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Abstract: 

Silicides have attracted considerable attention for use in thermoelectric generators due mainly to low cost, 

low toxicity and light weight, in contrast to conventional materials such as bismuth and lead telluride. Most 

reported work has focused on optimizing the materials properties while little has been done on module 

testing. In this work we have designed and tested modules based on N-type magnesium silicide Mg2(Si-Sn), 

abbreviated MGS, and P-type Higher Manganese Silicide, abbreviated HMS. The main novelty of our 

module design is the use of spring loaded contacts on the cold side which mitigate the effect of thermal 

expansion mismatch between the MGS and the HMS. We report tests carried out on three modules at 

different temperatures and electric loads. At a hot side temperature of 405°C we obtained a maximum 

power of 1.04 W and at 735°C we obtained 3.24 W. The power per thermoelectric material cross section 

area ranged from 1 to 3 Wcm
-2

. We used the modeling tool COMSOL to estimate efficiencies at 405 and 

735 °C and obtained values of 3.7 and 5.3% respectively – to our knowledge the highest reported value to 

date for silicide based modules. Post-test examination showed significant degradation of the N-type (MGS) 

legs at the higher hot side temperatures. Further work is underway to improve the lifetime and degradation 

issues.  
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INTRODUCTION 

Silicides are among the most promising materials for thermoelectric generators (TEG) exploiting medium 

temperature waste heat recovery sources such as exhaust gas heat from internal combustion engines. Recent 

studies on novel thermoelectric material have shown that Silicides offer considerable advantages over 

conventional materials for mass production and scale up due to their low cost, relatively high abundance 

and availability of raw materials and high thermoelectric efficiency [1-3]. However, module manufactures 

have had very limited experience with silicide based materials thus creating a paucity in performance data 

for modules based on silicides. Today the highest performing silicide thermoelectrics are based on Mg2(Si-

Sn) solid solutions and are all N-type  with peak zT values up to 1.5 [4-7]. Typically, the efficiency 

improves with increasing Sn-content in Mg2SixSn1-x to a peak value with x between 0.4 and 0.6, but will 

simultaneously reduce the stability to the extent that lower hot side temperatures must be used [8]. 

Decomposition due to fast oxidation of Mg is especially of concern [9, 10]. In contrast to N-type silicides, 

there are few examples of P-type silicides and of these the Higher Manganese Silicides (HMS) exhibits the 

best performance with peak zT values in the range 0.6 to 0.8 [11]. One problem with combining both N-

type and P-type materials as unicouples in a module construction is caused by their relative difference in 

coefficients of thermal expansion (CTE). Generally, N-type silicides have CTE in the range 16-18∙10
-6

K
-1 

for Mg2(Si-Sn) whereas P-type HMS materials exhibit CTE’s in the range of 9-13∙10
-6

K
-1

[6, 12-14]. This 

inevitably leads to stress build up as a result of the large temperature gradient between the hot and cold 

sides of the module. This in turn can cause degradation of the legs and a reduction in performance over 

time. This effect is particularly observed with the N-type legs on the hot side of the module. Attempts by 

Nemoto et. al have been made to overcome this problem by constructing unileg modules based on N-type 
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Mg2Si only [15-17]. These modules shows very good stability and reliability but still have quite low 

efficiency, with power per module area of around 0.22 W/cm
2
 at a temperature difference of 500°C.  

A very important consideration in module design is minimizing degradation of thermoelectric properties 

during long periods of time. This is especially the case for the hot side where interdiffusion and material 

loss is more prevalent. The general approach is to introduce functional layers between the thermoelectric 

leg material and the current collecting plate. This process is collectively referred to as “Metallization”. 

