

sample. Moreover, while the maximum drop of the Seebeck coefficient recorded for 450 and 550 °C 

were respectively -65 µV K-1 and -81 µV K-1, it locally reached -115 µV K-1 for 500 °C.  

The Mg2Sn samples showed a similar Seebeck gradient behavior, but unlike for the Mg2Si samples, we 

consistently observed differences between the two contacting interfaces. As can be seen from Figure 1, 

Mg2Sn joined at 400 and 450 °C exhibit steep drops on the one side, but almost no drop on the other. 

Whether this is due to the electromigration of Ag during the current-assisted joining or due to different 

reaction layers on both sides cannot be clearly stated. Interestingly, in the case of the sample joined at 

500 °C, both sides have similar average Seebeck behavior. Even though the graph shown in Figure 1 f) 

displays an uneven (local) situation, line to line variation averages both sides to similar values. Averages 

of the Seebeck values near the interfaces and their corresponding estimated carrier concentrations for 

both Mg2Si and Mg2Sn are provided in Table S 1 in the Supplementary Material. 

Another difference which can be observed in the samples depending on the joining temperature is the 

increase of the width of the layer where S is different from bulk values (interior of the TE material). In 

the case of Mg2Si samples, while this layer has a length of only 0.3 mm for Tjoin = 450 °C, it increases 

to 0.6 mm for Tjoin = 500 °C and 0.8 mm for Tjoin = 550 °C. 

To have a better description of Ag diffusion inside Mg2X systems as well as gain an understanding of 

the dependence of this diffusion on temperature, a simple exponential decay function (Equation 1) was 

used to fit the experimental results and quantify the observed changes: 

𝑆(𝑥) = 𝑆𝑏𝑢𝑙𝑘 + 𝐴exp(
−𝑥

𝜏
)                                                          (3) 

where Sbulk is the Seebeck of the TE material, A is the amplitude and τ the effective diffusion length.  
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As each Seebeck line scan contains two graded sections opposite in decay direction, each line scan was 

divided into two fits: the first fit was the right-hand side gradient to which Equation 1 was applied as is, 

while the second fit was the left-hand side gradient which was first mirrored then fitted to the same 

equation. The fitting results are presented in Table 1 and divided as described into left and right sides. 

A verification of this model based on the fitting with Equation 3 is provided in section I of the 

Supplementary Material. A good agreement between the modelling and the experimental data can be 

deduced from Figure S1 of the Supplementary Material.  

Table 1: Fitting results of the diffusion length τ and the amplitude A from Seebeck line scans of Mg2Si and 

Mg2Sn. Sinter is the result of Equation 3 at the interface and ninter the corresponding carrier concentration 

obtained using Equations 1 and 2 and the constants reported in [19] and [18]. Bulk values before contacting are 

S = 55 µV K-1, n = 2.5 × 1020 cm-3 for Mg2Si and S = 80 µV K-1, n = 3 × 1020 cm-3 for Mg2Sn 

 Tjoin – side τ [mm]  A [µV K-1] Sinter [µV K-1] ninter (1020 × cm-3) 

Mg2Si 

450 – Left side 0.13  3.4 58 2.4  
450 – Right side 0.09 6.2 61 2.2  
500 – Left side 0.19 10 65 2.0  

500 – Right side 0.15 22.5 78 1.5  
550 – Left side 0.28 8.1 63 2.1 

550 – Right side 0.38 9.9 65 2  

Mg2Sn 

400 – Left side 0.11 12 92 2.8  
400 – Right side 0.15 32 112 2.1  
450 – Left side −  − − − 

450 – Right side 0.24 45.5 125 1.6  
500 – Left side 0.22 42.2 122 1.7 

500 – Right side 0.17 46.4 127 1.5 

 

Table 1 shows that the diffusion of Ag in Mg2Si at each temperature has comparable diffusion lengths 

τ and amplitudes A on both contacted sides. The table also shows an overall increase of τ and A with 

temperature.  

As for Mg2Sn samples, the difference in amplitude originates from the difference in interface Seebeck 

coefficient values between both sides of each sample, particularly those joined at 400 and 450 °C. The 

left side of the 450 °C sample was omitted because there was no S gradient. τ values do not show a clear 

temperature dependence like in Mg2Si, as a deeper diffusion is seen at 450 °C, though just on one side.  
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The obtained values of τ and A were implemented in Equation 1, and values of S(x) and corresponding 

carrier concentrations n at the interface were also reported in Table 1. The latter were estimated using 

Equations 1 and 2, assuming mD
*= 1.1 m0 [60] and mD

*= 2 m0 [61]. 

Using the obtained values of τ, diffusion coefficients and activation energies were calculated. Using 𝜏 =

 √𝐷𝑡 where τ is the diffusion length (mm), D is the diffusion coefficient (m2 s-1) and t is the diffusion 

time (s), we can estimate the diffusion coefficient D(T) for each joining temperature using averaged 

values of τ from both sides as given in Table 1 and t = 600 s as the holding contacting time. The 

temperature-independent proportionality constant D0 (m2 s-1) and the activation energy EA (J mol-1) are 

obtained from fitting the Arrhenius equation 𝐷(𝑇) =  𝐷0 exp (− 
𝐸𝐴

𝑅𝑇𝑗𝑜𝑖𝑛
) [62]. In this equation, the molar 

gas constant R is fixed at 8.314 J mol-1 K-1 and T is the absolute temperature (K). 

Here, we only present results for Mg2Si, as they display a systematic behavior with temperature, unlike 

Mg2Sn. The obtained values of EA and D0 were respectively 111 kJ mol-1 = 1.15 eV and 1.8 × 10-3 m2 s-

1. They were both extracted from the slope and the intercept of the fitting line to the Arrhenius plot 

presented in Figure 2. 

 

Figure 2: Arrhenius plot of the diffusion constant of Ag in Mg2Si 
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3.2. Mg2Si1-xSnx with Ag 
 

 

Figure 3: Exemplary Seebeck profile scans and 2D surface plots of a) thick n-type Mg2Si0.3Sn0.7 joined with Ag 

at 450 °C, and b) simultaneously joined p-type (bottom), Ag (middle) and n-type (top) materials displaying a 

Seebeck gradient only for the n-type. The selected Seebeck profile line scans correspond to the scan positions y 

= 0.6 mm and y = 5 mm for a) and b) respectively.  

 

After confirming the change of Seebeck behavior during contacting on the Mg2Si and Mg2Sn binaries, 

further experiments on the solid solution were conducted. Unlike the previously reported case with thin 

samples where S changed along the whole sample thickness [22], the thick n-type Mg2Si0.3Sn0.7 sample 

presented in this work showed a seemingly different behavior after joining. In fact, as shown in Figure 

3 (a), S value changes occurred near the interfaces only, reaching Smax ~ -170 µV K-1, which is 

qualitatively similar to what was observed for the binaries. This change of Seebeck corresponds to a 

change in carrier concentration from n = 2.9 × 1020 cm-3 to n = 1.18 × 1020 cm-3 assuming mD
*= 2.5 m0 

[17]. It is clear through the line scan as well as the 2D plot in Figure 3 (a) that there is a gradient of the 

Seebeck near the electrodes, but that S values go back to the bulk value (~ -110 µV K-1, marked with 

the red dashed line) after a depth of ~ 0.75 mm on each side. Taking this depth into account, the results 

of the thick sample are not inconsistent with those of the previously reported thin samples, because the 

thin samples have a thickness of ~ 1.5 mm, which is completely covered by the actual depth of the 

gradient zones on both sides. 

The same fitting procedure (Equation 1) used for the binaries was also applied here, and an average 

value for the diffusion length τ(Tjoin) from both joining interfaces was obtained. The obtained values are 



100 

 

τ(Tjoin)  = 0.38 mm and D(Tjoin) = 2.4 × 10-10 m2 s-1. These numbers are closer to those obtained for 

Mg2Sn at 450 °C / 723 K (9.6 × 10-11 m2 s-1) than those for Mg2Si (1.9 × 10-11 m2 s-1), which is not 

surprising as the used ternary is rich in Mg2Sn (~ 70%).  

The simultaneously joined n- and p- type stacked samples were produced by joining pre-pressed n- and 

p- pellets with Ag foil in between. No Ag foil was added on the external sides of the pellets. The purpose 

of this experiment was to investigate a simultaneous diffusion/electromigration of Ag, and to rule out 

preparation and technical uncertainties. Seebeck scans of the p//Ag//n sample were collected and are 

presented in Figure 3 (b), while results for the n//Ag//p sample are provided in the Supplementary 

Material (Figure S 2). 

As shown in the 2D plots in Figure 3 (b), a Seebeck gradient is only visible in the n-type side of the 

stacked sample, while no such gradient was observed in p-type. Similar results were observed in the 

second stacked sample (n//Ag//p) where, the change in S was again only recorded in the n-type pellet 

(stacked at the bottom of the sample arrangement). This shows that the Ag diffusion has a stronger and 

more visible effect in n-type, and that it is mainly not driven by current (electromigration). Instead, it is 

driven by temperature, and the extent of the diffusion and its effects seem to depend on the dominant 

carrier type.  

 

4. Discussion 
 

The observed behavior might in principle and qualitatively be explained by Ag-induced point defects in 

the thermoelectric material. The formation energy of charged defects is a function of the Fermi level 

and will thus differ between n and p-type counterparts of the “same” composition, potentially leading 

to different abundance of defects in the n and p-type materials. The lattice diffusion process is governed 

by the diffusion barrier of the relevant defect, which is the sum of its formation energy and its migration 

barrier [63], and is therefore also dependent on the Fermi level of the electrons. For example, as 

negatively charged defects have lower formation energies in n-type than in p-type, they will be more 

abundant, and more mobile in n-type than in p-type. Based on our experimental results, we thus 
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speculate that negatively charged acceptor-like defects will be generated during contacting the TE legs, 

affecting the charge carrier concentration and the Seebeck coefficient. To substantiate this hypothesis, 

calculations of the formation energies of these defects are performed for the binaries Mg2Si and Mg2Sn. 

This also establishes a base for interpolation to interpret the result for the ternary combinations.  

Figure 4 shows the calculated formation energy curves of the relevant intrinsic and extrinsic defects in 

n-and p-type Mg2Si and Mg2Sn doped with Bi and Li, respectively, and contacted with Ag. Defects 

related to Bi and Li were considered as dopants for Mg2Si and Mg2Sn, while Ag point defects were 

considered to understand the possible influence of the electrode on the thermoelectric materials. In both 

material cases, the conduction band minimum (CBM) is fixed at E = 0 eV. So, using the calculated 

values of the band gaps from hybrid-DFT, we obtained the positions of the valence band maxima (VBM) 

for Mg2Si and Mg2Sn as 0.570 eV and 0.145 eV. These values are comparable to the experimental band 

gaps which are 0.77 and 0.35 eV, respectively [64]. Note that within conventional DFT calculations 

using local-density approximation and GGA, the band gaps are severely underestimated to be ~ 0.2 eV 

and ~ – 0.19 eV for Mg2Si and Mg2Sn, respectively [41], and the defect stability could be improperly 

described. 

As n-type samples are made with 3 at% excess Mg, we might suppose that they are under Mg-rich 

chemical potential conditions. However, Mg losses are expected to occur during the initial pellet 

pressing step and then the joining step. Even though these losses are not straightforward to quantify, we 

also consider Mg-poor conditions for n-type Mg2Si and Mg2Sn.  In Figure 4, only the relevant defects 

with formation energies lower than 1 eV are presented. Full figures with complete formation energies 

under all conditions are provided in the Supplementary Material, with Figure S 3 and Figure S 4 

representing all the defects in Mg2Si and Mg2Sn, respectively.  
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Figure 4: Formation energy curves for a) Bi- and Ag-related defects in Mg-rich Mg2Si, b) Bi- and Ag-related 

defects in Mg-rich Mg2Sn, c) Bi- and Ag-related defects in Mg-poor Mg2Si, d) Bi- and Ag-related defects in Mg-

poor Mg2Sn, e) Li- and Ag-related defects in Mg-poor Mg2Si and f) Li- and Ag-related defects in Mg-poor 

Mg2Sn. EF is given with respect to the conduction band maximum, and the white regions indicate the band gaps. 
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In n-type Mg2Si on Figure 4 (a), BiSi becomes the most stable defect with the lowest formation energy. 

It is a shallow donor defect with the charge state of q = 1+ for both low and high doped Mg2Si (up to EF 

= 0.1 eV, which is where the Fermi level can be pinned). It is also more stable than IMg which is the 

main (intrinsic) defect behind the n-type conduction in non-doped Mg2Si. Such observation can be 

underpinned by experimental findings showing that the tuning range of the carrier concentration with 

extrinsic dopants is wider than by just adjusting Mg content. Kato et al.[36], in fact, demonstrated that 

they could tune the carrier concentration by less than 1 × 1020 cm-3 with changing Mg content, while 

they could reach 1 ~ 2 × 1020 cm-3  through Bi or Sb doping. 

Under Mg-poor conditions, as displayed on Figure 4 (c), BiSi is also the most stable defect, however 

only for a smaller chemical potential range than Mg-rich conditions. In fact, the pinned Fermi level EF 

is at – 0.1 eV, if Ag point defects are considered. However, if we disregard the Ag defects potentially 

generated due to the contacting electrode, BiSi would be the most stable defect up until a chemical 

potential of 0.1 eV. 

For the n-type samples, the chemical potential for the electrons is EF ~ 0 eV. Under both (Mg) chemical 

potential conditions, the second defect of interest is AgMg, a shallow acceptor defect with q = 1–. As 

shown in Figure 4 (a) and (c), in the range of EF = – 0.5 to 0.1 eV, BiSi and AgMg have opposite charges, 

as the former is a 1+ donor and the latter is a 1– acceptor. These two most stable defects will then 

compensate, which causes a decrease in the charge carrier concentration in the n-type material. With 

increasing EF, the defect density of AgMg
1- increases, and at a certain energy, AgMg

1- can be the major 

defect. Note also that the AgMg defect formation energy becomes lower when the Mg atomic chemical 

potential changes from Mg-rich to Mg-poor.  

Considering the defect density equation 𝑛 (𝐷, 𝑞) = 𝑁0𝑒
− 

 𝐸𝑓𝑜𝑟𝑚(𝐷,𝑞)

𝑘𝐵𝑇 , where N0 is the total density of 

possible sites that can form a defect D at charge state q [65],  n (D,q) of a defect decreases quickly with 

increasing formation energy 𝐸𝑓𝑜𝑟𝑚(𝐷, 𝑞). Therefore, the compensation effect of BiSi
1+ by AgMg

1- is more 

visible when the formation energies of both defects are either close or when  𝐸𝑓𝑜𝑟𝑚(𝐴𝑔𝑀𝑔) <

 𝐸𝑓𝑜𝑟𝑚(𝐵𝑖𝑆𝑖). Our experimental samples are heavily doped, with EF ~ 1 kBT ~ 0.026 eV. Around this 
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chemical potential, 𝐸𝑓𝑜𝑟𝑚 of AgMg and BiSi are comparable, so the charge compensation effect would be 

detectable, which matches the experimental data. For lower Fermi level samples, the difference in 

formation energy between the two defects increases, corresponding to a smaller expected compensation.  

Using the method of climbed nudged elastic band (cNEB) calculations [59, 66, 67], we reveal that Ag 

defects in Mg2Si can easily diffuse to form AgMg defects via the interstitial diffusion of the IAg interstitial 

defect with a migration energy barrier of 0.652 eV. When the Fermi level is 0 (i.e. EF = ECBM), as the 

formation energies of IAg
1+ are 0.88 and 0.53 eV in Mg-rich Mg2Si and Mg2Sn respectively, the diffusion 

barrier will be in the range of 1.2 – 1.5 eV. When the diffused IAg is split into AgMg (electron trap) and 

IMg
2+ (donor), and the separated IMg

2+ defect diffuses far away (e.g. to grain boundary or electrode), the 

remaining AgMg defect will finally act as the electron trap and is the source of charge compensation. In 

the previous study, we showed that Mg diffuses easily in Mg2Si via the interstitial position [43]. 

 

Figure 5: Suggested diffusion mechanism of Ag in Mg2Si. The individual steps are presented in (a)-(e). The 

calculated  relative energies of configuration coordinates during Ag diffusion are given in (f).  
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Figure 5 (a), (b), (c), (d) and (e) shows the atomic configurations during the Ag diffusion. For the 

interstitial diffusion of IMg, we consider the initial configuration of the IAg
1+ defect in Mg2Si (Figure 5 

(a)) and the intermediate configuration of the defect complex of (AgMg—IMg)1+ (Figure 5 (c)). The defect 

IAg can be transformed into an AgMg and an IMg defect. In this step-1, the IAg defect moves toward an Mg 

site to form AgMg. At the same time, the pushed Mg atom moves to one of the adjacent interstitial sites 

to form IMg. These diffusion steps are described by the saddle 1 presented in Figure 5 (b).  Figure 5 (f) 

shows the relative energy between the configurations during the diffusion path. Note that the energy for 

the intermediate state of (AgMg—IMg)1+ is higher by 0.359 eV than that for the initial configuration state 

of IAg
1+, and the migration energy barrier of the “saddle 1” step is found to be 0.652 eV.  After this step-

1 ((Figure 5 (a), (b) and (c)), the (AgMg-IMg)1- defect cluster can be transformed again into a single IAg
1+ 

defect at an adjacent interstitial position.  The Mg at the interstitial site can push the Ag atom at the Mg 

site (“saddle 2”, (Figure 5 (d)), and then the pushed AgMg moves to one of the adjacent interstitial sites 

(Figure 5(e)). Thus, AgMg and IMg can be combined into a single IAg interstitial defect: we call this step-

2. This step is the exothermic reaction with the energy difference of 359 meV with a migration energy 

barrier of 293 meV. Note that the exothermic reaction step-2 is the reverse process of step-1. Depending 

on the diffusion path, the IAg can be located at the original interstitial site or at a next lattice interstitial 

site via combination of step-1 and step-2. Thus, with multiple repetitions of step-1 and step-2, the Ag 

defect can easily diffuse throughout the Mg2Si in the form of IAg
1+. During the diffusion of IAg

1+, the 

decomposed defect of IMg
2+ can separately diffuse back into the electrode region. Then the remaining 

AgMg
1- defects can cause the charge compensation of electron carriers which were donated by Bi donors. 

From the charged defect formation energies, we found that when EF is at the CBM, the defect formation 

energy of IAg is ranging between 0.88 and 0.53 eV in Mg2Si and Mg2Sn. Therefore, the diffusion barrier, 

the sum of the defect formation energy and the migration energy barrier, is calculated to be 1.2-1.5 eV, 

which is comparable to the activation energy of 1.15 eV reported in section 2.1. 

From the defect density equation given above, an increase in T leads to an increase of defect density. 

Consequently, Ag related defects are expected to be higher in number as T increases, and so is the 

compensation effect. The number of Bi-related defects on the other hand, most likely doesn´t increase 
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with temperature, as there is no source for new Bi incorporation and the defect configuration is frozen 

after material synthesis. However, a quantitative comparison between the experimental results and the 

predictions by DFT are difficult as, first, the carrier concentrations are also affected by the (unknown) 

Mg content/Mg chemical potential in the samples and second, we are clearly not in an equilibrium 

situation.  

In n-type Mg2Sn, as presented in Figure 4 (b), BiSn is the most energetically stable defect. Similar to 

BiSi, it is a single shallow donor. The defects with the next lowest formation energies are AgSn and AgMg. 

However, in the chemical potential range of EF = –0.2 ~ 0 eV (ECBM), AgSn is a neutral defect (q = 0) 

and therefore doesn´t affect charge carrier concentration. AgMg is a single acceptor, which basically 

compensates the carriers provided by BiSn, just like it did for Mg2Si. 

These observations complete the experimental results discussed in the previous section, where a change 

in the Seebeck values of both binaries was observed near the contacting interfaces. We also conclude 

that a similar behavior can be expected for Mg2Si and Mg2Sn n-type solid solutions. In all cases, AgMg 

defects are expected to trap conduction electrons provided by BiSi/Sn, leading to a depletion of carrier 

concentration. Such results are detected experimentally as an increase of the Seebeck values (in absolute 

value), which fits with the experimental results of Figure 3 and explains the findings of previous reports 

[22] and [25]. 

Figure 4 (e) and (f) show the defect formation energies for Mg2Si and Mg2Sn doped with Li and Ag 

under Mg-poor conditions, as p-type samples are synthesized with Li substituting Mg. It is worth 

noticing on Figure 4 (e) that the Fermi level in Mg2Si is pinned deep inside the band gap, which explains 

the experimental challenges in making good p-type Mg2Si [19, 65]. For Mg2Sn, Li doping can induce 

p-type conduction under Mg-poor conditions due to the narrow band gap, while Li hardly gives p-type 

characteristics under Mg-rich conditions (see Supplementary Material). 

 In contrast to Ag defects in n-type Mg2Si/Sn, the Ag related defects in p-type Mg2Si/Sn doped with Li 

have much higher formation energies than major Li defects. This means that the addition of Ag doesn´t 

influence the p-type conduction determined by Li defects.  
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As for p-type Mg2Si1-xSnx studied here and in [22], a behavior similar to Mg2Sn is expected, as the 

samples are Mg2Sn rich (70 and 60%). Li-related defects are expected to be the most stable, and Ag-

related defects to have high enough formation energies so that no doping effect would be experimentally 

detectable in a Seebeck mapping, as is experimentally observed. Similarly, the hybrid-DFT calculation 

results confirm that, for Mg2Si1-xSnx, Li is a better p-type dopant than Ag.  

