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A B S T R A C T   

Owing to efficient thermoelectric conversion, non-toxicity, low density and cost, Mg2(Si,Sn)-based solid solutions 
hold potential for mid-to-high temperature waste heat recovery. Yet, challenges arise from n-Mg2(Si,Sn) 
degradation at ≥400 ◦C caused by Mg loss and charge carrier reduction, particularly in Sn-rich compositions. To 
build a thermoelectric generator (TEG) stable up to 400 ◦C, we propose binary Mg2Si as the n-type leg. Using 
Ni45Cu55 and Ni yields low electrical contact resistance (<5 µΩ.cm2) without altering the thermoelectric prop-
erties of n-Mg2Si. We fabricated two 2×2 leg TE modules with the same electrode/TE combination for the p-type 
legs and with Ni or Ni45Cu55 for their n-type legs and tested up to 400 ◦C, allowing for a direct comparison 
between these two electrodes for n-Mg2Si at the device level. Ni45Cu55 outperformed Ni, resulting in a peak 
power density of 0.79 W/cm2 at ΔT ~375 K and an efficiency competitive to Mg2(Si,Sn)-only TEG. Comparative 
simulations using a constant property model revealed a strong reduction of internal losses when using 
Ni45Cu55 as the electrode for n-Mg2Si as the main reason for the high performance. The presented design 
overcame challenges such as Mg sublimation at targeted application temperature or electrode induced defect 
formation, resulting in a stable TEG.   

1. Introduction 

Climate change is one of the fundamental challenges that humanity 
is facing. Emission of CO2 and other greenhouse gases by conventional 
use of limited resources of fossil fuels is one of the primary reasons of 
global warming. Evolving concerns of global warming and limited 
supply of fossil fuels demand alternate ways of energy conversion to 
fulfil consumer demands. Improving the energy efficiency of industrial 
production processes and automobile engines is the key to a solution. 
Thermoelectric heat recovery can help to limit the global warming by 
reducing greenhouse gas emissions, decrease the dependence of the 
society on fossil fuels, and secure the coverage of the rising energy de-
mands. In contrast to other heat conversion techniques, thermoelectric 
generators (TEG) provide a clean energy technology for direct conver-
sion of heat into electricity. TEG are compact and robust solid-state 
devices with no moving parts and do not produce any noise or vibra-
tions making them reliable for long working duration at no mainte-
nance. On account of these benefits, TEG have found applications in 
earlier deep space missions, remote data communication and navigation 

systems, climate-controlled seat technologies, polar weather stations, 
and waste heat recovery applications in aerospace and automotive in-
dustries [1–3]. Recently, in 2021, TEG have also been tested in the Bottle 
Rock geothermal field in the Geysers as a means of large scale utilisation 
of this technology [4]. Besides the aforementioned application, TEG 
have been implemented in wearable electrocardiographic systems 
which are operated by extracting human body heat for sourcing power 
[5]. 

The performance of TEG is governed by the figure of merit (ZT) of the 
device, which is given by Eq. (1) [6] 

ZT =
S2

devT
RK

=
S2

devT
(
Rleg + Rpara

)
K

(1)  

where Sdev is the Seebeck coefficient of the device which is the sum of 
average values of the Seebeck coefficients of n- and p-type thermo-
electric legs employed in the device, R is the total resistance which 
contains the contributions from the TE legs Rleg and additional re-
sistances (e.g. from contacts), summarized here as Rpara. K is the total 
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thermal conductance of the legs Kleg and might also consider further 
parasitic heat bypasses, and T is the absolute temperature. This equation 
is used in the context of the Constant Property Model (CPM) [7]. 

Only if losses in the device are negligibly small and the p- and n-type 
materials are similar in their TE properties, the device ZT may be 
approximated, in the sense of an upper ideal limit, by the figure-of-merit 
zT of the TE materials, which is given by Eq. (2). 

zT =
S2σT

κ
(2)  

where S, σ, T, and κ are the Seebeck coefficient, the electrical conduc-
tivity, the absolute temperature and the thermal conductivity, 
respectively. 