These include a diffusion barrier layer, a contact layer, an adhesion layer and a compliant layer [18]. In 

order for these layers to function reliably there needs to be some interdiffusion between them but not a 

persistent amount that would otherwise spoil their effect. This requires careful selection of material and 

method of application. In the case of contact layers, one promising option is the use of other silicides such 

as TiSi2, CrSi2, CoSi and MnSi. The latter has been combined with HMS and exhibits low contact 

resistances in the order of 10
-6

 - 10
-5

Ωcm
2
 [19-22]. Another approach is to use pure metals such as Ni to 

form contacts. With HMS a diffusion barrier needs to be inserted between the leg and the contact layer in 

order to hinder reaction and crack formation. A thin layer of chromium seems to be a good option for this 

function mainly because it has a very close matching CTE (~10∙10
-6

K
-1

) and relatively low contact 

resistance in the order of 10
-5

Ωcm
2
 [23-25]. The Iida group in Japan  [22] has investigated the direct 

sintering of nickel powder on top of Mg2Si giving a good contact layer, but even better contact can be 

achieved by pressing a thin nickel foil onto the surface of the leg instead of using nickel powder.  In such 

experiments contact resistances in the region of 10
-6

 Ωcm
2  

 have been observed and this approach seems 

promising for long term stability [26]. Both these methods have been shown to work well within the 

ThermoMag project. However, concern has been raised on how stable the direct contact of Ni on Mg2Si is 

due to the formation of NiSi, and whether or not a diffusion barrier is also needed in this case. In the case 

of Mg2(Si-Sn), we are not aware of any published work on contacts, but we assume that similar approaches 

used for other silicides and especially pure Mg2Si could be used.  However as stated previously in this 

article there is concern about the higher CTE of Mg2(Si-Sn) compared with Mg2Si. The goal of the design 

presented in this article was to facilitate a versatile and simple test-module that could be easily fabricated 

incorporating different N- and P-type materials with different CTE values. Several methods of 

metallization were also used as described in the experimental section.  

 

EXPERIMENTAL 

Material preparation 

The thermoelectric material used within this work is a result of the effort of several partners within the 

ThermoMag project [27]. Details of the synthesis of the thermoelectric material can therefore be found in 

the references to the respective partners work and are not given in details in this report. General powder-

compaction techniques where used to prepare cylindrical pellets (Ø=10-50mm). These were then cut into 

legs of the size 3x3x4mm
3
 at Fraunhofer IPM. The material composition and thermoelectric properties of 

the materials used for the modules are listed in Table I.  

Table I Material properties of the thermoelectric material used in the modules. 

Material name MGS-1 MGS-2 HMS 

Composition Mg2(Si0.4Sn0.6)0.99Sb0.01 Mg2Si0.53Sn0.4Ge0.05Bi0.02 MnSi1.75Ge0.01 

Producer Ioffe Institute [28]  University of Cyprus [7]  
Laboratoire CRISMAT 

[29] 

Synthesis 
melt-annealing followed by 

hot pressing 

cold pressing and annealing, then 

ball milling and heating followed 

by SPS 

ball milling followed by 

SPS 

Density [g/cm2] 3 2.75 4.95 

Seebeck coefficient 

[µV/K] 
 (-) 130-160  (-) 100-220 150-220 

Electrical conductivity 

[S/cm] 
800-1400 800-1600 300-500 

Thermal conductivity 

[W/m-K] 
2-2.5 2-3 2.5-3 

Peak zT 0.8 (600K) 1.4 (800K) 0.4 (800K) 



3 

 

Module design 

The construction of the module is shown in Fig. 1. The left illustration shows two legs (N and P) 

sandwiched between a copper block and a molybdenum plate both acting as current collectors (electrodes). 