In such analysis, it is important to keep in mind potential interactions between the electrode and the TE 

material, as well as the resulting interfaces between them. In our case, the actual diffusion process of 

Ag is presumably more complex than considered here. As shown in [22], Ag and Mg2(Si,Sn) are 

practically not in direct contact but are separated by an Ag containing intermetallic layer. This, as well 

as potential other diffusion paths inside the thermoelectric material, will influence the diffusion of Ag, 

and a microscopic model is required to analyze this in depth. Nevertheless, the Seebeck coefficient 

profile predicted based on our simple diffusion model shows good agreement with the actual 

experimental S(x), as shown in Figure S 1 of the Supplementary Material. Thus, due to the good 

qualitative and quantitative agreement between experiment and calculation in our work, we believe our 

effective model provides valuable insight. 

Technologically, it is also important to keep in mind that Ag diffusing into the n-type Mg2Si1-xSnx causes 

a loss of major charge carriers; hence the functional material does not possess its optimum 

thermoelectric properties anymore, which leads to the degradation of the TE device. To illustrate this, a 

comparison between the properties of Mg2Si1-xSnx before and after joining is presented.  

To calculate zT and the efficiency of the pristine sample (before contacting), electrical resistivity and 

thermal conductivity, ρ and κ, data was taken from previous measurements [18]. For contacted samples, 

properties as observed at the interface were assumed for the whole sample, taking the interface properties 

as hypothetical equilibrium state after Ag saturation. As local experimental measurements of the 

conductivities were unfeasible and using a simple SPB model to approximate carrier concentration from 

S then approximating ρ and κ does not hold at high temperatures (contribution of minority charge carriers 

becomes substantial), the needed thermoelectric properties were taken from literature which provides a 

full TE study of a sample with similar S as observed at the interface of Figure 3 [68]. Therefore, the 
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following calculations are rough estimations due to certain differences between the literature and our 

current work (synthesis method, dopant…). However, these effects are expected to be minor and the 

general trend in zT and efficiency is believed to be similar. More details about the calculation and 

approximation procedures are provided in section III in the Supplementary Material.  

The initial TE material is synthesized and doped to have optimum carrier concentration which 

guarantees maximum zT. Any loss of majority charge carriers caused by Ag diffusion, for example, 

results in a decrease in zT as schematically shown in Figure 6.  

Simulation results also show that, for an Mg2Si1-xSnx leg of 5 mm length with a hot side temperature of 

700 K and a cold side temperature of 300 K, the loss of carriers corresponds to a decrease of maximum 

efficiency from 10.5% to 7.2% and of maximum power output from 0.028 to 0.013 × 106 W m-2. Further 

decrease in these values is expected to occur as Ag continues diffusing inside the TE material and might 

alter its TE properties further beyond what we assumed to be the equilibrium state. This also establishes 

the importance of defect consideration in contacting electrode selection and module building.  

 

 

Figure 6: Schematic dependence of zT on carrier concentration for n-type Mg2Si1-xSnx before and after Ag 

diffusion at T = 700K. 
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5. Conclusion 
 

In this work, we re-assess the selection of Ag as a contacting solution for Mg2Si1-xSnx-based 

thermoelectric generators by describing the Ag diffusion mechanism and correlating unexpected 

experimental results with hybrid-DFT defect calculations. The observed change in Seebeck values of n-

type binaries Mg2Si, Mg2Sn and their solid solutions is explained by AgMg defects which have low 

enough formation energy to counteract Bi-related defects and cause a diminution in charge carrier 

concentration. This qualitative agreement between experiments and calculations establishes the 

credibility of both methods, as well as the importance of a potential doping effect of the contacting 

electrode. Thus, we clearly show that, Ag is not a suitable electrode for n-type Mg2X without further 

technological steps (e.g. diffusion barriers).  

Furthermore, we show that the intrinsic and extrinsic defects of the considered TE material and the 

joining material are important criteria to consider while screening for contacting electrodes.  
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On the Relevance of Point Defects for the Selection of Contacting 

Electrodes: Ag as an Example for Mg2(Si,Sn)-based Thermoelectric 

Generators 
 

Sahar Ayachi*, Radhika Deshpande, Prasanna Ponnusamy, Dr. Sungjin Park, Dr. Jaywan 

Chung, Dr. SuDong Park, Dr. Byungki Ryu, Prof. Eckhard Müller, Dr. Johannes de Boor*  
 

 

In this Supporting Information (SI), we provide further information to complete the main text. 

We provide complementary information for: 

I. Seebeck profile mappings  

II. Defect formation energies 

III. Device performance calculation 
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I. Seebeck Profile Mappings 

 

Table S 1 presents averages of the measured Seebeck values at the interfaces (closest points to the Ag 

layer) at different temperatures. As S and n are directly linked, we also calculated the corresponding 

average carrier concentrations at the interface. The estimate is based on a single parabolic band model 

and the effective masses taken for Mg2Si and Mg2Sn are respectively mD
*= 1.1 m0 [1] and mD

*= 2 m0
 [2]. 

 

Table S 1: Measured Seebeck coefficient values Sinter,exp at the contacting interfaces and their corresponding 

estimated carrier concentration n 

 Tjoin [°C] Sinter,exp [µV K-1] Estimated n [1020 cm-3] 

Mg2Si 

Before joining 55 2.5 

450 57 ± 1 2.4 

500 63 ± 10 2.1 

550 58 ± 2 2.4 

Mg2Sn 

Before joining 80 3.6 

400 – Left side 89 ± 4 3 

400 – Right side 115 ± 8 1.9 

450 – Left side 85 ± 9 3.2 

450 – Right side 125 ± 14 1.6 

500 – Left side 125 ± 17 1.6 

500 – Right side 127 ± 11 1.6 

 

Modelling of the Seebeck Coefficient Profile 

In the main manuscript, we have used a simple exponential to fit S(x) and have deduced diffusion lengths 

and coefficients based on that. However, even if the assumed diffusion mechanism holds, the relation 

between the Ag content and the measured Seebeck coefficient is non-trivial and the assumed function 

of S(x) therefore needs to be justified. 

This can be done by calculating the S(x) according to the assumed diffusion mechanism with the 

obtained fit parameters and compare this to the actually measured S(x). 

As an example, the Mg2Si sample contacted with Ag at T = 500°C was used, and the modelling was 

done as follow: 
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1- Using the error function 
𝑐(𝑥,𝑡)−𝑐0

𝑐𝑠−𝑐0
= 1 − erf (

𝑥

2√𝐷𝑡
) [3], where c0 = 0 and cs = 1 are the boundary 

conditions, t = 600s and D = 56.5 × 10-12 m2 s-1 is the diffusion coefficient of Ag in Mg2Si at T 

= 500°C, a profile of Ag concentration c(x) is obtained. 

2- Assuming that each Ag atom substitutes one Mg atom and provides one hole, we calculate the 

corresponding carrier concentration n(x) as n(x) = n0 – Δn, where n0 is the carrier concentration 

of the bulk TE material and Δn = c (x,t) ×(N/V), where N/V  = 3.12 × 1022 cm-3 is the number 

of Mg atoms per unit volume. 

3- Using an SPB model, we calculate a Seebeck profile S(x) corresponding to the n(x) obtained 

above, and this calculated profile is then compared with selected experimental Seebeck lines. 

 

From the data obtained through modelling, we only look at S(x) numbers starting from x = 0.3 mm. The 

reason for this manual adjustment is that going to low x values doesn´t make sense in our case as there 

is an interface layer, which is not considered here. 

 

Figure S 1: Comparison of S(x) calculated from the suggest diffusion model (based on a simple exponential fit 

from Eq 3.) with selected experimental Seebeck profile lines. 

 

Figure S 1 shows a reasonable agreement between the data from the modelling and the experimental 

data. The observed difference between both can be associated to the line to line scatter during the 

experimental mappings as well as the limited spatial resolution of the PSM. 
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Figure S 2: 2D Seebeck plot for n//Ag//p sample stacked with n-type pellet at the bottom, Ag in the middle and 

p-type pellet on top. The selected Seebeck profile line scan corresponds to the scan position y = 0 mm. 
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II. Defect formation energies 

 

 

 

Figure S 3: All formation energy curves for Mg2Si with a) Bi and Ag-related defects under Mg-rich conditions, 

b) Bi and Ag-related defects under Mg-poor conditions, c) Li and Ag-related defects under Mg-rich conditions 

and d) Li and Ag-related defects under Mg-poor conditions. 
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Figure S 4: All formation energy curves for Mg2Sn with a) Bi and Ag-related defects under Mg-rich conditions, 

b) Bi and Ag-related defects under Mg-poor conditions, c) Li and Ag-related defects under Mg-rich conditions 

and d) Li and Ag-related defects under Mg-poor conditions. 
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III. Device performance calculation 

 

The conversion efficiency was obtained by solving the thermoelectric heat balance equation given below, 

with the temperature dependent thermoelectric properties. 

𝛻 ∙ (−𝜅𝛻𝑇) = 𝜌𝑗2 − 𝜏𝑗 ∙ 𝛻𝑇 

Here κ and ρ are the thermal conductivity and electrical resistivity respectively, j = I/A is the current 

density and τ is the Thomson coefficient = 𝑇
𝜕𝛼

𝜕𝑇
. The power output density is obtained as the difference 

between the input heat flux and the output heat flux (p = qin – qout) and the device efficiency is calculated 

as 𝜂 =
𝑝

𝑞𝑖𝑛
, where 𝑞in  = −𝜅h ∙

𝑑𝑇

𝑑𝑥h 
+ 𝐼 ∙ 𝛼h∙ 𝑇h . [4, 5]. The simulation was done for a leg length of 5 

mm for a hot side temperature of 700 K and a cold side temperature of 300 K.  

Electrical and thermal conductivity were taken from literature, where S was matched with S after 

diffusion [6]. 

 

Figure S 5: (a) Power output density (p), and (b) efficiency (η) vs current density for the TE leg before and after 

contacting 

 

The thermoelectric properties before and after contacting are given below. 
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Figure S 6: Temperature dependent thermoelectric properties a) electrical resistivity b) Seebeck coefficient c) 

Thermal conductivity d) the corresponding zT 
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Chapter 6:  

6. Discussion 
 

In this section, we aim to discuss the results from Chapters 3, 4 and 5 and correlate them to have a 

general overview on the topic of interest. These chapters refer respectively to the published works [96], 

[145] and [146], and each one of them presents nominally the same content as the literature it refers to. 

The main objective of our work is to put together a list of criteria to facilitate the selection process of 

contacting electrodes for thermoelectric generators (TEG). Our work focuses on Mg2Si1-xSnx-based 

thermoelectric generators, but we believe the outcome can be generalized to further TEGs based on 

different material systems.  

Usually, what are considered as starting requirements for a contacting electrode are, stability and the 

conductivity of the metal, as well as its matching coefficient of thermal expansion (CTE) to that of the 

thermoelectric material of interest [44, 147, 148]. Low contact resistances, both electrical and thermal, 

are preferred, and long-term chemical (reactions and diffusion) and physical (mechanical adhesion) 

stability are also necessary to avoid device failure under thermal cycling.  

In other works from our group, a few electrodes, namely Ni, Ag [149] and Al [150], were tested, and 

this work started with testing Cu and Ni45Cu55. With these five electrodes already, it was clear that 

identifying suitable process parameters for the contacting procedure is quite challenging, as it depends 

not only on the chosen materials (TE material + contacting electrode), but also on the interactions 

between them (reaction, diffusion, if the electrode is treated before joining, if there are extra layers such 

as a diffusion barrier added…) and their joining conditions (temperature, pressure, time, with or without 

sintering current).  

The following sub-sections discuss the examples of Cu, Ni45Cu55, Ag and Ni experimentally tested with 

n- and p-type Mg2Si1-xSnx (x = 0, 0.2, 0.7, 1) thermoelectric materials. The first section (Chapter 6.1) 

discusses the effects of the preparation and joining conditions on the contacting results using the 

example of Cu and Ni45Cu55 electrodes. The following chapter, Chapter 6.2, joins Chapter 5 in 

considering the materials´ point defects in the contacting. Here we look into the experimental contacting 

results of the mentioned electrodes (Cu and Ni) with Mg2Si1-xSnx and compare them with predictions 

from calculation results of defect formation energies obtained from hybrid-DFT (introduced in Chapter 

2.6). With this comparison, we try to investigate the compatibility between the results and predictions 

provided from both procedures (experiments and calculations, respectively), and if the output provided 

by the hybrid-DFT calculations can explain the experimentally observed behaviors. Through this study, 

I try to establish the importance of point defects for contact development, and how they can be used to 
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predict the effect of contacting electrodes on the electronic and thermoelectric properties of the material 

system. Thus, the relevance of hybrid-DFT calculations in the pre-selection of potential electrodes 

would be established, which adds one more criterion to the contacting list of requirements. 

 

6.1. Effects of the preparation conditions on the contacting results  

6.1.1. Effect of the synthesis method of the TE material 

 

As explained in the Methods section (Chapter 2), the procedure used to synthesize samples in this work 

is mainly induction melting (IM) of the processor elements to form the target phase, followed by a short 

high energy ball milling (HEBM) step to crush the ingot and obtain fine powder. This method was 

chosen as it was proven by a previous work to be scalable and to produce high TE property powder [2]. 

In fact, while our HEBM synthesis route (where the precursors are mechanically alloyed in the ball-mill) 

can only produce 10 g of powder at once, this induction melting route can be used to synthesize 30 or 

even 50 g at once. Such upscaled methods are necessary in order to facilitate TE leg mass production 

for TEG building.  

Generally, after synthesis, our IM powder made for this study looked visually homogeneous and didn´t 

include unreacted chunks. Nevertheless, after sintering/pressing the powder into a pellet, local demixing 

of the Mg2Si1-xSnx matrix was observed, and this demixing was sometimes intensified after joining the 

TE pellets with the contacting electrodes [4, 37, 96, 145, 151]. In order to investigate if such demixing 

is related to the powder synthesis method, and if contacting enhances it, high energy ball milled (HEBM) 

p-type Mg1.97Li0.03Si0.3Sn0.7 powder was synthesized by our colleague Vidushi Galwadu Arachchige.  

Pellets made from this powder was then contacted with Cu electrodes under the same conditions used 

in Chapter 3, and the results were compared with p-type joining results from the same work where IM 

powder was used. The TE properties of the samples from both synthesis procedures were already studied 

and reported in [152] and [2]. Previous literature also reported the grain sizes for samples obtained from 

BM and IM. Castillo-Hernandez et al. reported a grain size of 7 ± 3 µm for the IM powder of 

Mg2Si0.3Sn0.7 composition [97], while  Kamila et al. reported a grain size of ~ 5 µm for BM powder 

[152]. Note that the exact compositions studied in [152] are Mg2-yLiySi0.2Sn0.8 (y = 0.01, 0.02 and 0.03); 

nevertheless, the grain sizes of the densified samples from both synthesis methods are comparable. This 

implies similar properties such as grain boundary scattering, and potentially similar mechanical 

properties. Moreover, as the synthesis route is different (melting vs. mechanical alloying), the 

comparable grain sizes indicate that the sintering step plays an important role in grain size regulation 

[153, 154].  
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Figure 6.1 presents SEM images of p-type Mg2Si0.3Sn0.7 samples, once pressed from induction melted 

powder (Figure 6.1 a) and once from ball milled powder (Figure 6.1 b). The results show that, generally, 

matrix inhomogeneity is observed in all cases, independently of the synthesis method. On these images, 

the darker areas (compared to the matrix) are Si-rich Mg2(Si,Sn) areas. Such phase separation into Si-

rich and Sn-rich areas is commonly observed for the Mg2Si-Mg2Sn system, under certain conditions, 

due to the presence of miscibility gaps, and has already been reported in works like [37], [97] and [155]. 

The comparison also shows that, for the samples in play, the induction melting route produces a more 

homogeneous sample, as the SEM image of the cross section shows less segregated dark regions. The 

reason behind this could be correlated to the fact that the powder obtained after ball milling tends to 

contain more unreacted Si chunks than the induction melted counterpart [1]. When pressed, if the 

powder contains unreacted Si, this Si would react with the excess Mg and form Mg2Si rich agglomerates, 

which would be observed on the SEM images as darker areas.  

 

 

Figure 6.1: SEM images of the cross section of non-contacted p-type Mg1.97Li0.03Si0.3Sn0.7 obtained through a) 

induction melting and through b) ball milling. 

 

To confirm that our conclusions about matrix homogeneity are not related to the contrast and brightness 

parameters of the SEM images, XRD analysis and a fast quantification method [156] were utilized to 

investigate the difference in homogeneity between the IM and BM samples, and the results are provided 

respectively in Figure 6.2 and Figure 6.3. 

Figure 6.2 shows XRD patterns of as pressed p-type Mg2Si1-xSnx pellets. The pellet from the ball milled 

powder is shown with the black pattern, while the one from the induction melted powder is shown in 

red. Both patterns were compared with a previously reported XRD pattern of a pure Mg2Si0.3Sn0.7 (in 

blue) [97]. Even though the data reported in the literature corresponds to an undoped sample, the 

comparison still stands as dopants are not expected to affect XRD peak positions visibly since they are 

inserted in very small concentrations. In Figure 6.2, seven star-symbols are added to pinpoint extra 

peaks/impurities that only exist in the BM sample pattern. These are shoulder peaks, which indicate 

100 µm

Ball milled powder

100 µm

Induction melted powder

b)a)
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phase separation in the studied material. As Mg2Si1-xSnx tends to separate into Mg2Si- and Mg2Sn-rich 

phases under certain conditions [37], it is safe to conclude that these marked peaks in the BM XRD 

pattern indicate a less homogeneous matrix compared to the IM sample. In fact, the peaks marked with 

the stars on Figure 6.2 are Mg2Sn peaks, as also marked below in the same figure in green line symbols. 

Some of these peaks look shifted towards slightly higher angles from the Mg2Sn peaks, which could be 

related to absolute errors during the measurement due to sample positioning. Such errors would result 

in different shifts at different angles. Therefore, from this comparison, it can be concluded that the 

presented BM sample is less homogeneous that the IM sample, which also fits what was observed in the 

SEM images (Figure 6.1 a and b).  

 

 

Figure 6.2: XRD spectra for the high energy ball milled (BM) and induction melted (IM) pressed p-type 

Mg1.97Li0.03Si0.3Sn0.7 powders, compared with an XRD pattern of a pure undoped Mg2Si0.3Sn0.7 sample reported in 

[97]. The black star symbols pinpoint shoulder peaks in the BM sample indicating phase separation (Mg2Sn 

phase). 

 

 

Figure 6.3: Graphs of normalized counts showing composition distribution of the a) induction melted (IM) 

sample and b) the ball milled (BM) sample as a function of the Sn content in Mg2Si1-xSnx composition range. 

These counts are obtained from a Gray scale analysis calibrated using EDX data [156]. The IM sample shows a 

narrower range of composition distribution (FWHM = 0.136) centered around the main desired composition 
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Mg2Si0.3Sn0.7, while the BM sample shows a wider distribution range (FWHM = 0.186), indicating a sample with 

a less homogeneous matrix and more secondary phases.  

 

Figure 6.3 shows two graphs of normalized counts of the composition distribution of both IM (Figure 

6.3 a) and BM (Figure 6.3 b) samples and represent the matrix demixing/inhomogeneity. Both 

histograms were made using EDX data of phase composition analysis (Sn content) done on a large area 

of the samples and on areas with different gray scales. This mentioned analysis method is called “Gray 

scale analysis calibrated using EDX data”, and was developed by colleagues from our group [156]. For 

this work, the analysis was done by our colleague Mr. G. Castillo-Hernandez. The histogram 

corresponding to the IM sample (Figure 6.3 a) has a composition distributed on a narrower range than 

the histogram of the BM sample (Figure 6.3 b), which corresponds to a more homogeneous composition. 

The full width at half maximum (FWHM) values for both histograms are respectively 0.136 and 0.186 

for the IM and the BM sample. Moreover, the IM sample histogram is more centered around the main 

Mg2Si0.3Sn0.7 composition, while the BM histogram is shifted towards a composition richer in Sn. The 

latter was also observed in the XRD results reported in Figure 6.2.  

From the provided comparisons in this work, it can be concluded that our induction melted sample is 

more homogeneous and closer in composition to the target composition compared to our sample 

produced with HEBM. This could be explained by the fact that the induction melting procedure involves 

three different temperature increase steps, allowing each time more and more particles to react and form 

the desired composition. However, in ball milling, the particles are forced into interaction through 

mechanical allowing [1], but the obtained powder still needs the sintering step to complete the reaction. 

If some elemental Si is left unreacted during the milling step, then the powder amount used to make the 

pellet can be deficient in or have excess Si, leading to an inhomogeneous matrix.  