The copper block is a structural element and also has recessed cavities into which springs are located; these 

provide compression to the legs to maintain contact while at the same time provide some compliance to 

mitigate the effect of thermal expansion mismatch between the N- and P-type material. The metallized legs 

are attached to the cold side by use of lead based solder foil as described in the module assembly. The right 

hand side of Fig. 1 shows the complete module with two rows of 3 pairs of unicouples containing 12 

thermoelectric legs in total. The unicouples are held in position on the cold side by an anodized aluminum 

block of size 11.7 x 32.8 mm
2
. Heat transfer is effected through from the side of the copper blocks to the 

anodized aluminum, while the springs press the blocks up (~1mm) from the bottom. The current collection 

on the hot side was made using copper (module #1) and molybdenum (module #2 and #3). The hot side 

was electrically isolated from the heating source using thin sheets of mica plates. The normal use of 

substrates attached to the hot side was considered unnecessary in this test setup. 

 

 
Fig. 1 Left: Sketch of unicouple with metallization and contact layers. Right: Sketch of finished assembled 

module with 6 unicouples. The heat conduction on the cold side is through the side-walls of the Cu 

electrodes which are layered with thermal paste. 

Module assembly 

The “as received” thermoelectric legs were subjected to a quality control involving matching of physical 

dimensions and checking of thermo power, electrical conductivity and evidence of cracking or chipping. 

Particular attention was given to select legs of equal height as this affects the quality of the electrical and 

thermal contact– only the closest matching legs were selected for module construction. The metallization 

was carried out by sputtering one or more metal layers onto the selected legs. Prior to this however there 

was a pretreatment stage in which the faces of the legs were polished and cleaned to remove any traces of 

surface oxidation and grease. Both N- and P-type materials were given the same metallization treatment 

and both hot and cold sides were metallized. After metallization the legs were placed in the correct 

orientation and soldered onto the cold side of the copper blocks using foils of a lead based solder allow. 

The solder operation was carried out in a vacuum tube back filled with argon at 450°C. The hot side 

bonding was accomplished through diffusion bonding at the beginning of the performance testing.  

Performance Testing 

The modules were tested in an evacuated chamber back filled with argon. The module was first placed onto 

a water cooled aluminum plate to maintain the cold side. An insulating sheet of mica was placed between 

the hot side of the module and a heater element. The whole setup was then clamped together using a spring 

loaded plate. The hot side temperature was measured with thermocouples placed both on the surface of the 

heater and on the surface of the hot side of the module.  The cold side temperature of the module was not 

directly measured, but estimated from VOC and the temperature of cooling water flow. Copper wires were 

soldered onto the two cold side current collecting electrodes for performance measurements of module 

voltage and current. Two test regimes were used - either the hot side was heated up to a fixed temperature 
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while monitoring module behavior or the module was thermally cycled while measuring the performance. 

The measured open circuit voltage (Voc) was compared with the theoretical value calculated from the 

integral of the Seebeck coefficients of the N- and P-type thermoelectric materials according to equation (1). 

The multiplication scaling factor of 6 corresponds to the number of thermoelectric legs making up the 

unicouples. 

      ∫                
    

     

 (1) 

where SP and SN are the temperature dependent Seebeck coefficient of the N- and P-type material 

respectively. These were fitted to the measured seebeck coefficient values for the nominal materials as a 

3rd degree polynomial function,                  . The inner resistance of the module (Ri) was 

calculated by measuring the module in open circuit and load conditions using 

    
     

 
 (2) 

where V and I are the measured voltage and current under load conditions. From this the maximum power 

of the module at load-matching condition (Rlaod = Ri) can be calculated from 

      
   

 

   

 (3) 

After testing the modules were disassembled and some of the unicouples taken out and cut in half to 

examine the cross section with scanning electron microscope (SEM, Zeiss Merlin) and energy dispersive 

X-ray spectrometer (EDS). A simple COMSOL model was developed to estimate heat transport and total 

efficiency of the system utilizing the built-in thermoelectric effect multiphysics package. The peak 

efficiency was found by maximizing         ⁄ , where Qin is the heat flow into the module from the hot 

side. Then the average ZT of the module was calculated by solving  

      
     

  

 
√    ̅   

√    ̅  
  

  

 (4) 

where  ̅          ⁄ . The measured temperatures and I-V characteristics along with the nominal 

thermoelectric properties were used as input to the model to optimize the interface parameters such as 

electrical contact resistance and heat transfer coefficients. Since the module was tested in a chamber 

backfilled with argon and the module did not have any insulation, parasitic heat losses were estimated too. 