As mentioned above, both IM and BM samples were contacted with Cu following the procedure reported 

in Chapter 3. Figure 6.4 shows SEM images of the cross-sections of Cu-contact IM and BM pellets, as 

well as local high magnification images of the reaction layers. It can be first observed that our BM 

sample (Figure 6.4 b) shows a less homogeneous microstructure, with a more demixed matrix and more 

frequent Mg2Si-rich areas. In comparison, our IM sample shows a “purer” matrix (Figure 6.4 a). The 

reaction layers between the TE material and the contacting electrode are comparable in both cases. All 

interfaces have an inhomogeneous thickness, with local diffusion zones that are ~ 150 µm thick, and the 

microstructure and possible phases are also similar in both cases. The Mg2Sn-channels, as reported in 3 

with the IM powder, also exist in BM powder as the bright thin horizontal line starting from the right-

hand side reaction layer and running inside the TE material. Further explanation to these channels is 

also provided in Chapter 4. 
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Figure 6.4: SEM images of the cross section of Cu-contacted p-type Mg1.97Li0.03Si0.3Sn0.7 once obtained through 

a) induction melting and once through b) ball milling. Images c) and d) represent local high magnifications of the 

interfaces of the contacted induction melted and ball milled pellets, respectively. 

 

However, in the particular case of the IM sample, the SEM image shows different microstructures 

compared to the BM sample. In fact, the darker Mg2Si-rich regions have sometimes a thin elongated 

shape, and new brighter accumulations are observed locally on the IM sample cross section. These bright 

regions were identified through EDX characterization to be Sn-rich (~ 80%). As they were not observed 

before joining, they are not a result of the synthesis route, but potentially of the joining experiments. 

What is meant by joining experiment here is not the process being related to a particular electrode (such 

demixing into Mg2Si-rich and Mg2Sn-rich areas was also observed with other electrodes as reported in 

Chapter 3 and [4]), but potentially the added “annealing” step during the contacting experiment, as the 

sample is again subjected to high temperatures (600 °C in case of Cu). To stay within the focus of this 

study, no further investigations were done here, as there are also other works in our group dedicated to 

the mixing/demixing of the Mg2(Si,Sn) system [1, 37, 156]. 

Figure 6.4 also shows local SEM images of the reaction layer resulting from the contacting of the IM 

and the BM powders. A careful investigation of the reaction layers of both samples, with checking each 

side of the contact areas (interfaces on the left and the right side of the TE pellet), confirmed that the 

reaction layers are similar. The composition and microstructure of the interface layers in the BM sample 

is also similar to that of the IM sample, which is already reported in Chapter 3. Figure 6.4 c and d show 

100 µm100 µm

100 µm100 µm

Cu CuCu Cu

Ball milled powderInduction melted powder

b)

d)

a)

c) CuCu
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zoomed-in regions of the reaction layers of the contacted IM and BM samples, respectively. A half 

spherical morphology is observed in both cases, which corresponds to the thicker local diffusion zones 

reported in Chapter 3. Such morphology could be due to a localized temperature hotspot where the 

temperature is higher at certain points of the sample during the joining step, which results in a locally 

different diffusion mechanism. Unfortunately, a verification of such hypothesis would potentially 

require a setup with different thermocouples to measure the temperature at different points, which is not 

easily achievable with our instruments. Another explanation could be the local phase separation of the 

TE material, as observed before in our work. In fact, different concentrations of Si and Sn in the material 

would lead to a different chemical environment at the interface, which results in different rates of 

diffusion-reaction in the contacted zone, as can also be seen from the ternary Cu-Mg-Si and Cu-Mg-Sn 

phase diagrams [157, 158]. This hypothesis is also supported by ternary and quaternary equilibrium 

phase diagrams of the Cu-Mg-Si-Sn system [159] and the nature of the used TE material (solid solution 

of constant Mg content and a miscibility gap [37]).  

The similarities between the contacting results of the IM and the BM samples make sense and should 

be expected because the reaction and diffusion between the materials would mainly depend on the 

materials themselves, as well as the joining conditions. As the only difference between the IM and the 

BM samples presented in this work lies in the powder synthesis method, no major differences should be 

expected if the samples are sintered and then joined under the same conditions. 

To conclude this section, this study shows that our IM sample is more homogeneous than our BM sample, 

and that changing synthesis method does not drastically impact the contacting results. Based on these 

findings, as well as the advantage of its scalability, the IM procedure was used as the main synthesis 

route for all the samples used in this work (unless indicated differently). 

 

6.1.2. Effect of electrode treatment 

 

Chapters 3 and 4 of this manuscript reported that contacting Cu with n-type Mg2.06Si0.3Sn0.665Bi0.035 and 

p-type Mg1.97Li0.03Si0.3Sn0.7 resulted in inhomogeneous reactions layers with uneven thickness that can 

vary from 30 to 100 µm, with locally thicker diffusion areas ~ 200 µm thick. As an attempt to understand 

the reason behind such inhomogeneity, and eventually prevent it, I conducted joining experiments where 

the Cu foil was prepared before contacting. In fact, in the works reported in Chapters 3 and 4, thin Cu 

foils (50 µm thickness) were mechanically cut into 15 mm diameter disks , then cleaned in ethanol in an 

ultrasonic bath for 10 min, before being used for contacting. In this case, the obtained disks were 

wrinkled, as the foil was thin and soft, and only manually flattened, which still kept them not perfectly 

flat and could have perhaps resulted in locally different reaction layers. In fact, as the wrinkled foil is 

pressed against the pellet, the surfaces of the foil and the TE material are not perfectly parallel and 
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physically in contact at every point, which could result in different interactions between them: the 

reaction and diffusion of one system into the other would occur only at the actual points of contact. The 

observed continuity of the reaction layers would then result more from the continuous 3D diffusion and 

growth of the newly formed phases, than from a homogeneous equal diffusion of Cu into Mg2(Si,Sn) 

for example. Moreover, as oxide layers can form on the Cu foil surface and some impurities can remain 

even after the ultrasonic bath treatment, grinding or cleaning of the foils before contacting might be 

necessary. However, as the used foil in the first study was thin and soft, its handling was not easy, and 

grinding or cleaning the surface to get rid of such layer wasn´t manually manageable, which could have 

also affected the reaction and diffusion during joining.  

For the purpose of this comparative study, thicker Cu foils were used (250 µm thickness) to facilitate 

foil treatment/cleaning before contacting. The thick foils were also mechanically cut, but the obtained 

disks were less wrinkled (as shown in Figure 6.5), almost perfectly flat (apart from the edges), as the 

thick foil is more rigid. After that, the cut disks were manually grinded with ethanol on SiC paper of 

roughness 1200-micron size, then ultrasound-cleaned in ethanol before joining. The thickness of the foil, 

as well as its treatment, allowed a more even contact surface between the electrode and the TE material, 

and a minimized oxide and impurity layer in between. Such conditions are expected to allow a more 

homogeneous diffusion and reaction between the two materials of interest.  

 

 

 

Figure 6.5: Thick (250 µm) and thin (50 µm) Cu disk foils, exhibiting the difference in surface flatness and the 

presence of wrinkles between them. 
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Figure 6.6: SEM images of the cross section of a) n-type Mg2.06Si0.3Sn0.665Bi0.035 and b) p-type 

Mg1.97Li0.03Si0.3Sn0.7 contacted with thick treated Cu foil. Figures c) and d) represent magnified images of the 

resulting reaction layers after reaction and diffusion between the treated Cu foil and n- and p-type samples, 

respectively. The reaction layers are very similar in microstructure and detected phases to the samples for which 

untreated foils were employed, reported in Chapter 3. 

 

Figure 6.6 a and b show SEM image results of n- and p-type Mg2Si0.3Sn0.7 contacted with thick Cu foil. 

As can be seen from the figure, both n- and p-type samples have interfaces similar to the ones obtained 

using thin Cu foil, reported in Chapter 3. Both material types still show the same inhomogeneous 

reaction layers, with thicker local diffusion zones, which indicates that the potential oxide layer and the 

wrinkles of the thin foil do not strongly affect the final reaction and diffusion results. SEM/EDX 

investigations also showed that the reaction layers had similar microstructures with both foil types, as 

can be seen in Figure 6.6 c and d. In both cases, the reaction layer is mainly composed of the darker 

segregates corresponding to the τ1 phase (Cu1.5MgSi0.5) surrounded by the brighter matrix which is the 

Mg2Sn phase, like reported in the previous work in Chapter 3. Therefore, it can be concluded that the 

treatment as processed here on the thick Cu foils (grinding and cleaning) does not change the contacting 

results, and that the inhomogeneities in the Cu diffusion and the reaction layer are caused by other 

reasons which could be the local inhomogeneities of the TE material, local temperature gradients due to 

a non-homogeneous current distribution, etc.  
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However, unlike the joining case with thin untreated Cu foil, the samples joined with the treated thick 

Cu foil contain several cracks growing in different directions across the TE material. The reason behind 

such behavior is not clearly understood, but, as an attempt, these cracks can be categorized in 3 different 

groups: (i) cracks inside the TE material, (ii) cracks inside the reaction layer and (iii) filled cracks.  

The cracks inside the TE material can be seen in both n- and p-type samples, extending in different 

directions, parallel to the reaction layers or diagonally inside the TE pellet. Such cracks could occur due 

to tensile stresses (along the pressing direction) that would expand the material along a direction parallel 

to the XY plane, which is the plane parallel to the contact surface of the TE material and the pellet. 

Under these stresses, cracks would grow along the mentioned plane. However, as polycrystalline 

Mg2(Si,Sn) behaves as an isotropic material, there is no definite preferred direction for the tensile 

stresses to cause crack growth [160], which would explain the various growth directions of the cracks 

inside the TE pellet. In fact, even if tensile stresses cause cracks that remain planar and grow in a 2D 

array, material impurities (secondary phases, pores…) can divert the planar characteristic of the crack, 

which would then grow in 3D. 

As for the cracks growing inside the reaction layers, a possible explanation would be the CTE mismatch 

between the Cu foil, the different newly formed phases inside the interface and the TE material. Even 

though Cu and Mg2Si0.3Sn0.7 have similar CTEs, the new phases would have different CTE and a 

different behavior under thermomechanical stresses, which would generate cracks. In fact, after the 

sample system expands during heating (which is also when the new phases would be formed), and as it 

shrinks during the cooling process, the different regions with different CTE would shrink with different 

rates, some faster than others, which results in cracking. As the cracks are mostly observed in the region 

of the interface closest to the Cu foil, like shown in Figure 6.6 a, b and c, this layer containing the γ 

phase Cu1.55MgSn0.45 (as reported in Chapter 3) is then possibly the weakest point among the different 

layers that would yield to contraction stresses and crack.  

Finally, the filled cracks, already reported in Chapters 3 and 4 as “Mg2Sn-channels” are actually cracks 

that either appeared during the early stage of the heating process or began as microcracks in the TE 

pellet during sintering. These microcracks would have then grown into larger cracks during the 

contacting step. In fact, these cracks were reported to be mainly filled with an Mg2Sn-rich phase which 

is the result of Cu diffusion and reaction with the TE material. Therefore, the cracks either existed in the 

pellet before joining or grew during the heating step, so that it can later act as a potential channel for the 

liquified Mg2Sn-rich phase to infiltrate.  
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Figure 6.7: PSM line scans of a) n-type Mg2.06Si0.3Sn0.665Bi0.035 and b) p-type Mg1.97Li0.03Si0.3Sn0.7 contacted with 

thick pre-treated Cu foil. The Seebeck profile lines are shown with the black lines, while the potential across the 

samples are shown with the blue lines. The green dashed line marks the Seebeck value of the TE materials 

before contacting. 

 

PSM measurements were also run on the samples contacted with thick Cu foil and results are presented 

in Figure 6.7. Representative Seebeck and potential line scans of the n-type and p-type sample are given 

in Figure 6.7. a and b, respectively. Similar to what was reported in the case of the thin Cu foil (Chapter 

3), the Seebeck coefficient of the n-type sample contacted with the thick Cu foil changed from –110 

µV/K to ~ –140 µV/K. This demonstrates that Cu diffuses similarly inside the TE material whether the 

used foil is treated or not, and fits with the similar results of the reaction layers shown in the SEM images 

in Figure 6.6. Also fitting to what was reported with the thin Cu foil, no change in the Seebeck coefficient 

of the p-type sample was observed. 

Specific electrical contact resistances rc were calculated for both material types as explained in Chapter 

2.4.2 (using the drops marked with red circles at the interfaces on the potential lines shown in Figure 

6.7). As the transitions of the potential line from the Cu foils to the TE material on the left-hand side, as 

well as from the TE material to the Cu foil on the right-hand side, are smooth and do not display any 

sudden drop, low rc are expected. Calculations of rc do, in fact, show low values ≤ 10 µΩ cm2 for both 

material types (5 ± 3 µΩ.cm2 for p-type, 7 ± 4 µΩ.cm2 for n-type). As for the observed drop in the U 

graph of the p-type sample around the middle of the pellet (x = 0.6 ~ 0.7 mm), it is most probably caused 

by cracks inside the TE pellet that would increase the local resistance of the sample. 

It can be concluded from this comparative study that the diffusion of Cu inside the Mg2Si1-xSnx system 

is independent of the here-tested foil treatment (grinding + cleaning) before contacting. Moreover, under 

sintering pressure and temperature, Cu diffuses easily from the foil inside the TE material in a fast and 

inhomogeneous way.  

b)a)
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The motivation behind joining with the thick foil was that the wrinkles in the thin foils would result in 

different pressure points on the TE pellet, leading to a different diffusion behavior of Cu and a final 

reaction layer with different local thicknesses. Another hypothesis was the potential oxide layer that 

could influence the diffusion of Cu locally, and that would be easier to remove with thicker samples, as 

they are easier to handle. Nevertheless, even after such foil treatment, the diffusion results were similar 

to the untreated foil case. The inhomogeneities in the formed reaction layers and diffusion zones could 

be then related to actual local impurities inside the TE material, as well as micro cracks, as both differ 

from pellet to pellet, more than the condition of the used foil. As the joining experiments were done 

under direct current, potential TE material-related impurities could hinder the current flow inside the 

sample, creating favorable current paths, where the current density would be locally heavier in some 

regions in the sample more than others. Such behavior could lead to a certain increase in the temperature 

locally, where the current density is higher, resulting in a potentially different diffusion behavior.  

 

6.1.1 Effect of the sintering current on the contacting results 

 

So far, in this chapter, all joining experiments, similar to the pellet sintering experiments, were done in 

a direct sinter press (DSP) as explained in Chapters 2.1.3 and 2.2. When the samples are pressed or 

contacted inside the DSP, a current is driven (in technical current direction) from bottom to top, starting 

from the lower electrode (under the graphite die containing the sample) through the sample. This current 

heats the sample and the die around it, and the pressing or the contacting occurs through a resistive 

heating (Joule heating) process. The contacting experiments in Chapter 3 using Cu and Ni45Cu55 

electrodes were done following this method where the samples were heated by a Joule heating effect of 

the samples themselves, as schematically presented in Figure 6.8 a. In this case, the current provided by 

the lower electrode would pass through the lower graphite leg then the lower graphite piston and would 

have two potential trajectories to follow: 1) the trajectory through the graphite foil, the metallic electrode, 

the TE material, then all the way up to the upper piston, 2) the parallel trajectory from the lower graphite 

piston to the graphite die and then back to the upper graphite piston. As the sample system is maintained 

under a relatively high pressure (> 20 MPa) during the joining experiments, while the side contact areas 

between the pistons and the die are not subjected to any particular force or pressure, the first trajectory 

through the sample is believed to be the one comprising the larger fraction of the current. The exact 

current distribution actually depends on the conductivities of the involved materials and the resistances 

at the different interfaces between the different materials in play (see further discussion and equivalent 

circuits in the Appendix. However, as the electrical interface resistances usually decrease with 

increasing pressure, it is assumed that the first path is the main heating way to raise the temperature of 

the system and join the TE material and the electrode. Under these conditions we define the “direct 

resistive heating” process, which mainly occurs through a heating of the sample, yet still contains a 
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small contribution of the heating from the current crossing the graphite die. However, this second 

component is neglected for simplicity, and because it is presumably minimal compared to the main 

heating path through the sample. 

On the other hand, as also presented in Chapter 4, the joining experiment can be done using an extra 

insulating layer introduced somewhere around the sample to block the passage of the electric current 

from the graphite surroundings to the sample. In the case where the insulating layer is added between 

the graphite pistons and the sample system as shown in Figure 6.8 b, the electrical current is blocked 

from following the direct vertical path described as the first trajectory in the case of direct resistive 

heating (paragraph above). The main remaining path for the current to follow would then be the second 

trajectory through the graphite die, even though the contact surfaces between the piston and the die 

aren´t optimized. In this case, the contacting procedure occurs through an “indirect resistive heating” 

process where the sample is heated by Joule heating effect of the die around it. In all our studies 

presented in this work, the used insulating layer was a boron nitride (BN) layer added on the inner ends 

of both pistons as explained in Chapter 2.2. 

 

 

Figure 6.8: Schematic figure to show the idealized current trajectories (colored arrows) across the graphite 

system and the sample inside it under a) “direct resistive heating” and b) “indirect resistive heating” joining 

conditions. The red arrows show the main path of the current under each joining condition. In a), the blue arrows 

show a secondary potential current path, but with a smaller current fraction than the main path (red arrow. In b), 

boron nitride (BN) layers are added above and below the sample to block the current from running through it. 

 

A practical limitation of the intended and idealized indirect resistive heating process outlined above 

could be the secondary current trajectories that would go from the surrounding graphite die back towards 
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the sample system (electrode + TE material). However, practically, this path includes contact surfaces 

between different materials (graphite-electrode, graphite-semiconductor, etc.) which in turn involve 

added contact resistances, making this path more resistive compared to simply flowing through the same 

graphite block (die). So, even though part of the current distribution would go back through the sample 

again, the major portion would still follow the trajectory through the graphite die. Thus, we can still 

assume a standing indirect resistive heating process with (almost) no current running through the sample. 

In this section, we aim to continue the study started in Chapters 3 and 4 where we tried to investigate 

the potential effect of the DSP sintering current on the contacting results of n- and p-type Mg2Si0.3Sn0.7 

with Cu and Ni45Cu55 electrodes. In Chapter 3, joining results showed a strong diffusion of both electrode 

materials into the TE material. As these contacting experiments were done under direct resistive heating 

conditions, the resulting reaction layers and formed phases could be due to both temperature-induced 

diffusion and electromigration. The former would be the result of a simple difference in concentrations 

that leads to the diffusion of one material into the other and would be enhanced under the effect of an 

increase in temperature. On the other hand, the latter would occur as ions from one material are 

transported into the other, after part of the momentum of the moving current electrons is transferred to 

said ions. As the difference between direct and indirect resistive heating (as explained above) resides 

mainly in the electrical current passing through the sample, it is safe to assume that in the first case 

(direct), electromigration is more prone to occur, as the electrons cross the sample system. On the other 

hand, in the second case (indirect), it is also safe to assume that electromigration would not occur as 

much, and that the chemical diffusion of the elements would be the main process for material transport. 

As Chapter 4 already discussed the comparison between both joining conditions using Cu as an electrode, 

we provide here a preliminary comparison between direct (Chapter 3) and indirect (this section) 

contacting results of Ni45Cu55. The experimental conditions of the indirect resistive heating joining were 

the same as the direct resistive heating joining (550 °C, 10 mins), and the results are briefly introduced 

below. Further discussions are introduced in the Appendix of this thesis. 

SEM/EDX analysis was utilized to investigate the microstructure of the contacted samples as well as 

the reaction layers formed between the electrodes and the TE material. Figure 6.9 shows SEM images 

of two n-type (a and c) and two p-type (b and d) samples contacted with Ni45Cu55 under direct and 

indirect resistive heating conditions, respectively. 
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Figure 6.9: SEM images of Ni45Cu55-contacted n- and p-type Mg2Si0.3Sn0.7 a) and b) under direct resistive 

heating respectively, and c) and d) under indirect resistive heating, respectively. 

 

On first glance, the microstructures of all joined TE materials is similar. The indirectly joined samples 

(shown in Figure 6.9 c and d) have an apparently more demixed TE material matrix compared to the 

directly joined samples, under the utilized SEM technical conditions of brightness and contrast. 

However, such strong demixing was already seen in several occasions with different electrodes [4, 150], 

as well as in non-contacted Mg2Si1-xSnx samples due to the miscibility gaps in the solid solution [37, 97]. 

Therefore, the demixing observed here might not be strongly correlated to the current, but could be more 

related to experimental variations and the initial powder selected during pellet sintering [37]. All 

samples also contain cracks growing in different directions, with the indirectly joined samples showing 

more cracks than their directly joined counterparts.  

As for the reaction layers, three out of the four samples show thick interfaces (50 ~ 100 µm) that are 

visible already at the given magnifications. In fact, both samples joined under direct resistive heating 

(Figure 6.9 a and b) and the n-type sample joined under indirect resistive heating (Figure 6.9 c) have 

these visible reaction layers. The p-type sample joined under indirect resistive heating conditions 

(Figure 6.9 d), however, has a very thin reaction layer growing between the electrode and the TE material. 

An EDX investigation of the microstructure (layers, phase composition) of the reaction layers was 

conducted and results showed that the samples joined under indirect joining conditions have a similar 

interface composition as the samples joined under direct joining conditions (Chapter 3). The thin 

interfaces from the IRH samples also have a similar composition to the thin interfaces observed in the 

DRH samples from Chapter 3. Figures and an attempt to a further analysis on e.g. the asymmetry in 

layer thickness are provided in the Appendix.  
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Figure 6.10: PSM line scans of n- and p-type Mg2Si0.3Sn0.7 contacted with Ni45Cu55 under a) and b) direct, c) and 

d) indirect resistive heating. The black lines represent the Seebeck profiles of the samples and the blue lines 

represent the potential across the samples. The green dashed lined mark the Seebeck value of the TE material 

before contacting. 

 

Figure 6.10 shows PSM measurements of Seebeck and potential profiles on n- and p-type Mg2Si0.3Sn0.7 

contacted with Ni45Cu55 under both direct and indirect resistive heating. The results of the direct resistive 

heating joining experiments are discussed in Chapter 3. Looking at the Seebeck profile lines (in black), 

an interesting feature can be seen in Figure 6.10 c: there is no change in the Seebeck value in the n-type 

sample joined under indirect resistive heating, unlike the case of direct resistive heating reported in 

Chapter 3 and shown in Figure 6.10 a. As SEM/EDX investigations showed similar microstructure 

results in both joining cases, this change of TE properties is presumably not related to a diffusion of the 

electrode elements inside the TE material. Instead it is believed to be the electromigration of charged 

point defects of Cu and Ni under the effect of the sintering current, and these charged defects would 

change the initial charge carrier concentration of the TE material. Such change in the carrier 

concentration would be recorded by the PSM instrument as a change in the Seebeck coefficient. Here, 

we could be possibly seeing the implication of electromigration and the influence of the electrical current. 

In fact, the effect of defect diffusion is different from the effect of diffusion of the elements, as already 

seen in the work of Pham et al., where the authors reported a change in the TE properties on the whole 

thickness of the sample (~ 1.2 mm) after joining with Ag, while having a reaction layer < 10 µm 

thickness [4]. Further discussion about the implication of charged point defects in the contacting 

procedure (using Cu and Ni) and their potential interactions with the defects of n- and p-type Mg2(Si,Sn) 

systems are presented in Chapter 6.2.  
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As for the electrical contact resistance, a first overview of the graphs on Figure 6.10 shows smooth 

transitions without sudden drops at the interfaces between the electrode foils and the TE material. 

Therefore, the calculated specific electrical contact resistance rc values are expected to be low. Using 

Equation 2.4 and Equation 2.5 of Chapter 2, the obtained rc values for the indirect resistive heating 

samples are presented in Table 6-1. Equation 2-4 utilizes the current value as provided by the PSM 

output file, while Equation 2-5 utilizes the current density value as calculated using the TE properties 

of the studied sample. The results of the direct resistive heating as reported in Chapter 3 are also added 

in the table for an easy comparison. 

 

Table 6-1: Specific electrical contact resistance rc for n- and p-type joined with Ni45Cu55 under direct and 

indirect resistive heating conditions. The results were calculated using Equation 2.4 (with j_PSM) and Equation 

2.5 (with j_TE-props), and the relative measurement uncertainty is the standard deviation of all PSM potential 

line scans for each samples. 

Joining Conditions rc (µΩ cm2) (Equation 2.4, j_PSM) rc (µΩ cm2) (Equation 2.5, j_TE-props) 

 n-type + Ni45Cu55 p-type + Ni45Cu55 n-type + Ni45Cu55 p-type + Ni45Cu55 

Indirect  6 ± 5 13 ± 11 40 ± 25 11 ± 9 

Direct  4 ± 3 15 ± 8 (left-hand side) * 

73 ± 36 (right-hand side) * 

24 ± 17 11 ± 6 (left-hand side) * 

53 ± 26 (right-hand side) * 

* The explanation for the separate measurements is provided in Chapter 3. 

 

As can be seen from Table 6-1, the results for rc calculated using both equations (horizontal comparison, 

light green columns) are comparable in both the cases of direct and indirect joining conditions for the 

case of the p-type samples. However, the values are different in the case of n-type samples (horizontal 

comparison, light blue columns). In fact, while the rc calculated using Equation 2.4 for both joining 

conditions are < 10 µΩ cm2, the rc calculated using Equation 2.5 for both joining conditions are > 20 

µΩ cm2. In Chapter 3, such distinction in the values was explained by the presence of the “Mg2Sn 

diffusion channels” that are ~ 100 µm thick and that initiate from one interface to the other, running 

through the entire thickness of the TE material. As these channels are believed to contain mainly metallic 

phases, they would create a short circuit in their vicinity during the PSM measurement and disturb the 

current flow, which increases uncertainties in the measurements. Therefore, in this case, the rc values 

obtained using Equation 2.5 are considered as more reliable. 

Furthermore, comparing the rc results for the direct and indirect joined samples obtained from the same 

equation (vertical comparison), the results are comparable. The rc values for the n-type samples obtained 

from Equation 2.4 are similar within the error bars for both direct and indirect conditions. The results 

are also the same using Equation 2.5, also for n-type samples under both current conditions. Using 

Equation 2.4 or Equation 2.5 for the p-type samples give slightly different results as the numbers are not 
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divided into right-hand side and left-hand side for the indirect joined case; both are, in fact, similar and 

do not need to be separated as the reaction layers on both side are also comparable. Nevertheless, the rc 

values for the indirect joining conditions are similar to the values obtained on the left-hand side values 

of the direct joining conditions; the right-hand side values are much higher. As stated under Table 6-1, 

the explanation to the separation of the rc results into left and right is provided in Chapter 3. 

From the available experimental data, and within the scope of our defined direct and indirect joining 

experiments, we can conclude that the sintering current plays a more prominent role in the contacting 

of Mg2Si0.3Sn0.7 with Ni45Cu55 compared to contacting with Cu (Chapter 4). In both electrode cases, the 

current did not seem to have a strong influence on the interface layer and the microstructure. However, 

when looking at the TE properties of the joined samples (PSM results), while Cu displayed similar 

results for all sample types under both current conditions (change of S for n-type, no change of S for p-

type), joining with Ni45Cu55 resulted in different TE properties of the n-type materials joined under direct 

(change of S) and indirect (no change of S) conditions. The p-type samples contacted with Ni45Cu55, 

though, had similar results under both current conditions (no S change). Such difference in the results 

could be either related to the electromigration of the charged point defects of the electrode materials into 

the TE material or related to the influence of the Mg loss (Mg vacancies that are electron acceptor defects) 

on the charge carrier concentration.  

As for the difference in results between Cu and Ni45Cu55, Mg vacancies might be expected to have higher 

density for the Cu-joined samples compared to the Ni45Cu55-joined samples, as the contacting with Cu 

is done at 600 °C, while that with Ni45Cu55 is done at lower temperature (550 °C). Thus, the 

concentrations of the main defects in the systems could be different, which would lead to different charge 

carrier concentrations (hence Seebeck value). Another reason could be a potential Cu-Ni interaction that 

would also change the stability of the material and their contribution to the carrier concentration. 

More about the implication of defects in experimental joining results is introduced in the next sections 

of Chapter 6.2 and the Appendix.  

 

6.1.2 Summary of Chapter 6.1 

 

Chapter 6.1 was intended as a set of experiments to help understand the inhomogeneity in the contacting 

results of n- and p-type Mg2Si0.3Sn0.7 with Cu and Ni45Cu55, concerning both the interface thickness and 

its layering/microstructure, as well as the demixed TE matrix. The first experiment started by comparing 

two samples that were produced with different synthesis methods – ball milling vs induction melting – 

then pressed into pellets and contacted with Cu foil under the same conditions. In the second experiment, 

two induction-melted samples were used and they were contacted with two different Cu foils – thin Cu 
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foils that were stacked as-used without any treatment vs thick Cu foils that were grinded and cleaned 

before joining. However, the joining conditions (temperature, time, pressure) remained the same. In the 

last experiment, in order to complete Chapters 3 and 4 where a study to understand the implication of 

the sintering current on the contacting results of Cu was provided, the same comparative method was 

followed and induction melted n- and p-type Mg2Si0.3Sn0.7 with Ni45Cu55 foil were contacted under 

indirect resistive heating conditions (where a layer of resistive boron nitride was added in an attempt to 

block the sintering current from passing through the sample system).   

The conclusions reached based on the presented experiments can be summarized as follow: 

- Our tested induction melted sample was more homogeneous than our ball-milled sample, 

therefore induction melting was utilized as the main synthesis route for this work. 

- The powder synthesis route did not influence the contacting results of our tested samples (case 

of p-type Mg2Si0.3Sn0.7 with Cu). 

- The electrode treatment as processed and described in Chapter 6.1.2 did not influence the 

contacting results of induction melted Mg2Si0.3Sn0.7 with Cu. 

- From a microstructure perspective, the sintering current did not have a visible influence on the 

contacting results of Mg2Si0.3Sn0.7 with Ni45Cu55, under our described conditions of direct and 

indirect resistive heating. 

- The major difference between the presented Ni45Cu55-contacted Mg2Si0.3Sn0.7 samples was 

observed in the case of the n-type samples, where a change in the Seebeck coefficient was 

observed under direct resistive heating conditions, while no such change was recorded in the 

sample joined under indirect resistive heating conditions. Such results were correlated with a 

potential diffusion of charged point defects that would occur as electromigration under the effect 

of the sintering current, and result in a change in the charge carrier concentration (hence the 

Seebeck value) of the TE material. However, when the sintering current is blocked from running 

through the sample, the electromigration-induced defect diffusion is not expected to occur as 

much. 

- Our introduced indirect resistive heating method contains some limitations and should be 

improved to have more conclusive results concerning the influence of the sintering current. 

Nevertheless, it is plausible as presented for preliminary tests, and the obtained results could be 

used as a starting point for further studies. 
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6.2  On the relevance of electrode-induced charged point defects in the 

contacting of Mg2(Si,Sn) 

 

In this work, we discuss contacting results of previously mentioned electrodes (Cu, Ni and Ni45Cu55) 

from a novel perspective, which is the perspective of charged point defects. In particular, the focus will 

be on the electrode-induced charged point defects in the TE material and their interplay with the 

material´s intrinsic and dopant defects. In fact, as can be seen from the equation 𝑛c − 𝑛v =

 ∑ 𝑞 𝑛(𝐷𝑞)𝐷.𝑞  [140], where nc and nv are the electron and hole densities at the conduction bands and the 

valence bands respectively, and n (Dq) is the density of the defect D of charge q, any change in the 

material´s intrinsic or extrinsic defects (density or charge) results in a direct change in the charge carrier 

concentration. Therefore, the influence of the electrode-related defects on the carrier concentration of 

the material needs to be investigated as it would, in turn, influence the TE properties of the optimized 

material.  

Such perspective was, to the best of my knowledge, never considered in contacting studies before, yet 

it is of high practical relevance. We utilized this perspective in our recent work reported in Chapter 5 

using the example of Ag as a contacting electrode for the Mg2(Si,Sn) system, and established the validity 

of involving calculations of defect formation energies in the contacting procedure. The same method 

will be employed throughout the following section where we aim to expand it to more electrodes.  

In this work, results of the hybrid-DFT calculations [140] for the formation energies of the defects of 

several electrode materials in Bi-doped and Li-doped Mg2Si and Mg2Sn binaries are provided. These 

calculations were performed by our collaborators Dr. Byungki Ryu, Dr. Sungjin Park and Dr. SuDong 

Park at the Korea Electrotechnology Research Institute (KERI), while the interpretation and comparison 

with experimental data was done together with our group in DLR. In this entire section of the chapter, 

temperature values will be given in Kelvin (K). 

As Chapters 3 and 4 provide contacting results of Mg2Sn1-xSnx with Cu and Ni45Cu55, hybrid-DFT 

calculation results for Cu and Ni will be discussed. Results for a third material, namely Ti, are also 

provided further in the Outlook section. Even though the experiments were done on the solid solution 

composition with 30% Si and 70% Sn, the calculations were carried out for the Mg2Si and Mg2Sn 

binaries for simplicity. It was already shown in Chapter 5 that, for prediction purposes, such comparison 

using the binaries holds, and that the interpolation for the ternary compositions in between can be 

approximated and can be expected to hold [140]. 

Calculation results for the electrode Ni45Cu55 were also studied as an attempt to investigate the validity 

of approximating an alloy material by its individual elements. In fact, the hybrid-DFT calculations here 

were not done using Ni45Cu55 as an alloy; instead, the results of the single elements were put together 
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and discussed as such. However, as this is just a preliminary study, the results are provided in the 

Appendix, and not in the main manuscript.   

Within this study, the band gaps of the Mg2Si and Mg2Sn systems were calculated using hybrid-DFT 

and reported in Chapter 5 as 0.57 eV and 0.145 eV, respectively. The calculations of the defect formation 

energies were done using Equation 2.11:  

Eform (Dq, Mg2X) = Etot [D
q] – E0 – Σj μj∆nj + q (EF + ECBM). 

As can be seen from this equation, the formation energy of a certain defect Eform (D
q, Mg2X) depends 

not only on the total energies of the supercell with (Etot [D
q]) and without (E0) the defect, or the Fermi 

level EF and the energy of the conduction band minima (ECBM); it also closely depends on the chemical 

potential of the elements μj, where j is the atomic species in the supercell. This last term –among others– 

presents a general source of uncertainties in DFT calculations and discrepancies when comparing with 

experiments, as knowing the correct experimental chemical potential of a certain material is not 

straightforward [161].  

The phase chemical potential sensitively relates to the actual element concentrations in the lattice as an 

element – therefore a defect – is added or removed. The knowledge of these actual concentrations is not 

a given. μ also depends on the new potential phases that grow as a result of reaction and diffusion 

between the materials of interest, as these phases will determine the chemical potential needed for the 

atoms to move around. Experimentally, this issue can be faced during contacting experiments where 

new phases would form between the TE material and the metallic electrode. Such exact information is 

not conspicuous, and cannot be easily determined. Therefore, correct atomic chemical potential values 

cannot be easily obtained.  

DFT calculations are done at 0 K and assuming the defects and the environment phases to be in 

equilibrium. Under these conditions, a certain phase chemical potential is determined and used as 

reference for the calculations. Depending on the results of the formation energies, the reference phase 

chemical potential is modified until realistic formation energy results are obtained (in case of highly 

negative numbers, for example). After comparison and verification with experiments, if a match is 

obtained, the chemical potential used as reference for the calculations would be close to the experimental 

chemical potential of the studied sample. In case of a mismatch, this does not indicate that the DFT 

calculations are wrong; rather, they are just describing a different picture from what the experiment 

presents. 

In general, DFT calculations, including hybrid-DFT, can only suggest approximations, which can be 

optimized to some extent, but will always carry certain errors and inaccuracies. Therefore, it is important 

to keep in mind that the calculation results discussed in this section are predictions, good but not exact, 
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and that the degree of correctness is case-dependent. Further explanation about the utilized hybrid-DFT 

method is provided in Chapter 2.6 and in the literature [111, 140]. 

Another important point to keep in mind is that, in this work, we calculate the formation energies of 

defects without considering potential interactions between them, i.e. only isolated defects are considered. 

When the electrostatic interaction between defects of opposite signs is considered, the real density of 

the counter-defect will be higher than our expectations based on the as above-calculated formation 

energies.  

In the provided calculation results, Li is used as the p-type dopant and Bi as the n-type dopant. The 

formation energies are also calculated under two different chemical potential conditions: Mg-poor 

conditions and Mg-rich conditions. To stay close to the scope of technological applicability, only the 

calculation results under Mg-poor conditions are presented for the p-type samples. In fact, the p-type 

conduction is obtained by Li incorporation, where Li is aimed to substitute Mg (the composition would 

be Mg2-xLix) and form the hole donor LiMg defect. However, as Li interstitials (ILi) are stable defects with 

low formation energies, a fraction of the incorporated Li would be “lost” as ILi instead of LiMg, and the 

final composition would be deficient in Mg.  

As for the n-type samples, both Mg-poor and Mg-rich chemical potential conditions are presented and 

discussed, as the samples are initially synthesized with 3 at% excess Mg and the n-type conduction is 

obtained through Bi substituting Si/Sn (explained in Chapter 2). Therefore, unlike the p-type samples, 

n-type samples start with a higher concentration of Mg versus the stoichiometric composition. The 

samples are then under Mg-rich conditions. However, Mg is known to be volatile and to easily evaporate 

under high temperatures [162, 163]. As the samples are subjected to a first sintering at 973 K then a 

joining at 873 K, Mg losses can be expected, but cannot be measured. Therefore, the final samples could 

end up with an Mg concentration much lower than the stoichiometric amount, and would potentially be 

under Mg-poor conditions. This uncertainty in the final Mg content in the experimentally studied 

samples is the reason behind considering hybrid-DFT calculations results under both Mg chemical 

potential conditions. 

Chapter 6.2.1 provides the hybrid-DFT results of Cu and how they could explain and correlate to the 

experimental data. Chapter 6.2.2 provides the calculations for the defects of Ni along with a comparison 

with previous contacting experiments from the literature [5, 68] as well as unpublished contacting results. 

Chapter 6.2.3 provides an overview on the presented results (Ag, Cu, Ni) and whether the data from 

experiments and calculations match. A discussion on the viability of involving hybrid-DFT predictions 

as a first screening tool in the pre-selection of contacting electrodes is also provided. Finally, Chapter 

6.2.4 further discusses the potential limitations of the comparative method utilized here and in Chapter 

5 and concludes the section. 
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6.2.1 Cu defects in Li and Bi-doped Mg2Si and Mg2Sn 

 

As reported in Chapter 3 and 4, Cu was contacted with Bi-doped and Li-doped Mg2Sn0.3Sn0.7 at 873 K, 

under different current conditions (direct resistive heating and indirect resistive heating, explained and 

reported in Chapter 4), then annealed for 7 days at 723 K. In all situations, a change in the TE properties 

of the n-type Bi-doped samples was recorded, while no such behavior was observed for the p-type Li-

doped samples. In fact, the Seebeck value of the n-type after contacting shifted from –110 µV/K to –

160 µV/K, then changed even more to –220 µV/K after annealing. The Seebeck value of the p-type 

sample reminded constant at ~ 90 µV/K at all times, even after thermal treatment.  

A similar behavior was observed in [4] where the Seebeck coefficient of only n-type samples changed 

after joining with Ag (no change in S of p-type), and this observation was the starting point for the study 

reported in Chapter 5 of this manuscript. In this particular study, the change in the TE properties after 

contacting was related to the diffusion of Ag charged point defects into the Mg2(Si,Sn) system, causing 

a change in the system´s carrier concentration, which was then detected as a change in the Seebeck 

profile. In fact, the Ag substitution of Mg defect (AgMg) diffuses through interstitial sites of the matrix, 

and, as it is an acceptor defect of charge 1−, it captures the free conduction electrons provided by Bi on 

the Si/Sn sites (BiSi/Sn defect which is a donor of charge 1+). These two defects of opposite charges have 

comparable formation energies in the vicinity of the conduction band minimum (CBM), which results 

in similar defect densities, thus causing a remarkable compensation of the charge carriers.  

 

Hybrid-DFT calculations of the defect formation energies of Cu with Mg2Si and Mg2Sn 

The formation energies of the charged point defects of Cu in the Li- and Bi-doped Mg2Si and Mg2Sn 

systems were calculated and results are reported in Figure 6.11. In this figure, only the relevant defects 

(with formation energies Eform < 1 eV) are represented.  
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Figure 6.11: Charged defect formation energies of Cu in: a) Li-doped and b) Bi-doped Mg2Si under Mg-poor 

conditions c) Bi-doped Mg2Si under Mg-rich conditions, d) Li-doped and e) Bi-doped Mg2Sn under Mg-poor 

conditions f) Bi-doped Mg2Sn under Mg-rich conditions. For simplicity, the Li-doped Mg2Si and Mg2Sn are only 

represented in the Fermi level region around the VBM while the Bi-doped samples are represented in the Fermi 

level region around the CBM. The labeling X_Y of the defects (where X and Y are chemical elements) on the 

figure correspond to the XY labeling in the text. X_int and X_vac correspond respectively to IX and VX. 

 

Figure 6.11 a, b and c show the defect formation energies for the Mg2Si system for Mg-poor p-type, 

Mg-poor n-type and Mg-rich n-type, respectively. Even though the technological realization of 

sufficiently highly doped p-type Mg2Si is limited due to the Fermi level EF that is pinned inside the band 

gap, a discussion of this sample can be useful to help establish a good interpolation base for the different 

solid solutions of Mg2Si and Mg2Sn. As can be seen in Figure 6.11 a, the most stable defect in the 

vicinity of the valence band maximum (VBM) and further inside the band gap is the Li interstitial defect 

(ILi). It is an electron donor defect of charge q = 2+ and 1+ for electrochemical potentials below and 

above VBM (EF = –0. 57 eV) respectively. The next stable defect is the Mg interstitial (IMg), which is 

also an electron donor defect of charge 2+. These two defects agree with the experimental difficulties in 

synthesizing efficient p-type Mg2Si, which do not allow to reach a sufficiently high carrier density. The 

p-type conduction that is supposed to be provided by the Li on Mg sites (LiMg) cannot successfully be 

achieved to the required extend because of the relatively high formation energy of the defect (~ 0.34 eV 
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at VBM) compared to the formation energies of (IMg) and ILi (0.25 eV and –0.25 eV, respectively, both 

at VBM) (see also experimental results in [36, 58]). As for Cu, the most stable related defect in p-type 

Mg2Si in the vicinity of the VBM is the Cu interstitial ICu, but it also has a much higher formation energy, 

which indicates its low stability compared to the other defects, and correspondingly a low density. 

Therefore, ICu can be expected to have a very minor effect on the overall charge carrier concentration, 

far below the experimental detection limit by Hall measurements or PSM measurements.  