The radiative losses were estimated using a surface emissivity of 0.8 for all surfaces, and the convective 

losses using a surface convective heat transfer coefficient of 10W/m
2
K in surroundings of 25°C (values 

based on natural convection of air). To simplify things further the thermal contact resistances of the system 

were set to constant values which were found by fitting the calculated VOC within ±1% of the measured 

VOC at given hot side temperatures. The cold side heat transfer coefficient was estimated from measured 

temperature differences between cooling water and actual cold side temperature of module and set to a 

constant value of 2000W/m
2
K and the cold side reservoir to 25°C. This allows the cold side temperature of 

the module to vary within the model. It was evident from the post-characterization after testing that the P-

type material showed very good stability and bonding at the hot side interconnect which contrasted the 

observed degradation of the N-type material. Therefore, the electrical contact resistance was set to 1x10
-

5
Ωcm

2
 for the P-type elements while the N-type was varied to fit the measured series (inner) resistance of 

the module. On the cold side, the electrical contact resistance was set to zero as it was very small compared 

to the total series resistance.  

RESULTS AND DISCUSSION 

Several modules with different TE-materials, metallization and hot side electrodes were manufactured and 

three of them were chosen for further testing as shown in Table II. The first two modules were only tested 

for a short period while the third module was tested for a prolonged time period.  

 

Table II Summary of test results of the modules. Cold side temperature of module varies between 30 and 

50˚C. Ri and Pmax are calculated from equation (2) and (3). For module #3 the values represents the initial 

conditions before cycling. K is the total thermal conductance of the thermoelectric elements. 

Module 
TE 

materials 

Hot side 

contacts 

Test temp 

[°C] 

Ri 

legs 

VOC 

ideal 

K 

legs 

Ri  

[Ω] 

VOC 

[V] 

Pmax 

[W] 

  ̅ 
calc 
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[Ω] [V] [W/K] 

#1 
N: MGS-1 

P: HMS 

Cu-

electrodes 

Ni/Pb/Ni 

Thot ~ 735 

Single run 
0.09 1.34 0.067 

8  

0.1 
1.16 3.24 0.26 

#2 
N: MGS-1 

P: HMS 

Mo-

electrodes 

Ni/Pb/Ni/Cr 

Thot ~ 405 

Single run 
0.08 0.73 0.069 0.1 0.65 1.04 0.24 

#3 
N: MGS-2 

P: HMS 

Mo-

electrodes 

Ni/Pb/Ni/Cr 

Thot ~ 450 

Thermal 

cycling 

0.08 0.82 0.069 >0.2 ~0.5 < 0.11 - 

 

The power-characteristics of module #1 are found in Fig. 2. The initial Ri of this module at room 

temperature was above 8Ω but decreased rapidly as it was heated up to higher hot side temperatures. The 

decrease corresponds to the formation of a diffusion bond between the hot side electrode and the N- and P-

type elements. As can be seen, Ri was reduced to a minimum value of 0.1Ω at around 600˚C. The hot side 

temperature was further ramped up to 735˚C were a maximum power of 3.24W was measured under load-

matching conditions. Because the cold side temperature was not measured directly on the module, a 

deviation in the VOC compared with the estimated values using equation (1) was to be expected. This is also 

seen in Fig. 2 where the VOC was roughly 10% lower than estimates based on the measured hot side and 

cooling water temperatures. Most of this deviation was due to a 10% temperature difference over the cold 

side heat exchanger of the module, in addition to thermal contact resistances within the module. After the 

test the module was taken out and disassembled as shown in Fig. 3. The hot side electrodes could be 

removed by applying a small force. A black porous layer was clearly visible around the hot side of the N-

type elements. By contrast, the P-type elements appeared to be intact. Subsequent SEM/EDS analysis 

showed that the black layer was a mixture of MgO and a Cu-Si phase, probably Cu3Si. Cross sectional 

analysis also revealed a thick interdiffusion zone on the hot side of thickness 100-300µm consisting of 

mixed phases of Mg2(Si-Sn) and Cu. No clear layers of the Ni and Pb sputtered layers were found. For the 

P-type elements no reactions between the electrode and the TE-material were found, showing the excellent 

stability of HMS. Even though the test were run in an evacuated chamber backfilled with industrial grade 

argon (99.95%), the presence of large amounts of MgO shows how also low partial pressure of oxygen 

present in the argon cylinder  (typically ~10ppm of O2/H2O) can cause fast oxidation and decomposition of 

Mg2(Si-Sn) solid solutions at high temperatures. The results show that using a copper current collector with 

a nickel diffusion barrier does not provide enough protection on the hot side for Mg2(Si-Sn). Therefore in 

further tests, molybdenum was used instead of copper and chromium used as diffusion barrier instead of 

nickel. 

 
Fig. 2 VOC, Ri and Pmax of module #1 during the test when ramping up from RT to 735˚C on the hot side. 

The VOC estimated from the Seebeck coefficient of the TE materials are also shown, approximately 10% 

higher than the measured value. The inner resistance Ri is reduced dramatically from 8 to 0.1Ω indicating 

good diffusion bonding at elevated temperatures. This results in a peak Pmax of 3.24W at hot side 

temperature of 735°C. 
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Fig. 3 (a) Module #1 after disassembly. A thick, black porous layer can be seen on the hot side of N-

elements. EDS analysis showed high amount of oxygen indicating decomposition and MgO formation.  (b) 

SEM picture of the hot side cross section of the N-element interconnect shows a thick diffusion zone of 

approximately 150-200µm where Cu had diffused into the hot side of the element. Only traces of Pb and Ni 

are still evident.  

 

The initial test results of module #2 are presented in Fig. 4. In contrast to module #1 this module showed at 

the outset a very low inner resistance Ri of just above 0.1Ω at low temperature and did not change during 

testing. Similarly to module #1, the VOC was stable and approximately 10% lower than the values estimated 

from the Seebeck coefficient given in equation (1). The module temperature was limited to 405˚C on the 

hot side to try to avoid the severe oxidation and decomposition seen for module #1 at higher temperatures. 

The maximum power recorded with a hot side temperature of 405°C was 1.04W. When this is divided by 

the total area of the module this equates to 0.28W/cm
2
, or when divided by the total thermoelectric area 

equates to 0.98W/cm
2
. The total resistance of the electrical connections was estimated by subtracting off 

the electrical resistance of the thermoelectric material leaving a residual resistance of 20% or 0.02Ω. 

Assuming that most of this is caused by the contact resistance on the hot side junctions between electrode 

and thermoelectric material this corresponds to 1.6mΩ per element or 1.5x10
-4

 Ωcm
2
. This is around an 

order of magnitude higher than the contact resistance produced by other contacting methods [19-26]. 

However, the bonding method in this work was based on a pressure contact followed by in-situ diffusion 

bonding. This is a simple method not requiring any subsequent soldering. An increase in Ri caused by 

contacts of 20% is considered to be high, but from equation (3) we find that this equals to a Pmax reduction 

of 17%. This may not necessarily be detrimental to the performance of the module so long as it can be 

stabilized over time and not increased any further. 
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Fig. 4 Temperature and VOC measurements of module #2. The calculated power curve is shown based on 

the VOC and calculated Ri. The inner resistance is low and stable at approximately 0.1Ω during the 

temperature programmed ramp. Pmax with a hot side temperature of 405˚C is 1.04W. 