As for Bi-doped Mg2Si, the Mg poor conditions are represented in Figure 6.11 b, while the Mg rich 

conditions are represented in Figure 6.11 c. Under Mg-poor atmosphere (Figure 6.11 b), the most stable 

defects in the vicinity of CBM are BiSi and CuMg. BiSi is the main defect behind the experimentally 

intended n-type conduction, with each Bi atom on an Si site providing one electron, while CuMg is a 1– 

acceptor defect, with each Cu atom at the Mg site trapping one electron. The formation energies of both 

mentioned defects are very comparable at CBM: 0.29 eV for BiSi and 0.32 eV for CuMg. A comparable 

density for both defects would also then be expected. As the former is an electron donor (1+) and the 

latter an acceptor (1–), charge carrier compensation is expected to occur between these two defects for 

n-type samples with a chemical potential around the CBM.  

If we look at highly doped n-type samples (EF ~ 0.05 eV), the formation energy of CuMg is 0.27 eV while 

that of BiSi is 0.35 eV. In fact, for Fermi levels higher than EF = 0.01 eV, CuMg becomes more stable 

than BiSi. Therefore, under such chemical potential condition, Cu is expected to trap even more Bi-

provided conduction electrons than it did at ECBM, causing an even stronger compensation of the charge 

carriers. For such highly doped samples, Mg vacancies (VMg) also have low formation energies. VMg is 

an acceptor defect with charge 2– and Eform = 0.45 eV at EF = 0.05 eV, which makes its effect on the 

charge carrier concentration small but not negligible. To have a better idea on the impact of each defect 

on the carrier concentration, we can consider the defect density equation [140] 

𝑛 (𝐷𝑞) =  𝑁0 exp(− 
𝐸form

𝑘𝐵𝑇
), 

with          𝑁0 = 𝑛latt 𝜃deg  

where N0 is the total density of possible sites that can form a certain defect D with a charge state q, nlatt 

is the number density of available lattice sites and θdeg is the number of degrees of internal freedom of a 

defect on a lattice site or the number of equivalent ways to form a certain defect at a particular site [164-

166]. In our case, we assume that there is a unique atomic structure per defect at a certain lattice site, 

therefore θdeg = 1. From this equation we can calculate the densities for each defect and compare them 

to have a better idea on their interplay. As nlatt depends on the defect type, in the Mg2X conventional 

cubic cell with 8 Mg atoms, 4 X atoms and 4 interstitial sites, and where V = a3 and a = 6.35 Å for Mg2Si 

and a = 6.75 Å for Mg2Sn, we would have  
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 Mg2Si Mg2Sn 

V  2.6 × 10-22 cm3 3.1 × 10-22 cm3 

nlatt (defects on Mg sites) = 8/V 3.1 × 1022 cm-3 2.6 × 1022 cm-3 

nlatt (defects on X sites) = 4/V 1.6 × 1022 cm-3 1.3 × 1022 cm-3 

nlatt (defects on interstitial sites) = 4/V 1.6 × 1022 cm-3 1.3 × 1022 cm-3 

 

In this example (Bi-doped Mg2Si, Mg-poor, EF = 0.05 eV), using kB = 8.62 × 10-5 eV/K and T = 873 K 

as being the joining temperature for the experimental study of Cu and Mg2Si1-xSnx (Chapter 3), we would 

have n (Dq) =1.53 × 1020 for BiSi, n (Dq) = 8.53 × 1020 for CuMg and n (Dq) = 7.5 × 1019 for VMg. Therefore, 

under these conditions, CuMg and VMg are expected to cause a strong combined compensation of the 

conduction electrons provided by BiSi. Experimentally, we would be recording a strong change in the 

Seebeck coefficient of the TE material under the discussed conditions, if Cu dissolves in a before pure 

Bi-doped Mg2X system.  

For Bi-doped Mg2Si under Mg rich conditions presented in Figure 6.11 c, BiSi is the most stable defect 

in the whole range of chemical potential EF = −0.2 eV to EF = 0.1 eV, with formation energies ranging 

from –0.04 to 0.25 eV in the mentioned chemical potential window. Under these conditions too, CuMg 

is also the most stable Cu-related defect; however, its formation energy is much higher than under Mg 

poor (0.61 eV at CBM and 0.56 eV at EF = 0.05 eV). VMg defects have a very low probability of 

occurrence as we are under Mg-rich conditions, and the most relevant defect in this case is ICu. However, 

ICu is a neutral defect in the vicinity of CBM (q = 0), which indicates that this defect would have an 

insignificant influence on the total charge carrier concentration. Thus, under Mg-rich conditions, Cu 

defects are not expected to influence the charge carrier concentration in a relevant manner in the here-

relevant chemical potential range. Therefore, unlike under Mg-poor conditions, we wouldn´t be 

observing significant changes in the TE properties for samples synthesized and contacted with Cu under 

Mg-rich conditions. The electrode-related defects would not severely affect the stability of the other 

material defects (intrinsic + dopant). 

From the analysis of the calculated defect formation energies, it can be clearly concluded that the Cu-

related defect densities, and presumably also their diffusion in n-type Mg2Si [167], is strongly related to 

the Mg environment. As the most stable Cu defect is CuMg under all conditions (n- & p-type, Mg- rich 

and poor), it makes sense why the Cu diffusion and the Cu-related defect density would depend on the 

Mg chemical conditions. When Mg loss is intensified, Cu occupying the Mg vacant sites would be more 

energetically probable, causing, therefore, a stronger effect through the CuMg point defects. When the 

Mg content is maintained, the probability of CuMg to occur decreases due to its higher formation energy, 

leading to a lower defect density and therefore a weaker effect on the material´s TE properties.  

The defect formation energies for p- and n-type Mg2Sn are provided in Figure 6.11 d, e and f. Here too, 

the p-type conduction situation is only studied under Mg-poor conditions. From Figure 6.11 d, it can be 

seen that the most stable defects are Li-related. In fact, ILi and LiMg are the defects with the lowest 
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formation energies, both below 0.25 eV at VBM. In this situation, the only stable Cu-related defect is 

CuMg which is neutral in the vicinity of the VBM (for –0.25 eV < EF < −0.14 eV). This indicates no 

influence on the charge carrier concentration determined by the combined effect of ILi and LiMg. 

Equivalently to the Li-doped Mg2Si discussed above, no significant experimental change is expected to 

occur for the TE properties of the Li-doped Mg2Sn samples. It is, then, plausible to interpolate these 

findings for the whole range of Li-doped solid solution compositions Mg2Si1-xSnx (x = 0 ~ 1), and to 

conclude that Cu contacting on Li-doped Mg2Si1-xSnx samples is not expected to affect their TE 

properties, as the Cu-related defects are less stable than the intrinsic and dopant-related defects.  

In Bi-doped Mg2Sn under Mg poor conditions (Figure 6.11 e), BiSn is the most stable defect from the 

band gap all the way inside the conduction band until EF = 0.05 eV. Similar to BiSi, BiSn is also an 

electron donor defect of charge 1+. For EF = 0 ~ 0.05 eV, the next most stable defects are CuMg and VMg, 

both having very comparable formation energies in the considered EF window. CuMg is an electron 

acceptor defect with a charge q = 1− for EF < 0.03 eV, and a charge q = 2− above 0.03 eV. A comparison 

of the formation energies of these three defects (BiSn, CuMg, VMg) is provided in Table 6-2 at four 

different EF (CBM, 0.03 eV, 0.05 eV and 0.07 eV). EF = 0.03 eV is considered as being the charge 

transition level of CuMg and 0.07 eV is considered as being the charge transition level for BiSn (from q = 

1+ to q = 0). The formation energies at EF = 0.05 eV are also provided, as the selected comparison value 

for the samples in the later discussion, and will be used to approximate the defects´ densities . From 

Table 6-2, it can be concluded that the compensation effect of CuMg and VMg on the conduction electrons 

provided by BiSn isn´t expected to be as strong for chemical potentials around CBM; however, the deeper 

we go inside the conduction band, the lower the formation energies of CuMg and VMg become. Therefore, 

as we get to higher electrochemical potential (e.g. EF = 0.05 eV), we would expect more compensation 

to occur between the relevant defects.  

Table 6-2: Comparison of the formation energies of BiSn, CuMg and VMg defects at four different EF values. 

 at CBM EF = 0.03 eV EF = 0.05 eV EF = 0.07 eV 

Eform (BiSn) 0.18 eV 0.21 eV 0.23 eV 0.25 eV 

Eform (CuMg) 0.35 eV 0.32 eV 0.27 eV 0.24 eV 

Eform (VMg) 0.35 eV 0.29 eV 0.25 eV 0.21 eV 

 

Effect expected 

Not so much compensation expected at CBM, but stronger 

effect of CuMg and VMg expected as EF increases (higher 

carrier concentration/doping) 

 

In order to have a clearer idea on the influence of the defects on n, we try to estimate the densities 

corresponding to the provided formation energies at EF = 0.05 eV. Similar to the analysis done for Mg2Si, 

using T = 873 K, the obtained values of n (Dq) for the three defects of interest would be 6.19 × 1020, 6.65 
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× 1020 and 9.75 × 1020 respectively for BiSn, CuMg and VMg. As all the values are of the same order of 

magnitude, a visible compensation is expected to occur for highly doped Bi-doped Mg2Sn samples under 

Mg-poor conditions, and should be experimentally detectable.  

Under Mg-rich conditions, as shown in Figure 6.11 f, the most stable Cu related defects are CuSn and 

CuMg. They both have formation energies higher than 0.1 eV in the relevant energy range, which is too 

high to cause a significant effect on the Bi conduction electrons and on n.  

 

Comparison with experimental data 

As reported in Chapters 3 and 4, Cu contacting with Mg2Si0.3Sn0.7 resulted in a change of the TE 

properties of the n-type samples, but no change was observed for the p-type samples. Annealing 

experiments also followed the same trend in results, where the p-type properties remained constant, 

while the n-type TE properties changed further. As these data correspond to the 30:70 (Si:Sn content) 

composition of the solid solution, while the hybrid-DFT calculations were provided and discussed for 

the binaries, an attempt to interpolate the calculations necessitates an approximation of the solid 

solution´s electrochemical potential, to be able to approximate a window of EF on the formation energy 

graphs. Using 0.01 eV and 0.06 eV as approximate values of the chemical potential where the Fermi 

level pinning is expected to be for Mg2Si and Mg2Sn, respectively, we can approximate the electronic 

chemical potential of the 30:70 solid solution composition as 0.01 × 0.3 + 0.06 × 0.7 = 0.045 eV [168]. 

Note that this approximation can hold based on the assumption that in our case, the CBM is maintained 

at EF = 0 eV, while the position of the VBM changes as a function of the Si content in Mg2Si1-xSnx. At 

this level, such preliminary analysis can be accepted [140]. 

It was already concluded above, that all the intermediate compositions for the Li-doped Mg2(Si,Sn) 

system are expected to behave the same as the end binary compositions that showed similar calculations 

results: no predicted influence of Cu-related defects on the charge carrier concentration. As no change 

in the Seebeck value of the p-type samples during contacting was experimentally recorded, we have 

here a good match between the calculation results and the experimental reports of both the non-annealed 

and annealed Li-doped samples.  

However, the situation for the Bi-doped samples is trickier. In fact, a close dependence between the 

effect of Cu defects and the Mg chemical potential was observed from the hybrid-DFT data. Under Mg-

poor conditions, CuMg is expected to influence the charge carrier concentration of both Mg2Si and Mg2Sn, 

thus, a TE property change of the samples can be expected during Cu contacting. With the environment 

transitions from Mg-rich to Mg-poor, we would also expect a certain change in n as the Mg loss, along 

with the Cu on Mg atoms, would reduce conduction electrons. However, if we stay under Mg-rich 

conditions, no influence of the Cu defects is expected. As the experimental data clearly reports a strong 
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compensation, a match between experiments and calculation would only stand if the experimental 

samples are also under Mg-poor conditions. Such Mg environment is less probable (compared to the 

Mg-rich environment), but not completely unrealistic; and, when reached, we would have a data match. 

In fact, despite synthesizing the n-type samples with 3 at% excess Mg to compensate for the inevitable 

losses during sintering and contacting, the actual Mg quantity that is lost is not easily quantifiable, and 

the final real Mg environment (poor or rich) can´t be known for sure. Moreover, some Mg loss does not 

necessarily mean deterioration of the TE properties like shown by Sankhla et al. in [169], therefore, 

having the sintered sample with optimized properties does not indicate whether it is still under Mg-rich 

atmosphere or not. 

Though the situation of the pre-annealed n-type samples is not clear, it is possible to establish a better 

match between the experimental results and the hybrid-DFT calculations for the annealed sample cases. 

In fact, after annealing, an Mg poor environment is safe to assume, as Mg losses can be inevitable. 

During experimental handling, the samples were coated with an ethanol-based boron nitride solution 

and Mg flakes were added along with the sample inside the ampules before sealing and annealing, to 

minimize Mg losses, as explained in Chapter 2.5. However, these Mg losses are not completely 

prevented, and the detection of such loss might not be straightforward as reported by [170] where, even 

though a crystal stability study revealed matrix decomposition into MgO, Si and Sn, the thermopower 

and the electrical conductivity of the material remained unchanged after thermal cycling up to 773 K. 

Therefore, the stability of the TE properties does not refute matrix demixing and Mg loss.  

Several studies also reported frequent Mg loss in different annealing experiments. Therefore, it is 

possible to assume that, after 7 days inside the annealing furnace, the samples end up under an Mg-poor 

environment [171-174]. If such situation is achieved, we would have a good match between the observed 

experimental results of the solid solution with the predicted calculation results, both showing a clear 

change in the charge carrier concentration. However, if the actual Mg chemical potential is maintained 

as Mg-rich after the annealing, then our hybrid-DFT predicted data does not match what we observe 

experimentally.  

As a trial to disentangle the relation between the effect of the Cu defects and the Mg chemical potential 

(Cu substituting Mg atoms and Mg vacancy formation due to Mg loss) and to understand the interplay 

between both corresponding point defects (CuMg and IMg), a comparison of our TE material after 

annealing with and without Cu electrodes is necessary.  

A previous work reported annealing experiments on Mg2Si0.3Sn0.675Bi0.25, and results showed thermal 

stability of the samples, as well as an almost constant Seebeck and electrical conductivity values after 

annealing at 723 K for up to 30 days [2]. As the samples of the mentioned literature and the samples 

from our current study are synthesized using the same method and the annealing experiments were done 

following the same technique, it is possible to assume thermal stability of our n-type pre-contacted 
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samples up to 30 days. If we try to understand the reported study in [2] using defect formation energies, 

we can look at the CBM values on Figure 6.11 e, as the samples were made using 2.5 at% Bi content. 

Disregarding the Cu related defects and looking at a pre-contacted sample, the formation energy and 

VMg is double that of BiSn, as reported in Table 6-2 (Eform (VMg) ≈ 2 × Eform (BiSn)). Both these formation 

energies would correspond to n (Dq) values of 1.25 × 1021 and 2.58 × 1020 for BiSn and VMg respectively. 

Therefore, any compensation effect caused by Mg vacancies won´t drastically change the Seebeck 

profile, and recorded variations would remain within the error bars, which fits the experimental reports 

in [2].  

Bringing Cu back in the picture, we already observed that after annealing, S value changes. It is, thus, 

possible to conclude that this observed behavior (strong n loss) in Chapter 3 is enhanced by the CuMg 

defect, whose formation energy (hence density) is strongly dependent on the Mg content in the material. 

In fact, Cu atoms would occupy Mg vacancy sites and form CuMg defects that would act as electron trap, 

and cause a decrease in the free charge carriers. That is why, under Mg poor conditions, CuMg has a 

lower formation energy, and consequently a stronger compensation effect. However, under Mg-rich 

conditions, CuMg is less stable and potentially has a weaker effect.  

Experimentally, even if the initial n-type samples are synthesized with 3 at% excess Mg, it is not possible 

to guarantee that the samples are still rich in Mg after sintering at 973 K for a holding time of 20 min, 

as the effect of the Mg vacancy defects on the charge carrier concentration can be within the error range, 

as discussed above. As we start under Mg-rich conditions, the IMg defects have a higher density. The Mg 

losses that would occur during sintering or joining would also be losses that change the density ratio of 

interstitial Mg atoms and Mg vacancies, all the while keeping a high IMg defect density. In this case, we 

would still be in an Mg-rich environment despite the Mg loss, and the influence of CuMg won´t be as 

drastic.  

However, if the Mg losses actually result in not only the loss of IMg, but also the formation of VMg, then 

we would end up in an Mg-poor environment where the CuMg defect has a comparable formation energy 

as that of VMg. In this case, the combined effect of VMg and CuMg would cause a more enhanced 

compensation, as both defects are stable hole donors.  

To conclude, the fact that we actually experimentally record a change in the Seebeck coefficient after 

contacting with Cu confirms a change in the charge carrier concentration of the n-type sample. However, 

whether these changes are solely either due to Mg loss (an increased density of IMg defects) or due to the 

Cu on Mg defects remains unclear. There is a high probability that the observed effect is a combination 

of both defects, as CuMg is also only stable under Mg poor chemical potential conditions. However, the 

results can also be due to a non-optimized control of the Mg content, which intensified losses in this 

work compared to the work of Farahi et al. [2]. The difficulty in controlling the Mg atmosphere and its 
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influence on the TE properties of the Mg2(Si,Sn) system contacted with Al was also reported in a recent 

work by Camut et al. [150]. 

 

Comparison of the Cu results with the Ag reported results 

To put the discussed results into perspective, a comparison with the experimental results as well as the 

defect formation energy results of Ag with Mg2Si and Mg2Sn (Chapter 5) can be done. A previous report 

of Ag contacting with Mg2Si1-xSnx can also be included in this comparison [4].  

Experimentally, Pham et al. already reported in [4] that S of n-type Mg2Si1-xSnx changed from –110 

µV/K to around –220 µV/K after joining with Ag at 723 K and 873 K. This is larger in absolute value 

than the changed Seebeck value after joining with Cu (–160 µV/K, at 873 K), which indicates a stronger 

compensation from Ag, even at lower temperatures. No such change in S, and therefore in charge carrier 

concentration, was observed for the p-type samples joined with Ag at both tested temperatures, similar 

to the Cu case.  

Figure 6.12 shows combined graphs for Ag and Cu defects in Bi-doped Mg2Si and Mg2Sn under Mg-

rich and Mg-poor conditions, to facilitate the comparison between the stabilities of the Ag- and Cu- 

related defects. In the four graphs, it is clear that the AgMg acceptor defect (charge q = 1−) is the most 

stable electrode-related defect. It is comparable in formation energy to that of BiSi/Sn in most cases 

(except Mg-rich Mg2Sn). 

In the particular case of Mg-rich Mg2Sn, the AgSn defect is actually the most stable Ag-defect and it acts 

as an electron acceptor of charge 1−. Here, AgMg has a higher formation energy which leads to a lower 

defect density; however, the combined effect of AgSn and AgMg is expected to cause significant changes 

to the charge carrier concentration. In this case also, both AgSn and AgMg are more stable than the most 

stable Cu-related defect CuSn. In all these cases, Ag acceptor defects compensate the conduction 

electrons in a more enhanced manner than Cu, and independently of the Mg chemical potential. This 

matches the experimental data where Ag contacting resulted in a larger change in the Seebeck coefficient 

of Mg2Si1-xSnx compared to Cu.  
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Figure 6.12: Charged defect formation energies of Ag (dashed lines) and Cu (full lines) in Bi-doped Mg2Si a) 

under Mg-poor and b) Mg-rich conditions and in Bi-doped Mg2Sn, c) under Mg-poor and d) under Mg-rich 

conditions. The intrinsic and dopant defects are also presented in full lines, and only the relevant defects with 

formation energies < 1 eV are plotted. The labeling X_Y of the defects (where X and Y are chemical elements) 

on the figure correspond to the XY labeling in the text. X_int and X_vac correspond respectively to IX and VX. 

 

6.2.2 Ni defects in Li and Bi-doped Mg2Si and Mg2Sn 

 

In this section, we will start by discussing the hybrid-DFT calculation results of the Ni-related defect 

formation energies for n- and p-type Mg2Si and Mg2Sn systems. As for the comparison with 

experimental results, previous works from de Boor et al. [5, 68] will be used as a reference for Mg2Si 

contacting with Ni, and a previous work from Pham et al. [4] will be considered as a reference for the 

comparison with Mg2Sn and Sn-rich compositions. Lastly, new results of contacting p- and n-type 

Mg2Si0.8Sn0.2 with Ni will also be introduced and compared with calculations.  

 

Hybrid-DFT calculations of the defect formation energies of Ni with Mg2Si and Mg2Sn 

Li-doped and Bi-doped Mg2Si and Mg2Sn systems are studied in this section, with the considered 

chemical potentials for the formation energy calculations are, here too, Mg-rich and Mg-poor 
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environment. However, unlike the case of Cu, in this case, we consider a particular impurity phase-

related chemical potential, in addition to the basic Mg chemical potential. In fact, the first calculations 

of the Ni defect formation energies done under Ni-rich environment resulted in negative formation 

energy values (< −1.5 eV) for all cases, which indicates that we are under the wrong reference chemical 

potential (vis-à-vis the experiment). Therefore, considering further Ni-related phases is necessary to 

approach the correct atomic chemical potential and obtain more realistic values of the formation energies, 

as both are directly related. In fact, when the obtained formation energies are clearly unphysical, usually 

tuning the chemical potential is the method to follow to obtain more realistic values [144, 175]. 

Moreover, in our case, the Ni chemical potential was changed, while the Mg-rich/Mg-poor conditions 

were maintained to allow comparisons of the defect formation energies in the case of Ni with other 

elements. Such approximations enhance error probability in the calculations, however, they are 

acceptable for the purpose of our study.  