 

The measured thermal and electrical values from the performance testing were used in a COMSOL model 

for estimating efficiency and how variations in electrical contact resistance would influence the 

performance. Both for module #1 and #2 the inner resistance were similar around 0.1Ω. A contact 

resistance of 2x10
-4

Ωcm
2
 on the N-type hot side interfaces in the COMSOL model was found to fit well 

with this observation. At a temperature difference of 405°C and a cold side reservoir temperature of 25°C, 

the I-V characteristics was replicated in the model and the total power and efficiency of the module 

calculated and are found in Fig. 5. The max efficiency was estimated to 3.7% at this temperature, with 

corresponding ∆T over the module of 350°C. This equals an average ZT of the module of 0.24 (see Table 

II). In Fig. 6, the maximum efficiency is plotted against the contact resistance of the N-type (a) and the 

estimated module ∆T (b). As can be seen, the efficiency decreases from 4.1% to 2.6% for an increase in the 

contact resistance from 1x10
-5

Ωcm
2
 to 1x10

-3
Ωcm

2
. This equals an increase in inner resistance of the 

module of 73% (from 0.092 to 0.16Ω). As expected, the maximum efficiency increases gradually with 

increasing hot side temperature and reaches 5.3% at a hot side temperature of 700°C and module ∆T of 

623°C which is similar to the test-condition of module #3. The thermal contact resistance across the hot 

side junction between the thermoelectric material and the electrode is in the order of 1-2x10
-5

m
2
K/W. The 

total thermal conductance of the module is around 0.07-0.08W/K of which 0.06-0-07 is ascribed to the 

thermoelectric material (as seen in Table II) and the rest stems from electrode material and thermal 

interfaces. Optimizing the thermal interfaces in particular would offer a higher efficiency and power. 

 

 
Fig. 5 (a) Surface temperature calculated using a COMSOL model of module #1 and #2. (b) Voltage, 

power and efficiency of the module as a function of load current. All values calculated with a N-type 

contact resistance on the hot side of 2x10
-4

Ωcm
2
 and a hot side temperature of 400°C. 
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Fig. 6 Calculated results from COMSOL model for module #1 and #2. (a) Total inner resistance and 

maximum efficiency of the module for different contact resistances of the hot side N-junction at a hot side 

temperature of 400°C. (b) Maximum power and efficiency for different module ∆T at N-type contact 

resistance of 2x10
-4

Ωcm
2
. 

 

Fig. 7 compares our module data with literature sources for other high performing thermoelectric modules 

and unicouples based on Half Heuslers (HH), Skutterudites (SKD), MgAgSb and a standard Bi2Te3 module 

[17, 19, 30-38]. Even though our silicide performance figures are somewhat lower that the literature values, 

we maintain that our values are the highest yet reported for modules based solely on silicides. Moreover, 

we advocate that our performance figures could have been improved by employing higher zT silicide 

materials and optimize contacts. When the heat is freely available as waste heat, sometimes power factor 

can be more important than efficiency from a cost perspective [39, 40]. The rated power per area is thus 

another important parameter for a module and is also plotted in Fig. 7. The values have been normalized 

with respect to the cross sectional area of the thermoelectric elements as opposed the total area of the 

module. This allows a fair comparison to be made between unicouples and modules made from several 

unicouples. From this we can infer that our modules have comparatively high performance. In addition, the 

lower density of silicide material compared to other thermoelectric materials gives an advantage to the 

overall weight of the module, which for some applications such as vehicles could be important. 

 
Fig. 7 Comparison of module efficiency (a) and power per area of thermoelectric material (b) for different 

modules (filled symbols) and unicouples (open symbols) as a function of temperature difference over the 

module, ∆T [17, 19, 30-38]. Efficiency curves calculated from equation (4) and power curves assuming 

constant power factor (i.e               ) is shown for comparison between the different modules 

tested at different ∆T. 

 

Although achieving high efficiency and power density is important, reliability over time is more practical 

importance. Therefore a new module #3 was made for long term testing to assess module stability. In 
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addition, the N-type material was changed to a material with higher peak zT to assess its usability in a 

module. All other parts of the module were unchanged. Performance indicators as a function of thermal 

cycles are found in Fig. 8. The initial Ri was somewhat higher than for module #2 and temperature was 

therefore ramped up to 600˚C for a short period to try to accelerate the diffusion processes and reduce Ri 

further. The module was then removed from the vacuum chamber and then repositioned, as evidenced by 

the abrupt increase in Ri after 4 cycles. This revealed a weakness with the module design because the hot 

side bonds can easily be broken upon release of the pressure and thus cause an increase in contact 

resistance. Thermal cycles between 150 and 450˚C were then carried out, holding 15min at 450˚C before 

ramping the temperature slowly up and down. It can be seen how VOC remains relatively stable over time, 

while the Ri increases gradually from 0.2 to 0.4Ω. Consequently, Pmax is reduced from 0.11 to 0.07W.  

 

 
Fig. 8 Thot, VOC, Ri and Pmax during thermal cycling of module #3 between 150˚C and 450˚C. The dwell 

time at 450°C was 15min while the ramp time was approximately 20min for both up and down. The initial 

jump in Ri was caused by reinserting the module after initial diffusion bonding of hot side. It can be seen 

how Ri gradually decreases during the whole test-period. 

 

The performance of module #3 was far inferior to modules #1 and #2. Therefore, it was decided to 

disassemble module 3 and to examine the components by SEM/EDS. Fig. 9(a) shows clearly how the N-

type element had developed cracks during testing. Parts of the element were still adherent to the hot side 

electrode. By contrast, all the P-type elements remained intact. SEM/EDS of the cross section of the 

interface between N-type element and metallization can be seen in Fig. 9(b) and Fig. 10 along with EDS 

point analysis in Table III. The thin Cr-layer (~1µm) is clearly visible and shows no sign of Cr diffusion 

into the thermoelectric material or above metal layers. Directly beneath the Cr-layer, several small cracks 

are visible and in addition there are areas enriched in both Ni and Pb. Formation and propagation of these 

cracks near the hot side electrodes was probably the main reason for the increase in Ri seen during testing. 

The crack formation could be caused by both vertical and horizontal stresses induced by a mismatch in 

thermal expansion between the thermoelectric material and the metallization and electrode materials. 

However, the vertical stresses should mostly be taken up by the built-in spring system under each element, 

while the horizontal stresses should be reduced by the soft Pb-layer between the thermoelectric material 

and hot side electrodes. There is no definite conclusion as to the cause of the cracking, but it is evident that 

the N-type material used for module #3 was too brittle to be effectively used in a module under these 

conditions. This is in contrast to the material that does not contain any Ge used for module #1 and #2. Such 

TE legs did not show any sign of crack formation during performance testing indicating a negative effect of 

Ge on the mechanical properties on the thermoelectric material. However, these modules were only tested 

for a single run and cracks could also eventually occur in these cases, for which more long-term testing is 

needed to be certain. Closer examination of the contact layers directly above the thermoelectric material 

and the thin Cr-layer revealed a much more mixed region with several different phases and structures. 

Large amounts of oxide, predominantly MgO, were found together with agglomeration of Sn and Pb rich 

particles. The existence of the intermetallic phase Mg2Pb is also possible in this region.  It was apparent 

that the oxidation and decomposition of Mg2(Si-Sn) is a serious problem even when the test is carried out  

in argon atmosphere with low partial pressure of oxygen (<10ppm O2). It is evident that the Cr-layer did 
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not hinder either Mg or Sn from diffusing all the way through and reacting with both Pb and oxygen. 

Similar diffusion processes on the hot side interconnect would also exist for module #2. A schematic 

illustration of the different metal layers and diffusion processes taking place are found in Fig. 11.  