Comparatively, when Cu defect formation energies were calculated without considering particular 

phases, realistic numbers were obtained, that also matched well with the experimental data, which backs 

up the claim that further calculations involving Cu-related phases are not necessary. As Cu-related 

phases were observed in the reaction layer between Cu and Mg2(Si,Sn), considering further Cu-related 

phases would be necessary to extract a more correct chemical potential. Nevertheless, the provided 

hybrid-DFT data under just a Cu-rich chemical potential were good and further phase consideration is 

not expected to drastically change the results. 

When selecting the Ni-related phases that need to be considered during the calculations, NiSi2 and Ni3Si 

were considered for the Mg2Si system, while Ni3Sn was considered for the Mg2Sn system. These phases 

were chosen based on the Materials Project database. The selection between NiSi2 and Ni3Si for Mg2Si 

was done based on a previous works reporting the phases formed after joining Mg2Si with Ni [5, 68]. In 

this literature, the phase Ni31Si12 was detected (experimentally), which is chemically closer to the Ni3Si 

phase than the NiSi2 phase. In the following discussion, the Ni3Si phase will be used as a reference for 

the chemical potential, however, Ni31Si12 should also be checked in a further work.  

Figure 6.13 shows the defect formation energies of Li-doped and Bi-doped Mg2Si and Mg2Sn, under 

Mg-rich and Mg-poor environment, and the calculations with respect to the Ni3Si and Ni3Sn phase 

chemical potentials, respectively for Mg2Si and Mg2Sn. Here too, for simplicity, the curves of the 

formation energies are only shown in a Fermi level range restricted around the valence band maxima 

for p-type samples, and a Fermi level range around the conduction band minima for n-type samples. 

Also, only defects with formation energies below 1.5 eV for Mg2Si and 1 eV for Mg2Sn are considered 

as they are the most stable and most probable to play a role in determining the general charge carrier 

concentration of the system. The reason behind looking at a larger formation energy window (up to 1.5 

eV) for Mg2Si is just for visibility, to clearly see the most stable Ni-related defect in this case, and to 

have it in the picture with the other relevant defects. 
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Starting with the Li-doped Mg2Si, as represented in Figure 6.13 a, it is clear that the only Ni-related 

defect, which is Ni interstitials (INi), has a much higher formation energy in the whole presented range 

of Fermi level compared to other point defects, namely ILi, LiMg, and IMg. Therefore, it is clear that Ni is 

not expected to have any significant influence on the charge carrier concentration n of Li-doped Mg2Si. 

As for the Bi-doped Mg2Si, starting from the Mg-poor chemical potential environment presented in 

Figure 6.13 b, the most stable Ni defect is NiSi. However, like INi in the Li-doped case, NiSi has a much 

higher formation energy, which also directly translates to no significant contribution to the charge 

carriers, even though it is an acceptor defect with a charge 2– at CBM and inside the conduction band. 

A similar situation is observed in Bi-doped Mg2Si under Mg-rich conditions (Figure 6.13 c), where NiSi 

has a much higher formation energy. Therefore, it can be concluded here that, employing the Ni3Si-rich 

chemical potential, Ni is not expected to have any influence on Li and Bi-doped Mg2Si systems, 

independently on the Mg chemical potential environment.  

 

Figure 6.13: Charged defect formation energies of Ni in: a) Li-doped and b) Bi-doped Mg2Si under Mg-poor 

conditions c) Bi-doped Mg2Si under Mg-rich conditions, d) Li-doped and e) Bi-doped Mg2Sn under Mg-poor 

conditions f) Bi-doped Mg2Sn under Mg-rich conditions. For simplicity, the Li-doped Mg2Si and Mg2Sn are only 

represented in the Fermi level region around VBM while the Bi-doped samples are represented in the Fermi level 

region around CBM. The labeling X_Y of the defects (where X and Y are chemical elements) on the figure 

correspond to the XY labeling in the text. X_int and X_vac correspond respectively to IX and VX. 
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For the Li-doped Mg2Sn system (Figure 6.13 d), similar to the Mg2Si case, INi is the most stable Ni-

related defect; however, its formation energy is too high to be crucial to the carrier concentration. For 

Bi-doped Mg2Sn, the most stable defects are NiMg and NiSn under Mg-poor (Figure 6.13 e) and Mg-rich 

conditions (Figure 6.13 f), respectively. The formation energy of NiMg is too high to influence n, but 

NiSn has a low formation energy, and is the defect with the lowest formation energy among all Ni-related 

defects in both Mg2Si and Mg2Sn, independently of the dopant and the chemical potential. Under Mg-

rich, NiSn is an acceptor defect of charge 1– for EF between –0.1 and –0.03 eV, then a charge 2− from 

EF = −0.03 eV towards inside the conduction band. At CBM, Eform (NiSn) = 0.31 eV and Eform (BiSn) = 

0.027 eV while at EF = 0.05 eV, Eform (NiSn) = 0.21 eV and Eform (BiSn) = 0.023 eV. Approximating the 

ratio of the defect densities n (Dq) as shown through the equation below 

𝑛(NiSn)

𝑛 (BiSn)
 ~ 

exp(− 
𝐸form(NiSn)

𝑘𝐵𝑇
)

exp(− 
𝐸form(BiSn)

𝑘𝐵𝑇
)
,  

we would have at CBM 
𝑛(NiSn)

𝑛 (BiSn)
 ~ 

2.5 × 10−2

1.38
=  0.018 , and  

𝑛(NiSn)

𝑛 (BiSn)
 ~ 

8.3 × 10−2

0.76
= 0.11 at EF = 0.05 eV. 

From these numbers, NiSn is expected to have a much lower density than BiSn. 

Therefore, even though NiSn has a lower formation energy for Bi-doped Mg2Sn under Mg-rich and 

Ni3Sn-rich conditions, it is still not low enough to cause relevant changes in the charge carrier 

concentration of the system. 

As a conclusion to this section, it can be stated that, based on the presented hybrid-DFT calculations of 

the formation energies of defects in Li-doped and Bi-doped Mg2Si and Mg2Sn, considering both Mg-

rich and Mg-poor conditions, and limiting the phase chemical potential to Ni3Si and Ni3Sn for the two 

materials systems respectively, Ni defects are not expected to cause any significant changes in the charge 

carrier concentrations established by Li and Bi, in all cases. From this perspective, Ni could be seen as 

a potential neutral contacting electrode for n- and p-type Mg2(Si,Sn) TE materials, that would cause no 

changes in the optimized TE properties. Technologically, for the purpose of contacting Mg2(Si,Sn), Ni 

would then be a suitable additive to create new alloys with adapted CTE. 

 

Comparison with experimental data 

To compare the previously presented DFT calculations with experimental results, references [4, 5, 68] 

are used for a direct comparison with n-type Mg2Si, and for n- and p-type Mg2Sn using the Sn rich solid 

solution composition Mg2Si0.3Sn0.7. In [5, 176], de Boor et al. reported the joining results of Ni with n-

Mg2Si, as well as thermal stability tests of the contact. No influence of the Ni contacts was observed 

neither after contacting, not after annealing at 823 K for 7 days. As we detect no change of S 
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experimentally, and as the hybrid-DFT calculations predict no change in carrier concentration under 

both Mg chemical potential conditions, we have a match between both methods.  

As for the Mg2Si0.3Sn0.7 contacting results reported by Pham et al. [4], no influence on the TE properties 

was reported for the n-type samples joined with Ni at 873 K, which matches our hybrid-DFT predictions. 

However, a change of the Seebeck profile for p-type samples joined at 973 K was recorded. In fact, a 

linear increase in the Seebeck value from one side of the sample to the other was observed, starting from 

90 µV/K on the right-hand side (which is the initial S value of the TE material before joining), going all 

the way up to 150 µV/K on the left-hand side for the sample joined at 973 K. On the other hand, the p-

type sample joined at 873 K showed only a slight variation of the Seebeck coefficient which ranged 

between 90 and 100 µV/K across the whole sample. Such change in the TE properties is different from 

the observed gradients with Ag, for example; therefore, the cause is expected to be different from a 

diffusion of the electrode material. In the corresponding work, such differences were not fully 

understood, yet, a potential explanation related with the joining conditions was provided: the joining at 

973 K was done on powder, so the sintering of the TE material and the contacting with the electrode 

were done in one step, while the joining at 873 K was done on pre-sintered Mg2Si0.3Sn0.7 pellets. Such 

sintering conditions would influence the stability (phase purity) of the TE material, as the sintering step 

serves not only for powder compaction, but also to complete the reaction between the precursors and 

obtain a phase pure material [1]. As no reproduction of these results was attempted, this data needs to 

be carefully considered. Also, in this work, no reproduction was attempted to understand said 

observations because it does not fall within the scope of the current study. However, if we only consider 

the contacting results obtained at 873 K as the TE material was actually optimized before the joining 

step and because our own contacting experiments were also done on sintered pellets, we would have a 

match between the defect formation energy calculations and the experiments, were no visible influence 

would occur between p-type Mg2Sn and Ni.  

Further experiments utilizing Si-rich compositions of the Mg2(Si,Sn) solid solutions were conducted by 

our colleague Radhika Deshpande where n- and p-type Mg2Si0.8Sn0.2 were contacted with Ni, under my 

supervision, and analysis of the data was done together. These results are presented in this section. For 

the purpose of the study, p-type Mg1.97Li0.03Si0.8Sn0.2 and n-type Mg2.06Si0.8Sn0.17Bi0.03 were synthesized 

and pressed into pellets following the methods reported in [3] and [1], then joined with Ni at 973 K 

under direct current sintering for a holding time of 10 mins and a temperature increase rate of 1 K/s.  

Seebeck scans of the sintered p- and n-type pellets were done using a Potential & Seebeck Microprobe 

as explained in Chapter 2.4.2, and the recorded data is presented in Figure 6.14 a and b. From these 

scans, the Seebeck values of the samples are ~ 345 µV/K for the p-type sample and ~ –55 µV/K for n-

type.  
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Figure 6.14: Average Seebeck profile line scan (with error bars) on the surfaces of as-sintered a) p-type 

Mg1.97Li0.03Si0.8Sn0.2, b) n-type Mg2.06Si0.8Sn0.17Bi0.03, and representative Seebeck profile lines of c) p-type 

Mg1.97Li0.03Si0.8Sn0.2 contacted with Ni and d) n-type Mg2.06Si0.8Sn0.17Bi0.03 contacted with Ni. The green dashed 

lines on c) and d) indicate the Seebeck coefficient values of the TE material before contacting. 

 

Contacting results of both pellets with Ni are presented in Figure 6.14 c and d, for p- and n-type samples 

respectively. From a first observation on both figures, it can be concluded that no change occurred to 

the n-type sample after joining, while the p-type sample has a very different Seebeck profile. In fact, 

after contacting, the S value changed across the whole sample thickness (~ 2 mm) from 335 to ~ 200 

µV/K. This indicates a certain increase in the charge carrier concentration. Furthermore, the change in 

Seebeck looks like a gradient: the edges of the profile line close to the contacting interfaces have a higher 

Seebeck value (225 µV/K on left-hand side, 200 µV/K on right-hand side), and, as the line goes further 

inside the TE material, S decreases until it reaches a minimum value of 150 µV/K almost at the center 

of the sample. Unlike the gradients of Seebeck observed when contacting Mg2(Si,Sn) with Ag reported 

in Chapter 5, the value of S does not go back to the initial value of the TE material after a certain 

diffusion length on both sides of the sample. In this case, the intermediate value is even smaller than the 

values at the edges, indicating an even stronger change in the charge carrier concentration. The reason 

behind such behavior, whether the results are due to Ni diffusion or not, is not fully clear. The observed 

change could be related with the Ni contacting, though highly unlikely as the change of the TE properties 

is actually enhanced in the middle of the TE material further away from the electrode. It could also be 

related to the high joining temperature, which is close to the material´s sintering (973 K and 1023 K 

respectively). Such elevated joining temperature could influence the material´s properties that were 
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optimized during sintering, hence the observed discrepancies before and after contacting. Further 

comparative experiments with and without Ni need to be conducted to have a full image.  

Comparing these experimental results with the hybrid-DFT results presented above, only the n-type 

sample case presents a match between both methods: no influence of the Ni defects on the carrier 

concentration was predicted by DFT, no change in S was recorded experimentally. These results join 

what was concluded above when comparing with literature on Ni-joined Mg2Si and Mg2Si0.3Sn0.7 [4, 5, 

68, 149]. However, when comparing the formation energy calculation results with the experiments in 

the p-type sample, a disagreement is clearly observed, as the Seebeck profile changes quite drastically 

after joining. Such disagreement was also observed and discussed above between calculations and 

experiments in the case of p-type Mg2Si0.3Sn0.7, but in this case, the unexpected behavior was attributed 

to the fact that the joining with Ni was conducted on powder instead of a pre-sintered pellet. Another 

potential explanation could be that some Si or Sn from the Mg2(Si,Sn) powder would react easier with 

the Ni electrode material, resulting in a final non-optimized TE material with a different Seebeck profile. 

When the experiments were repeated on a pellet and joined at 873 K, no change of TE properties was 

observed then. Following this reasoning, the unexpected behavior of p-type Mg2Si0.8Sn0.2 could also be 

related to the unstable p-type conduction (poor dopability) in the Si-rich composition range of the 

Mg2Si1-xSnx solid solutions, as reported previously in [36, 177]. This instability would also be enhanced 

by the high-temperature joining step.  

From a DFT perspective, this instability can be explained by the fact that, even though the band gap of 

the Mg2Si0.8Sn0.2 composition is smaller than that of the Mg2Si composition, the Fermi level is still 

pinned deep inside the band gap and far from the valence band. In fact, as shown in Figure 6.15, when 

the most stable native defects of Mg2Si are considered, namely VMg and IMg shown in dashed lines in the 

figure, both defect lines pin the Fermi level at ~ 0.2 eV (marked with the grey circle), which is much 

closer to the conduction band than the valence band. This should not come as a surprise as several 

literature reported a stable n-type conduction of Mg2Si [41, 178-180]. Furthermore, Figure 6.15 shows 

Li-doped Mg2Si, still with a Fermi level pinned far from the valence band (marked with the brown circle), 

even though it is moved closer towards it.  
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Figure 6.15: Most stable native defects (in dashed lines) and Li (dopant)-related defects (in full lines) in Mg-

poor Mg2Si, showing the pinning of the Fermi level inside the band gap. The labeling X_Y of the defects (where 

X and Y are chemical elements) on the figure correspond to the XY labeling in the text. X_int and X_vac 

correspond respectively to IX and VX. 

 

These reasons can explain the starting low carrier concentration of the Mg2Si0.8Sn0.2 composition that 

would also be hard to maintain after the contacting step. Even though Ni defects are not expected to 

change the carrier concentration of the system, the formation of stable defects such as VMg that could 

have increased in density (which we can call ∆ρ (VMg)) after the joining step, would have a visible 

influence on n. Comparatively, a more stable Mg2Si1-xSnx n-type composition with a larger n such as 

Mg2Si0.3Sn0.7 would not feel the effect of the same ∆ρ (VMg) as strongly. Nevertheless, here too, a control 

experiment where the sample would be subjected to the same joining conditions but without the Ni layer 

would give a better overview and allow more conclusive experiments.  

 

6.2.3 Summary and Conclusions 

 

In the previous sections, an inclusive perspective on contacting results involving experimental data and 

hybrid-DFT calculation data was introduced, where a discussion of the results obtained from both 

methods for specific study cases was presented, then compared to establish either agreement or lack 

thereof. Through this comparison, the importance of DFT in general and defect formation energies in 

particular in the contacting procedure of TE materials was tested, using the examples of Cu and Ni as 

contacting electrodes for the Mg2(Si,Sn) system.  

Good agreements were obtained in the case of Cu contacted with n- and p-type Mg2(Si,Sn) materials 

and Ni contacted with n-type Mg2(Si,Sn) under direct resistive heating conditions. A summary of all the 

studied cases as well as the match or mismatch results are provided in Table 6-3. In this table, different 

TE materials with different contacting electrodes are presented, and their joining condition (sintering 
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current) is also introduced, where DRH stands for direct resistive heating and IRH stands for indirect 

resistive heating (both conditions are explained in Chapter 2.2). The references for the experimental 

results are provided, and the answer to whether experiments and calculation match or not is color coded: 

green is used for a match, yellow is used for a conditional match, and red is used for a mismatch. The 

conditional match cases are further explained below. 

Table 6-3: Summary of the match or mismatch between experimental and hybrid-DFT calculations results for the different 

studied cases. 

Studied case Experimental Reference Match? 

n-Mg2Si0.3Sn0.7 + Cu (DRH)  

Chapter 4 

Yes 

p-Mg2Si0.3Sn0.7 + Cu (DRH) Yes 

n-Mg2Si0.3Sn0.7 + Cu (DRH) annealed Yes 

p-Mg2Si0.3Sn0.7 + Cu (DRH) annealed Yes 

n-Mg2Si0.3Sn0.7 + Cu (IRH) Chapter 5 Yes 

p-Mg2Si0.3Sn0.7 + Cu (IRH) Yes 

n-Mg2Si + Ni (DRH) [5] yes 

n-Mg2Si + Ni (DRH) annealed [68] Yes 

n-Mg2Si0.3Sn0.7 + Ni (DRH) [4] Yes 

p-Mg2Si0.3Sn0.7 + Ni (DRH) Yes 

n-Mg2Si0.8Sn0.2 + Ni (DRH) Chapter 6.2.2 Yes 

p-Mg2Si0.8Sn0.2 + Ni (DRH) Unclear 

 

From Table 6-3, it can be concluded that most of the studied cases present a good match between 

calculation and experiment study methods. In fact, out of the twelve different presented cases, three 

cases present a conditional match (in yellow), and only one case is unclear (in red). The last case is p-

Mg2Si0.8Sn0.2 contacted with Ni under direct resistive heating where the implication of Ni is not believed 

to be the main reason behind the change in TE properties, and the case was related, for now, to the 

instability of the p-type conduction in the Si-rich (≥ 80%) compositions of the Mg2(Si,Sn) solid solution 

range [36]. 

The conditional match cases are the n-type Mg2Si0.3Sn0.7 joined with Cu under both direct and indirect 

resistive heating conditions, and p-type Mg2Si0.3Sn0.7 + Ni under direct resistive heating. The first cases 

of Cu joined with n-type are conditional because there is a match between experiments and calculations 

only when the sample is assumed to be under an Mg-poor environment, which is not completely sure. 

Under Mg-rich conditions, the outcomes of both methods don´t match. As for the p-type sample with 

Ni, a match was only obtained for the sample joined at 873 K, when the joining experiment was done 

on pre-pressed pellets. When the joining was done at 973 K on TE material powder, the results of the 

joining did not match the calculation predictions. In this case, the mismatch was assigned to the non-

optimized properties of the TE material powder that would have been obtained when first pressing the 

powder into a pellet.  
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Based on these studies, hybrid-DFT calculations could predict the behavior between TE materials and 

their potential contacting electrodes in a strong majority of the considered cases with a good match when 

we only consider the good matches, and for about 90% when we include the conditional matches. Such 

results indicate that, in general, hybrid-DFT calculations could be utilized and should be considered in 

the contacting process of TE materials, and that, based on the predicted defect formation energies, 

electrode pre-selection could be achieved. Evidently, these calculations cannot replace experimental 

verifications, but they can be used as good guidelines to direct the experimental process towards 

potentially successful electrodes.  

 

6.2.4 Limitations of the calculations as an electrode selection tool 

 

Even though DFT and hybrid-DFT calculations provide good results and have successfully been used 

for decades to describe material properties, in many cases, the results should be considered carefully. In 

fact, behind each calculation method are a set of assumptions that inevitably dismiss certain physical 

parameters, which would lead, in our particular case for example, to shifted values of the total energy 

of the studied system, or the actual band gap. Even though hybrid-DFT calculations manage to give 

better approximations that conventional DFT, they are still not perfectly precise [111]. Another major 

issue with DFT calculations is the chemical potentials, both electronic (EF in Equation 2.11) and phase 

related (μj in the same equation). In fact, generally, knowing the exact experimental electrochemical 

potential EF is not straightforward. Certain approximations can be provided by a single parabolic band 

model for example, using carrier concentrations approximated from the experimental Seebeck values 

[36], but they remain approximations. Here, it is also necessary to mention the effect of temperature, as 

calculations are usually done for 0 K, while the actual experiments are done at much higher temperatures. 

As defect formation energies can be dependent on temperature [181-183], the actual numbers for the 

formation energies are expected to be different in the real experimental cases compared to what DFT 

provides, however these differences are usually very small, which maintains the reliability of the method. 

Moreover, defect density estimation using formation energy calculations is usually done under 

equilibrium conditions; however, equilibrium cannot be guaranteed in the comparative experimental 

situation. In fact, in case of joining experiments, the diffusion between the electrode and the TE material 

will basically be limited to the set experimental holding time (which is 10 min in our case), and whether 

equilibrium was reached or not after this time cannot be ensured.   

Another limitation to keep in mind is the fact that, in our calculations, isolated point defects were 

considered, meaning that defects were regarded as independent entities. However, in real scenarios, 

charged defects can interact among each other, resulting in either repulsive or attractive electrostatic 

forces which would influence defect stability and therefore change the overall picture. An example to 

this would be the work of Han et al. where they studied the interplay between the defects in Ag-doped 
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Mg2Si, but they took into consideration the interaction between the defects [184]. Some of their results 

showed that a simple substitution of Mg by Ag (AgMg) in the perfect supercell induces a p-type 

conduction; however, taking into consideration other defects next to it such as IMg, gives an n-type 

conduction.  

In our particular study cases, most of the comparisons between calculations and experiments were done 

using binary calculations and solid solution experimental compositions. Though the interpolation from 

the results of the binaries to intermediate compositions was successfully established using Ag as an 

electrode in Chapter 5, there is no guarantee that it can work as well for other electrode materials. If the 

comparison between both methods matches, then the interpolation can be established; however, if the 

results between binary calculations and ternary experimental results don´t match, the reason behind the 

mismatch cannot be stated for sure, and the interpolation logic fails. Nevertheless, the interpolation of 

the data gives in general a reliable trend, and saves the high effort for solid solution DFT-calculations. 

In fact, running such calculations for solid solutions is very tedious and time-consuming, as it is already 

complicated to find a fitting reference supercell as a starting point, as the number of configurations (in 

our case Si/Sn substitution configurations) is very high.  

Finally, it is also important to keep in mind that, for simplicity, DFT calculations are usually done for 

single metallic elements (as potential electrodes), while combined element electrodes such as alloys are 

not easily computed. The issue here is that a large fraction of the considered metallic elements will fail 

as electrodes when experimentally tested due to various reasons such as temperature range 

incompatibility, CTE mismatch etc. but therefore will be used as alloys instead. The interaction of the 

electrode’s extrinsic defects with the TE material in such real cases might be different from what is seen 

for single elements, therefore, the DFT predictions won´t be able to properly describe the overall defect 

formation energy picture. Additionally, DFT calculations won´t properly work for all metallic materials, 

especially those with strong spin polarization (i.e. the ferromagnetics Fe, Co and Ni). In fact, the hybrid-

DFT calculations done for our study cases do not include spin polarization; however, such simplification 

can fail for elements such as Fe and Cr. For these elements, much more configurations would need to 

be taken into consideration when calculating the defect formation energies, and finding the stable 

configuration would cost much more computational time. 

Despite these limitations, the hybrid-DFT method is still a good method to employ in defect formation 

energy calculations. Some cases might take longer to compute than others due to specific limitations 

(chemical potential, spin polarization…); nevertheless, hybrid-DFT calculations usually provide 

successful description of the general trend of the material studied. In the particular case of contacting of 

TE materials, hybrid-DFT can be utilized as a first tool to pre-screen potential electrodes, which will 

add another criteria on the list of requirements for contacting solutions and makes the selection 

procedure more refined.  
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Chapter 7 

7. Conclusions and Outlook 
 

The main topic of this work is to find contacting solutions for Mg2(Si,Sn)-based thermoelectric materials. 

So far and to the best of our knowledge, in thermoelectricity, most of the research has focused on 

developing the TE materials and improving their efficiency, while not as much was done and reported 

on contacting, despite its necessity. In fact, a comparison in Web of Science of the total number of works 

published between 2001 and the first quarter of 2021 about thermoelectric materials and thermoelectric 

contacts gives a search result of more than 40000 publications for the former, and only about 7000 

publications for the latter. However, contacting is actually a crucial step in developing thermoelectric 

generators (TEGs), as it is the step that take single separate TE legs into the desired arrangement of legs 

on which TEGs are based and that determine the generator´s power output.  

Finding the right contacting solution for TE materials is not straightforward, as there are no clear 

guidelines to follow when selecting the proper electrode. What is known so far is that the selected 

electrode needs to be a metallic material in order to allow an undisturbed flow of the electric current in 

the TEG, and that it needs to result in a stable joining with the TE materials, as well as a low electrical 

contact resistance [185]. These starting parameters imply various criteria such as: (i) a stable mechanical 

adhesion between the metal and the semiconductor after joining, (ii) a physical stability (adhesion) 

through the thermal cycles that TEGs are subjected to, (iii) no cracks between both materials and inside 

the TE leg even after thermal cycling – which requires comparable coefficients of thermal expansions 

(CTE) from both materials, (iv) chemical stability, which includes a controllable diffusion and reaction 

between the TE material and the metallic electrode, as well as a stable reaction layer through thermal 

cycling, (v) newly formed phases in the reaction layer that do not add resistance and hinder the current 

flow, and further requirements.  

As can be seen from the mentioned list, most of the selection criteria actually need experimental testing, 

apart from the CTE compatibility which is based on a screening of tabulated values. This means that, 

each time an electrode with comparable CTE is found, tests need to be processed in order to conclude 

on the success or failure of said electrode with the selected TE material.  

In the process of developing contacting solutions for Mg2(Si,Sn) thermoelectric materials, this list of 

requirements was followed as a starting point to this work. Efficient n- and p-type Mg2Si1-xSnx 

compositions were already reported in [2] and [3] respectively, and the final solid solutions used were 

Bi-doped and Li-doped Mg2Si0.3Sn0.7. Contacting evaluations started with using Cu and Ni45Cu55 as 

potential electrodes, as these two electrodes have comparable CTE to the selected Mg2(Si,Sn) 

composition. The results of these experiments showed that, despite the fact that these electrodes fulfill 
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most of the mentioned requirements, they both failed regarding chemical stability. In fact, both electrode 

materials diffused rapidly inside the TE material and result in thick and inhomogeneous reaction layers. 

The samples contacted with Ni45Cu55 also showed some cracks inside the TE material, caused by the 

difference in CTE due to the Ni content [4].  

In an attempt to understand the diffusion mechanism of Cu inside the TE material, a study based on 

controlling the sintering current (explained in Chapter 2.2) during the joining experiments is reported. 

The purpose of this study was to investigate the potential influence of the sintering current on the 

diffusion and contacting results. In the particular case of Cu, joining results were the same in both cases 

of (i) direct resistive heating, where the sintering current was allowed to flow freely through the samples 

and (ii) indirect resistive heating, where a layer of BN was added inside the graphite die in an attempt 

to block the sintering current from crossing the samples. This allowed to conclude that Cu diffusion is 

mainly thermally activated. 

Another interesting unexpected behavior was observed after Cu and Ni45Cu55 joining experiments: the 

Seebeck coefficient of the contacted n-type samples changed from –110 µV/K to –170 µV/K, while no 

such behavior was recorded for the p-type samples. As such results were also reported with Ag as an 

electrode in a previous work by Pham et al. [4], it became clear that such behavior is not a singular 

occurrence, and that there is a clear influence of the electrode materials on the properties of the TE 

material in the considered cases. In order to further understand these observations, joining experiments 

using Ag as electrodes to the binaries Mg2Si and Mg2Sn were processed and the results are provided in 

Chapter 5. This study utilized a combined analysis based on experimental testing as well as hybrid-DFT 

calculations [111] of the formation energies of charged point defects in the studied materials. The 

obtained results confirmed the effect of the Ag electrode on the binaries, and showed that defect 

formation energy calculations succeeded in explaining the experimental observations. Therefore, this 

study allowed to establish two major points in contacting research: (1) the importance of considering 

charged defects of the contacted TE material (both of the electrode-induced defects and the intrinsic 

defects of the TE material) while selecting contacting electrodes, and (2) hybrid-DFT calculations as a 

method to predict the interaction between an electrode and a TE material of interest based on the stability 

of their defects.   

Including these findings, we could add one more criterion to the list of requirements to improve and 

facilitate the joining electrode selection process. This list contains: 

• Type of material (metal, conductive, stable, …) 

• Matching with TE material (CTE: higher CTE of the electrode is probably better, 

adhesion…) 

• Expected interactions between electrode and TE material (phase diagrams…) 
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• Interplay between the TE material´s intrinsic defects and the electrode-related defects 

(no compensation of the optimized TE material´s charge carrier concentration caused 

by the electrode defects). 

In this conclusion chapter and based on the studies done in this work, a few suggestions are proposed, 

which can be used as starting point for future work in the process of developing contacting solutions for 

Mg2(Si,Sn) materials in particular, and potentially for contacting TE materials in general.  

 

7.1 Suggestions for Cu contacting on Mg2(Si,Sn) 

 

As mentioned above, Cu is in principle an attractive electrode for Mg2(Si,Sn). In fact, due to its very 

close CTE to that of the TE material, good adhesion was observed after contacting, and it remained 

stable after thermal treatment. No cracks were observed, and a very low electrical contact resistance was 

reported, even after annealing. The major shortcoming of this electrode is its fast diffusion and reaction 

that not only changed the TE properties of the n-type samples, but also resulted in very thick new phases 

that replaced the initial optimized TE material. Even though the consequences of the diffusion seem 

drastic, they can be avoided by adding a diffusion barrier between the TE material and the electrode.  

Several studies were already reported on diffusion barriers for Cu such as the works of Ivanov [186], 

Wang [187], Liu et al. [188], Reid et al. [189], Oku et al. [190], etc. In these works, several compositions 

based on transition metals were tested in an attempt to block Cu from diffusion into Si; however, the 

most reported results stated failure based on crystallization of the diffusion barrier, which leads to an 

inevitable grain boundary diffusion of Cu. Therefore, these works established that in order for the 

diffusion barriers to succeed, they have to be sputtered as amorphous and remain amorphous after adding 

the Cu layer and through thermal stability testing. Among the successful reported barriers are W64B20N16 

and W37Si12N48 reported in [189], that successfully managed to block Cu diffusion up to 800 °C for 30 

mins. Cr also worked as a diffusion barrier for Cu in Si, but only up to 400 °C, as CrSi2 forms starting 

from T = 450 °C and consumes the intended barrier layer [191]. Sputtered Ta-W-N was also reported as 

a potentially successful barrier for Cu diffusion in Si, but this barrier failed at 800 °C after Cu diffused 

inside Si and formed Cu3Si [188]. Nevertheless, 800 °C would be enough in our application case, where 

our working temperatures are around 450 °C.  

Based on these literatures, among others, several compositions could be considered as a diffusion barrier 

for Cu. However, it is important to keep in mind that the TE materials we work with here are Mg2(Si,Sn) 

solid solutions, with a higher Sn content. Therefore, it is important to keep in mind the well-known 

affinity between Sn and Cu [192] compared to Cu and Si [193] as the Cu-Sn system has a much lower 

temperature, therefore kinetics of reactions are expected to be faster compared to Cu-Si. This which 
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could make the diffusion barriers reported above fail when used with the solid solutions. Nevertheless, 

some compositions might be worth testing with the solid solutions. Another material has been recently 

tested as a Cu diffusion barrier for the solid solution in the recently published in the work of  

Jayachandran et al. [194] where they used SS304 foil –stainless-steel containing a minimum of 18% Cr 

and 88% Ni– as a diffusion barrier between Cu and Bi-doped Mg2Si0.4Sn0.6. Their results showed a 

significant decrease in the reaction layer thickness (< 30 µm) after incorporating the SS304 foil in the 

joining process, compared to a much thicker reaction layer (up to 300 µm) during the joining without 

the diffusion barrier. The chemical stability was also maintained after annealing at 500 °C for 15 days.  

Another matter to keep in mind is the coefficient of thermal expansion of the sputtered materials. Cr 

might have worked well up to 400 °C between Cu and Si, however its CTE (6.2 × 10–6 K–1) is quite far 

from the CTE of the Mg2Si0.3Sn0.7 composition (17.5 × 10–6 K–1), which enhances the chances of cracking 

at the interface region between the barrier and the TE material and could lead to a failure of the contacts. 

These CTE numbers (excluding that of Mg2Si0.3Sn0.7 ), as well as all the data presented in the following 

discussion, were taken from [195]. 

Other experimental techniques could be considered in adding a diffusion barrier layer between Cu and 

Mg2Si0.3Sn0.7. Even though sputtering seems to be the most commonly used technique, adding a 

diffusion barrier layer as a thin foil or as powder material could also be considered. In the first case, 

foils of similar melting temperatures as that of Cu (~ 1080 °C) should be considered, so that the joining 

temperature (which is usually around half of the melting temperature) works for both materials and 

allows their adhesion as well as the adhesion of the diffusion barrier to the TE material. Thin foils of 

bronze or brass could be considered here as they both melt around 900 to 1000 °C. Bronze with 12 to 

15 % Sn content could be a starting point for experimental testing as it also has a CTE of ~ 18.5 × 10–

6 K–1, which is similar to both that of Cu and that of Mg2Si0.3Sn0.7. SEM/EDX investigations of the Cu 

joined samples in Chapter 3 showed that the reaction layers showed several potential phases based on 

Cu-Sn-Mg compositions. Adding a layer of CuSn in between could maybe block the Cu from diffusing 

as the intermediate layer already has Cu that is bound with Sn. Au could also be an option as it is stable 

and with a similar melting temperature, however it would be a costly solution. 

Another suggestion in the Cu contacting procedure could be to process a treatment to the foil and the 

TE material where both contact surfaces would be grinded and then polished to mirror-like surfaces. 

Such procedure is not straightforward, and would not be very convenient in technological applications; 

however, it would potentially give different joining results as the contact surfaces would then be much 

more homogeneous. The polishing would guarantee a scratch-free surface with optimized parallelism, 

which would potentially influence the wetting and adhesion between both used materials and result in a 

different interface. Electrochemical polishing and electric etching might also be a suitable method to 

clean the foil surface before contacting. Such study might give further scientific insight concerning the 
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reactions between Cu and the Mg2(Si,Sn) system, in particular in the observed local variations in the 

thickness of the reaction layers. 

 

7.2 Suggestions for the indirect resistive heating method 

 

In this work, results of different joining conditions are reported to investigate the influence of the 

sintering current on the joining process. In fact, Cu and Ni45Cu55 electrodes were contacted on n- and p-

type Mg2Si1-xSnx samples, once under direct resistive heating conditions (where the heating of the 

sample occurs through a direct Joule heating effect of the sample itself) and once under indirect resistive 

heating conditions (where the heating of the sample occurs through a Joule heating effect of the graphite 

die around the sample). The difference between both conditions mainly resides in the path followed by 

the sintering current inside the DSP apparatus, whereas all other joining conditions (temperature, time, 

pressure, heat increase rate) were maintained. Practically, the indirect resistive joining conditions were 

established through adding an extra layer of boron nitride on the inner base faces of the graphite punches, 

then using the coated punches to hold the sample inside the graphite die during contacting. As such, the 

direct vertical path through the sample would be blocked, and the current would be forced to follow the 

parallel path through the graphite surrounding (punch, die, punch).  

The issue with this technique is that, even though the added resistive layer blocked the direct vertical 

path through the sample, it doesn’t guarantee that the current lines will not go from the graphite die 

towards the sample again. Even though the portion of the current following this path is minor compared 

to the portion of the current density that simply goes through the graphite die, it is still existing. 

Therefore, any potential effect of the sintering current on the electrode, the TE material and their joining 

experiment would not be completely avoided. As much as the assumption of indirect resistive heating 

would stand following the method used in this work, it does not guarantee a total absence of the current 

through the sample and a completely indirect heating.   

In order to achieve that, the current lines have to also be blocked from accessing the electrode from the 

sides (the contact surfaces between the sample and the inner walls of the die). Here too, a resistive layer 

would be necessary to fully insulate the sample from all current lines. For this, using a boron nitride 

solution on the inner walls of the die would not work, because as the solution dries, the powder would 

be scratched off the walls as the TE material, electrode and punches would be inserted. Instead, boron 

nitride foil would be much cleaner and much easier to keep intact, therefore guaranteeing a better 

insulation. The boron nitride foil could also be used for the insulation on top and bottom of the sample 

instead of coating the punches with the solution. By doing so, no breaking and no movement of dried 

powder would occur, therefore allowing a better and more homogeneous insulation. Using the foil would 
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also guarantee a similar thickness of the insulating layer, and would make reproducibility and 

comparability between experiments more reliable.  

 

7.3 Suggestions for the contacting of Mg2(Si,Sn) 

 

As observed from previous literature and through this work, n- and p-type Mg2Si1-xSnx materials 

displayed different behaviors after contacting with the same electrodes, namely Ag [4], Cu and Ni45Cu55. 

In the case of p-type materials, all mentioned electrodes showed a stable mechanical adhesion and a 

very low electrical contact resistance. In the cases of Cu and Ni45Cu55, diffusion and reaction resulted in 

thick reaction layers and newly formed phases; nevertheless, they did not affect the TE properties of the 

optimized material. In these particular cases, if successful diffusion barriers are found, both electrodes 

can be implemented in technological application with p-type Mg2(Si,Sn). 

The issue remains mainly with n-type materials. We have strong charge carrier compensation that leads 

to a change in the TE properties. In the particular case of Ag, the resulting electrical contact resistance 

numbers were also very high (~ 180 µΩ cm2 for samples joined at 600 °C, and ~ 400 µΩ cm2 for samples 

joined at 450 °C). To avoid issues related to charge compensation, preliminary calculations of charged 

defects formation energies of potential electrode materials in the Mg2Si and the Mg2Sn binary system 

could be processed. In our case, we worked with hybrid-DFT calculations and successfully established 

the reliability of the method in predicting the interactions between an electrode material and the 

Mg2(Si,Sn) system. Based on the obtained results, a selection of the electrodes that would not result into 

a compensation of the carriers could be achieved, and would narrow down the pool of tests. As the TE 

material of interest in rich in Sn (70%), the behavior of a certain electrode with the Mg2Sn system would 

be a reference for the expected behavior of the solid solution. However, having results of both ends of 

the solid solution spectrums would help guarantee a better result for the compositions in between. 

Another option would be to run defect calculations for solid solutions, but these are more complex, and 

would cost more in time and money.  

At first, choosing the same electrode for both n- and p-type materials was adopted in order to facilitate 

experimental testing. In fact, as the TE materials used in this work only differed by their dopants, the 

same behavior when contacted with a certain electrode was expected. The interactions on the defect 

level was not in focus compared to chemical diffusion and contact resistances. However, after the studies 

established during this work, the importance of the defects came strongly into play, and a suggestion to 

avoid charge carrier compensation is to use different electrodes for n- and p-type samples. As mentioned 

above, Ag could already be used for p-type, once its thermal stability is tested and confirmed. For n-

type, hybrid-DFT calculations could suggest new potential electrodes. 
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7.4 Expanding the hybrid-DFT calculation to further electrodes: Ti as an example 

 

In Chapters 5 and 6.2, hybrid-DFT calculations of defect formation energies proved to be a good pre-

selection tool for contacting electrodes, by investigating the potential interplay between the TE material 

and the electrode based on their most stable charged point defects. In fact, the observed experimental 

results with Ag, Cu, Ni were successfully explained through hybrid-DFT calculations. 

In this section, we expand the use of this method to another electrode material, namely Ti, and 

preliminary results of the formation energies of the defects of Ti in Li- and Bi-doped Mg2Si and Mg2Sn 

are provided in Figure 7.1.  

 

 

Figure 7.1: Schematics of charged defect formation energies for Ti defects in: a) Li-doped and b) Bi-doped 

Mg2Si, c) Li-doped and d) Bi-doped Mg2Sn, all under Mg-poor conditions. The labeling X_Y of the defects 

(where X and Y are chemical elements) on the figure correspond to the XY labeling in the text. X_int and X_vac 

correspond respectively to IX and VX. 
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Figure 7.1 shows the most stable defects in the systems of interest. The most stable Ti-related defect in 

Bi-doped Mg2Si and Li- and Bi-doped Mg2Sn is TiMg, which is an electron donor defect of charge q = 

2+ in the Fermi energy window ranging from EF ~ − 0.4 to EF ~ − 0.05 eV. As for Li-doped Mg2Si, the 

most stable Ti-related defect is ITi which is also a donor defect of charge q = 2+. In all cases, and in the 

Fermi energy windows of interest (in the vicinity of VBM for p-type, and in the vicinity of CBM for n-

type), these Ti defects have higher formation energies than the main dopant defects which are LiMg for 

the p-type conduction and BiSi/Sn for the n-type conduction. Such calculation results translate to no 

significant influence on the charge carrier concentrations of the studied systems to be expected. In the 

particular case of Bi-doped Mg2Si, the formation energy of TiMg is comparable to that of BiSi in the 

vicinity of CBM, which would result in similar defect densities, and thus a significant effect of the 

carrier concentration and TE properties of the system. However, as TiMg is an electron donor defect, the 

effect won´t be observed as charge compensation as seen with Ag or Cu electrodes. In fact, TiMg will 

add electrons to the carrier concentration, and would eventually result in higher n-type doping.  

Based on these predictions, Ti could be tested experimentally on n- and p-type compositions of the 

Mg2Si1-xSnx solid solution, as it has potential to be a successful candidate. Moreover, experimental tests 

would help in providing another comparative case to verify the match between experiments and 

predictions from hybrid-DFT calculations are put together.  
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Appendix 
 

In this section, a further discussion of the results obtained using the Ni45Cu55 electrode is presented. The 

first section A.1 includes more details about the effect of the sintering current discussion that was 

presented in Chapter 6.1.1, where a first comparison between the direct resistive heating (DRH) and the 

indirect resistive heating (IRH) methods using Ni45Cu55 was provided. The second section A.2 presents 

an attempt to investigate hybrid-DFT calculation results of combined Ni and Cu defects in Bi-doped and 

Li-doped Mg2Si and Mg2Sn. Using these results, a comparison with the experimental contacting results 

with Ni45Cu55 is attempted in order to evaluate the viability of combining defects from single elements 

to approximate the behavior of the alloy defects.  