 

 
Fig. 9 (a) One unicouple of module #3 after testing. The N-element has visibly cracked in large chunks on 

the hot side. The P-element appears intact. (b) SEM/EDS of cross section of remnant parts of the hot side of 

the N-element. Many small cracks are also found right beneath the metallization layers. The EDS spectrum 

of the points indicated can be found in Table III. 

  

Table III EDS spectrum (at%) for the points found in Fig. 9b. The phases proposed are only indicative. 

Spectrum O Mg Si Cr Ge Sn Pb Bi Phases 

1 49.0 46.5 1.3 0.9 - 0.4 1.8 - MgO 

2 44.3 37.3 0.8 2.6 - 7.6 6.8 0.6 MgO + Pb/Sn 

3 42.3 24.8 6.9 6.4 1.1 15.5 2.5 0.4 Cr (0.5µm thick)   

4 17.3 52.1 14.1 - 2.0 13.9 - 0.6 Mg2Si0.53Sn0.4Ge0.05Bi0.02 
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Fig. 10 SEM/EDS mapping of cross section of hot side interconnect of module #3. Diffusion of Ni and 

some Pb is seen through the Cr layer, especially at places where the Cr layers is very thin. Above the Cr-

layer, Pb, Mg and Sn are found together with high amounts of O. 

 

 
Fig. 11 Schematic sketch of the diffusion processes taking place on the hot side connection between the N-

element and metallization during bonding/testing of module #2 and #3. 

  

The VOC for module #3 was much lower compared to the estimated values using equation (1) than module 

#1 and #2. Later investigations showed that the main reason for this was that the HMS used as the P-type 

element was not homogenous but in fact contained larger Si-grains within the structure (see Fig. 12) that 

could have caused a significant change in the Seebeck coefficient. This was probably the result of 

introducing weighing errors of the raw materials leading to a deviation from stoichiometry in the final 

composition. On the other hand, the HMS was very stable throughout the test and showed no interdiffusion 

or reaction with the metal layers or oxidation.  HMS can therefore be considered a good P-type match for 
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the N-type Mg2(Si-Sn) material used in module #1 and #2. The spring loading method used in the module 

design offers effective relief of stress that would otherwise be present due to the difference in the CTE 

between HMS and  Mg2(Si-Sn).  

 
Fig. 12 SEM cross sectional analysis of a P-element from module #3 after testing. No interdiffusion was 

visible between the metallization and the P-element. Also very little oxygen was present compared to the 

N-element. The bulk material itself was on the other hand not homogenous and showed large areas 

consisting of pure Si which was attributed to imperfections in the synthesis method. 

CONCLUSION 

The performance of different silicide based thermoelectric materials has been evaluated in this study using 

a novel module design. One of the key aspects is the use of spring contacts on each leg to alleviate stress 

caused by thermal expansion mismatch between the N- and P-type elements. Another key aspect is use of 

diffusion bonding on the hot side which avoids the need to use soldering methods. Both of these features 

lend themselves to production engineering solutions and also to choice of thermoelectric materials with 

different CTE values etc. Of the 3 modules tested, the best performing one had an inner resistance in the 

region of 0.1Ω at temperatures above 400°C of which around 10-20% could be ascribed to the contact 

resistance. The maximum power achieved for this module at a hot side temperature of 405 °C was 1.04 W 

and at 735°C was 3.24W. A simple COMSOL model shows how this equals an efficiency of around 3.7% 

and 5.3% respectively. However, testing above 400°C caused significant oxidation and decomposition of 

the Mg2(Si-Sn) based n-type material along the hot side interconnects. The HMS p-type material was much 

less affected by temperature. Further work is needed to develop good diffusion barriers and possible anti-

oxidation coatings that can be applied around the hot side interconnects and electrodes. Improved bonding 

methods are needed for the hot side in order to improve long term stability and to maintain low inner 

resistance of the module. Finally we advocate the use of low cost and abundant materials such as 

magnesium and silicon in thermoelectric applications such as waste heat recovery where power and low 

weight can be more important than thermoelectric efficiency. 
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