These studies are presented in the Appendix because they are not fully understood yet, thus, preliminary 

and not completely conclusive. Therefore, they are to be taken with consideration of their limitations, 

and as first attempts that could guide and motivate future research.  

 

A.1 Effect of the sintering current on the contacting results of Ni45Cu55 

A.1.1 Microstructure and SEM investigations 

 

Different reaction layer thicknesses 

 

Figure A.1: SEM images of Ni45Cu55-contacted n- and p-type Mg2Si0.3Sn0.7 a) and b) under direct resistive 

heating respectively, and c) and d) under indirect resistive heating, respectively. The same figure is presented as 

Figure 6.9 in Chapter 6.1.1. 
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As already mentioned in Chapter 6.1.1, and as can be seen from Figure A.1, the reaction layers resulting 

from the direct and the indirect resistive heating methods are different. Moreover, the thickness of the 

layers also differs between the n- and p-type samples. 

In Chapter 3, it was reported that the n- and p-type samples joined with Ni45Cu55 under DRH conditions 

showed a difference in the thickness of the reaction layers on both sides of each sample: the thick layer 

had a thickness between 150 and 200 µm, while the thin layer was only ~ 20 µm. Nevertheless, EDX 

investigations showed similar compositions and microstructure. The difference in thickness was 

explained by the direct current that runs through the samples from bottom to top (technical current 

direction), as explained in Chapter 2.2, and could favor the electromigration of Ni and Cu cations in a 

certain direction. As such, the thick reaction layer would be the layer on the bottom side of the sample. 

On the top sample side, Ni would also act as a diffusion barrier to Cu [196-198], when the movement 

of the Cu atoms occurs in the opposite direction to the current, which could explain the thin reaction 

layers. In fact, as Ni diffuses inside the TE material, it reacts with the matrix Si, forming Ni-Si which is 

known to be good diffusion barriers for Cu, (among other metallic silicides), so it would block Cu from 

diffusing further in the material.  

However, under IRH conditions, the thickness of the reaction layers is similar on both sides. From this 

perspective, it can be concluded that the electromigration of Ni is not as intensified, and its different 

effects depending on whether the diffusion occurs along the technical current direction or against it are 

not as prominent. Nevertheless, the discrepancy can be seen in the thickness of these interfaces when 

comparing the n- and p-type samples (indirect current conditions), where the reaction layers on both 

sides of the p-type sample have a thickness ~ 15 µm, while those on both sides of the n-type sample 

have a thickness ~ 100 µm. 

Following these results, one can potentially establish that the behavior of the p-type sample under 

indirect current conditions follows the explanation presented above as being Ni forming Ni-Si and acting 

as a diffusion barrier to Cu. This would fit with the explanation provided for the thin reaction layer side 

in the samples joined under direct current conditions. However, the behavior of the n-type sample 

contradicts the hypothesis proposed above, as the thick reaction layer that was observed on the bottom 

side of the directly joined samples is seen here on both sides. Potential explanations to this behavior 

could be: 

- Ni is quite effectively transported by current, and the electromigration is potentially relevant for 

Ni45Cu55, which explains the different thicknesses for the DRH Ni45Cu55 sample. On the other 

hand, when the sample was joined under indirect current conditions, Ni behaved the same for 

both reaction layers and just followed a temperature-induced diffusion. As Cu was already 

shown to diffuse the same way independently of the current conditions (Chapter 4), we would 

be here seeing a temperature-induced diffusion of both elements, not strongly affected by the 
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sintering current. Therefore, we would have a similar reaction layer on both sides, which is the 

case for both p and n-type. However, why the layer thicknesses for n- and p-type are so different 

for IRH (Did the potentially formed Ni-Si not act as a diffusion barrier to Cu for the n-type 

sample like it did for the p-type sample?)  remains unclear. 

- In this particular sample case, a probable error could have occurred during the joining process, 

which caused different and unexpected results. In fact, unlike the joining under indirect resistive 

heating current, the joining of n- and p-type under direct resistive heating current was repeated, 

and the results were successfully reproduced. So, the observation of different reaction layer 

thicknesses is not a one-time occurrence. From this perspective, the explanation related to the 

electromigration and Ni-Si formation could hold, and the results observed with the p-type 

sample joined under indirect resistive heating would be more reliable than those of the n-type. 

A repetition of the indirect joining experiments would be necessary here to potentially cross out 

preparation errors.   

 

Similar interface microstructure 

In this section, we provide SEM/EDX analysis of the reaction layer of the indirectly joined samples. As 

the n-type sample is the one that showed thick reaction layers, it is used here for this study. A 

composition mapping is presented in Figure A.2. 

In this figure, a multilayered structure is observed, similar to the directly joined sample as reported in 

Chapter 3. The layer marked 1 contains the Ni-Si square-shaped precipitates surrounded by an Mg-Cu-

Sn matrix. The laser 2 is almost completely depleted of Sn, and containing a mixture of 2 phases, all 

with atomic percentages of Mg, Si, Cu and Ni higher than 20%. Layer 3 seems to be composed of a Cu-

Ni-Si structure in an Mg2Sn-rich matrix, and finally, layer 4 contains Cu, Mg and Sn and can possibly 

be the γ (Cu1.55MgSn0.45) phase. 

Therefore, despite the difference in thicknesses, the potential phases and the different layers composition 

the interface are similar under both current conditions. From this perspective, and assuming that no 

major issue occurred with our indirectly joined n-type sample, the phase formation here would be mainly 

due to a temperature-induced diffusion, and reaction of the electrode material with the TE material. 
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Figure A.2: Atomic percentage composition mapping of the interface layer between Ni45Cu55 and n-type 

Mg2Si0.3Sn0.7 joined under indirect resistive heating conditions. 

 

On the cracking behavior 

The n- and p-type samples indirectly joined with Ni45Cu55 contain several cracks growing in different 

directions, that are also more prominent than in the directly joined counterparts. As explained in Chapter 

6.1.2, the cracks that occur inside the Mg2(Si,Sn) material system can be divided into three groups: (i) 

cracks inside the TE material, (ii) cracks inside the reaction layer and (iii) filled cracks.  

In the studied case, we are looking into the first group, which is cracks inside the TE material. When 

such cracks are observed in a contacted sample, it is not possible to identify if they occurred during the 

sintering step, or during the joining step. In both cases, the material is subjected to static and 

thermomechanical stresses, and, to the best of our knowledge, no thorough analysis of stresses under 

sintering has been reported yet. Some of these cracks would be related to the CTE mismatch between 

the electrode and the TE material, but it is not always straightforward to differentiate them from the 

cracks that occurred during pellet sintering. Some of these cracks could have occurred during the joining 

step, but they were electrode-independent, meaning they occurred in the beginning of the joining step 

when the pressure was first applied.  

For the purpose of this analysis, these cracks can be divided according to their direction of growth: 

perpendicular to the interface and parallel to the interface.   

The cracks that are perpendicular to the interface would be due to the compressive stresses from the 

punches pressing on the sample system. These cracks would happen during the event of the application 

of the pressing force on the sample and/or during the heating step, during both the first sintering as well 

as the contacting step.  

Mg Si

NiCuSn

50 µm

1234
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As the main difference between the DRH and the IRH procedures resides in the heating method, one 

could assume that the difference in the cracking behavior is also related to the heating step. In fact, in 

DRH, the center of the sample would be at a higher temperature than the edges of the sample, due to the 

direct current running through it and the potential heat transfer from the sample to the graphite die 

around it, which could result in cracks. On the other hand, in IRH, the edges of the sample would be at 

a higher temperature than its center, and the effect of the temperature gradient could also be seen as 

cracking in the material.  

However, in the case of our used TE materials, compressive stresses are not expected to have a strong 

effect as the material has a high compressive strength. In the case of the n-type Mg2Si1-xSnx (x = 0.4 ~ 

0.6) compositions, for example, values of compressive strengths > 400 MPa were reported, compared 

to only a tensile strength of ~70 MPa [199]. This indicates that most of the cracks that are observed in 

the DRH and the IRH samples would then be from tensile stresses, that would occur when the core 

temperature of a system is higher than its surface temperature [200]. Nevertheless, if observed, cracks 

of compressive origin would be then related to local defects in the structure of the material, which would 

facilitate cracks appearance and growth under the effect of compressive stresses. 

The cracks parallel to the interface would be cracks that grow during the cooling step under the effect 

of tensile stresses (along the Z axis, which is the direction of pressing and perpendicular to the sample 

surface). Such stresses expand the material following a direction parallel to the interface in the XY plane 

(parallel to the surface of the material), causing cracks to grow in that direction. However, as 

polycrystalline Mg2(Si,Sn) behaves as an isotropic material with no definite preferred direction for the 

tensile stresses to cause crack growth [160], such cracks would grow in different directions, all the while 

remaining in a 2D array. Sometimes, impurities like pores and secondary phases can divert the growth 

direction, and the cracks would then grow in 3D. Even though the cooling step is similar in both DRH 

and IRH processes, the nature of the Mg2(Si,Sn) system and its response to tensile stresses could explain 

the observed crack behavior of the studied samples. Thus, in this case, the fact that more cracks were 

observed in the IRH sample can be related to the ceramic nature of the TE material more than the 

contacting procedure. Furthermore, more cracks could have already occurred during the sintering of the 

TE pellets used later for the IRH joining, compared to the pellets used for DRH joining.  

One way to check this would be to investigate the sintered sample for cracking before joining. However, 

this would, in most cases, include destruction of the sample (as the cracks need to be observed on the 

cross section), and would complicate the joining step, by increasing the probability of failure due to a 

concentration of stresses produced by an inconvenient sample shape. 
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A.1.2 Favorable current paths 

 

In this section, a trial to look into the possible current paths in the direct and indirect resistive heating 

methods is provided, in an attempt to better understand the obtained results.  

 

Figure A.3: Schematic figure representing the equivalent circuits/current paths in both direct and indirect 

resistive heating processes. The main path in both situations is shown in bulk lines (in red for the DRH, and in 

blue for IRH). The resistances RP, RD, RElec and RTE correspond to the bulk resistances of the plungers, the die, 

the electrode and the TE material respectively. The electrodes being metallic, their resistances were disregarded 

in these circuits. Contact resistances are labeled RX-Y where X and Y respectively correspond to the two materials 

below and above the contact surface.  

 

In Figure A.3, the favorable current paths in the (die + sample) system is shown for both DRH and IRH 

conditions. In case of DRH, there are two possible paths for the current to follow, as there is not fully 

insulating layer added in the system, and they are shown in red and blue lines. The path shown in red is 

the main path as, during contacting, the plungers, TE material and electrode are subjected to a pressing 

force (~ 20 MPa). Such force would favor good contact between the different material interfaces, which 

minimizes the electrical contact resistance between the single components. Comparatively, the contact 

interface between the plunger and the die is not subjected to any pressing forces; therefore, the contact 

between these two components is expected to be worse than that of the plunger with the electrode.  

To better visualize this, Figure A.4 taken from [201] shows the influence of an applied pressure on the 

current distribution in a Spark Plasma Sintering (SPS) graphite setup. The difference between the two 

cases resides in the tightness (f) between the graphite die and the plungers: in case a, the setting is looser 

(f1), while in case b, it is tighter (f2). The zoomed-in portions on top of each setting show schematically 

the quality of the contact surface between the die and the plunger, as well as the current distribution. It 

is clear that, in case b, where f2 < f1, the contact is much better with less discontinuities, and the current 
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density is higher. In these experiments, several pressures were tested ranging from 5 to 80 MPa, and it 

was shown that the different applied pressures significantly influenced electric and thermal fields, 

including Joule heating.  

 

Figure A.4: Two different SPS configurations showing the influence of the tightness as induced by an applied 

pressure P, on the current distribution along the different components of the setup. Taken from [201]. 

 

Extrapolating this study to our current work, we know that the shown in red lines in the DRH setting is 

subjected to pressing forces; therefore, it is the tighter path compared to the path shown in blue lines (at 

the crossing surface points from the punch to the die). Even though our studied case comprises several 

materials with different resistances and contact resistances, it is still possible to conclude that the red 

path is the path with the largest current distribution, and therefore, the sample heating does in fact occur 

majorly due to a Joule heating of the sample itself.   

Concerning the IRH setup, the addition of the BN layer majorly blocks the red path, and only the blue 

path is remaining. In fact, BN is a typical isolating material with an electrical resistivity ~ 2.3 × 1010 Ω 

cm at 480 °C [202]. As our DSP setup is a three-phase system providing a total connection voltage of 3 

× 400 V, and its maximum thermal power Pmax is 205 kV/A, we can approximate the used current during 

the contacting process as the output file gives a percentage of the used power each time. If we assume 

that the total voltage is divided equally among the three phases, so Vphase = 400 V, we can approximate 

the used current Iused during the DRH and IRH experiments as follow 

𝐼
used= 

𝑃used 

√3 × 400

 

Where Pused is the used power during the joining. In the case of DRH joining, Pused = 3% Pmax = 6150 W 

and in the case of IRH, Pused = 2% Pmax = 4100 W, which correspond to Iused (DRH) = 8.8 A and Iused 

(IRH) = 6 A. Here too, we can see how the total resistance in the main path of the direct resistive heating 
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(red path) process is smaller than the total resistance in the main path of the indirect resistive heating 

process (blue path). 

In the main manuscript, we define our DRH process as being the path followed vertically by the current, 

and we dismiss the current lines that flow from the plunger to the die because the vertically stacked 

components are subjected to a pressing force that allows better contact surfaces and helps minimize the 

electrical contact resistances. Using the current numbers obtained above, we can approximate the 

potential electrical contact resistances rc for both paths: rc (plunger -> electrode) for the vertical path (in 

DRH) and rc (plunger -> die) for the parallel path (in IRH). For a better visibility, the geometries of the 

parts in play and the paths are schematically shown in Figure A.5. 

 

 

Figure A.5: Schematic of the two current paths in both processes (red and blue). Numbers of the lengths L and 

the radii r of the components in play (plunger, Ni45Cu55 electrode and die) are marked with p, ele and d 

respectively in subscript. 

 

In these calculations, the numbers used for the electrical resistivity of the materials (graphite and 

Ni45Cu55) were taken from [202]. The resistance R for each part is calculated using 𝑅 = 
𝜌 ×𝐿

𝐴
, where ρ 

is the resistivity and L the length as shown in Figure A.5, and A the surface crossed by the current. As 

these surfaces are cylindrical, A = π × r2, r are the radii shown in the same Figure A.5. The voltage 

across each segment (plunger, electrode, die) is then calculated and the corresponding specific electrical 

contact resistances rc are calculated as 𝑟c = 
𝑉1− 𝑉2

𝑗
, where V1 and V2 are the voltages across the 

components of interest and j is the current density crossing the contact surface. In the case of the vertical 

path (in red), rc (p_ele) between the plunger and the electrode is calculated using the current value Iused 

(DRH), while for the case of the parallel path (in blue), rc (p_die) between the plunger and the die is 

calculated using the current value of Iused (IRH). All the numbers are provided in Table A-1.  

NiCu

TE 

Direct Resistive Heating

Conditions (I = 8.8 A)

rele = 0.75 cm

Lp = 3 cm

Lele = 0.015 cm

rp = 0.75 cm

NiCu

BN

Indirect Resistive Heating

Conditions (I = 6 A)

rd = 2.37 cm

Lp = 3 cm

Ld = 1.7 cm

rp = 0.75 cm
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Table A-1: Table summarizing the numbers for the geometries (length L, surface A), the electrical resistivities ρ 

(taken from [202]) and resistance R, the voltage drops V along the segments of interest from the circuit, as well 

as the current densities j and the specific electrical resistances rc in both DRH and IRH processes. The rc were 

calculated using the current values Iused (DRH) and Iused (IRH) for the rc (p_ele) and rc (p_die), respectively. 

 

      DRH Process / I = 8.8 A IRH Process / I = 6 A 

 L  

(cm) 

A  

(cm2) 

ρ  

(µΩ cm) 

R  

(µΩ) 

V  

(µV) 

j (p_ele)  

(A cm-2) 

rc (p_ele) 

(µΩ cm2) 

j (p-die)  

(A cm-2) 

rc (p_die) 

(µΩ cm2) 

Plunger 3 1.76 910 1545 9270  

4.97 

 

13591 

 

0.34 

 

25713 Electrode 0.015 1.76 49.87 0.42 3.72 

Die 1.7 17.64 910 87.66 526 

 

From the table, it is clear that the contact resistance between the plunger and the electrode is almost half 

of that between the plunger and the die. Therefore, as rc (p_die) would be the same for the IRH and the 

DRH processes, and based on the used approximations and calculations, it is possible to assume that the 

direct resistive heating process occurs in fact mainly through a Joule heating of the sample itself as most 

of the current density does travel vertically.  

 

A.2 Hybrid-DFT calculations for the combined defect case of Ni45Cu55 

 

In this section, we discuss the case of n- and p-type Mg2Si0.3Sn0.7 contacted with Ni45Cu55. 

Experimentally, this case was reported in Chapter 3 and Chapter 6.1.1 using the composition 

Mg2Si0.3Sn0.7. Following Chapter 3, when the samples were joined under direct resistive heating, the 

results showed a change in the TE properties for n-type samples and none for p-type sample, similar to 

what was reported for Cu. However, the results reported in Chapter 5 where the samples were joined 

under indirect resistive heating, no change in the TE properties was recorded, neither for the n-type nor 

for the p-type samples.  

Trying to look at this case from a defect formation energy perspective, we tried to look at the defects of 

Cu and Ni (as reported in Chapter 6.2.1 and Chapter 6.2.2) simultaneously and compare their formation 

energies with the formation energies of the dopants and the native lattice defects. No calculations were 

done using combined defects yet; however, a first investigation of this study can be established through 

assuming defect stability as calculated in the single cases of Cu and Ni. For simplicity and to keep the 

study focused, we only look into the defect formation energies of Mg2Sn as our experimental samples 

are all rich in Mg2Sn (70%). We also just look at the Mg-poor chemical potential conditions because the 

p-type samples are in any case synthesized deficient in Mg, and the n-type can be assumed to be Mg 
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deficient as Mg losses can occur and cannot be completely refuted. Lastly, the selected Ni defects are 

the ones obtained for the calculations done considering the Ni3Sn phase. Results of the hybrid-DFT 

calculations are given in Figure A.6, where only the defects with formation energies below 1.5 eV are 

represented. Also, only the most stable defect related to Cu and Ni are shown.  

 

 

Figure A.6: Charged defect formation energies of Cu and Ni in Mg-poor a) Li-doped and b) Bi-doped Mg2Sn 

with the most stable Cu and Ni related defects. 

 

Figure A.6 a presents the defect formation energy results for Mg2Sn doped with Li, Cu and Ni. Looking 

in the vicinity of the valence band maxima, the most stable defects are clearly ILi and LiMg, which 

determine the p-type conduction of the material and the charge carrier concentration n. The following 

most stable defect is CuMg, which was already reported in Chapter 6.2.1 as being a neutral defect, and 

therefore would have no influence on n. INi is the most stable Ni-related defect, and even though it is a 

donor defect of charge 1+ around VBM, its formation energy is too high (> 1.1 eV) to have a relevant 

influence on n. The same goes for IMg, which is a donor defect with charge 2+ but has a high formation 

energy. Therefore, from this comparison, it can be deducted that the combined presence of Cu and Ni 

won´t have any influence on the charge carrier concentration of the sample and the p-type conduction 

established by the Li defects. This matches what was reported in Chapter 3 and Chapter 6.1.1 for p-type 

Mg2Si0.3Sn0.7 joined with Ni45Cu55 under both used sintering current conditions (direct resistive and 

indirect resistive heating, respectively). 

Figure A.6 b represented the defect formation energies of Mg2Sn doped with Bi, Cu and Ni. Around 

CBM, the most stable Ni-defect (NiMg) has a much higher formation energy compared to the three other 

stable defects, namely BiSn, CuMg and VMg. Therefore, it can be concluded up to here that Ni won´t 

significantly contribute to the system´s carrier concentration during a simultaneous presence of Ni and 

Cu. Cu, on the other hand, would play a considerable role in changing n through the CuMg defect and its 

interplay with the BiSn and VMg defects, as described in more details in Chapter 6.2.1. Such results match 
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the experimental results reported in Chapter 3, and also make sense because, experimentally, the 

Seebeck value recorded on n-type samples joined with both Cu and Ni45Cu55 electrodes was the same (– 

160 µV/K), which signifies that both electrodes have the same charge compensation effect. The Hybrid-

DFT calculations join this statement as they also show that in case of both Ni and Cu, only the Cu effect 

would be considerable and would have a visible effect on the TE properties of the samples. 

However, these calculation results do not match what was reported in Chapter 6.1.1 when n-type 

Mg2Si0.3Sn0.7 was joined with Ni45Cu55 under indirect resistive heating, as the Seebeck value after 

joining was reported as unchanged. This disagreement in the comparison can come from the various 

assumptions which the comparison is based on. In fact, the provided calculation results are done under 

specific chemical potential conditions: Mg-poor, Cu-rich for the Cu defects, Ni3Sn-rich for the Ni 

defects. The actual atomic chemical potential of the n-type sample joined with Ni45Cu55 is unknown, it 

is strongly plausible that the comparison failed because the chemical potential used during the 

calculations is different from the experimental one, which leads to different defect formation energies, 

and therefore a different conclusion. Another potential explanation could be the implication of the 

current in the transport of the electrode ions (electromigration), which is not considered in DFT 

calculations, and therefore, different results can also be expected.  
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