A wide array of material classes is currently under exploration for 
their potential in achieving high thermoelectric performance [8–11]. 
Magnesium silicides offer a range of benefits as thermoelectric mate-
rials, including high thermoelectric figure of merit [n-type: zT ≈ 1.4 at 
450 ◦C [12] and p-type zT ≈ 0.55 [13] at 350 ◦C], non-toxicity, low 
density, abundance, and affordability. They have been previously 
explored for use in high temperature waste heat recovery applications. 
Although silicide-based thermoelectric materials have been optimized at 
a material level through several studies [12–15] there has been limited 
research on the use of these materials in the development of thermo-
electric modules. Three fully Mg2(Si,Sn)-based TEG were reported pre-
viously. Most recently, Camut et al. reported a power density of 0.9 W/ 
cm2 (with respect to the area of the TE legs) and a maximum efficiency 
of 3.6 % for a full Mg2(Si,Sn) module [16]. Earlier, Goyal et al. reported a 
power density of 0.52 W/cm2 (TE area) and predicted a maximum ef-
ficiency of 5 % [17]. In 2016, Gao reported a maximum power output of 
0.12 W corresponding to a power density of 0.47 W/cm2 for Th = 440 ◦C 
and Tc = 110 ◦C [18]. Research has also been conducted using the more 
stable Mg2Si instead of the higher performant Mg2(Si,Sn) in power 
generation. In a study of a segmented TEG made of BiTe and Mg2Si/HMS 
[19], a maximum power density 0.8 W/cm2 (per TE area) for ΔT = 498 K 
and an efficiency up to 5 % for Th = 500 ◦C, Tc = 25 ◦C have been re-
ported. Additionally, pairing Mg2Si with Si-Ge resulted in a power 
density of 1.8 W/cm2 for Th = 650 ◦C and Tc = 30 ◦C [20]. 

n-type Mg2Si1-xSnx (x ≈ 0.7) potentially suffers from a limited 
thermodynamic stability due to a miscibility gap reported for the 
pseudo-binary phase diagram and Mg loss [15,21–23]. As the stability 
against oxidation and Mg loss decreases with increasing x the unmixing 
at high temperatures favors oxidation in air and (local) Mg sublimation 
[24]. Very recent work also indicates that the stability of Mg-rich Mg- 
based materials might be limited already at room temperature due to a 
fast diffusion of Mg [25,26]. The Mg-poor p-type counterpart, on the 
other hand, has shown reproducibly stable thermoelectric performance 
[13,16,27–29]. Further research [27,30] on the contacting of magne-
sium silicides with various electrodes reported on a change in optimum 
carrier concentration of the n-type leg resulting in a suboptimal per-
formance of the TEG. In particular, n-type Mg2Si1-xSnx showed signifi-
cant changes in the TE properties presumably due to diffusion of Ag from 
the electrode into the TE material [30] while no such degradation of the 
properties was observed with the p-type counterpart. On the other hand, 
binary n-Mg2Si has shown decent TE properties with zTmax > 0.7 [31,32] 
and a higher stability against oxidation up to 500 ◦C [24,33]. Due to its 
good stability over a large temperature range, Mg2Si was chosen as the 
n-type leg for the fabrication of TEG laboratory modules in this work. Ni 
was assessed as a potential electrode for Mg2Si by de Boor et al. [34–36]. 
The study found out that Ni is a promising electrode which showed good 
adhesion and low electrical contact resistance with rc (=Rc × A (where A 
is the area of cross-section) ~4.4 ± 2.7 µΩcm2. Cu was also tested as a 
potential candidate for both undoped [37] and doped Mg2Si [38]. The 
undoped Mg2Si resulted in a much higher value of rc ~13.7 mΩcm2 than 
for the doped Mg2Si which had an rc of around 44.3 µΩcm2. 

In our pursuit of building Mg2X TEG, we tested n-Mg2Si with Ni and 

Constantan (Ni45Cu55) as potential electrodes for TE metallization in this 
work. We found that Ni45Cu55 and Ni might overcome the shortcomings 
of other electrodes (e. g., Al [28], Cu [37,39], Ag [27]) by providing a 
low electrical contact resistances (<10 µΩcm2), symmetric among both 
the hot side and cold side interfaces without altering the intrinsic 
properties of the TE material. Ni45Cu55 has been employed previously 
for a different material system (Sn-rich Mg2(Si,Sn)) [39] and was shown 
to be unsuitable due to the formation of cracks owing to CTE mismatch 
of TE with the electrode and a comparatively higher electrical contact 
resistance (~30 µΩcm2), accompanied by the reduction of charge carrier 
concentration due to the interdiffusion of elements at the interface. 
Notably, its compatibility with the more stable Mg2Si and its perfor-
mance in a functioning device have not been assessed until now. This 
study illuminates two key facets: firstly, a comparative evaluation of two 
distinct electrodes at the leg level, and secondly, an exploration of 
electrode performance at the device level. The latter involves the anal-
ysis of these functionalized legs under thermal cycling conditions. The 
original approach of this study lies in its unique material combination in 
order to design this TEG. 

To further evaluate the efficacy of these electrodes, a comparison 
was made at the device level between two TEG 2×2 leg devices, with p- 
type legs composed of Mg1.97Li0.03Si0.3Sn0.7 and Ag electrodes. We 
found that rc of Ni on the n-type material significantly increases after 
dicing the metallized legs and upon TEG characterization. In contrast, 
the use of Ni45Cu55 as the electrode material on the n-type material 
resulted in interfaces with low and stable electrical contact resistances 
(rc) even after dicing and through thermal cycling. The here presented 
design resulted in a stable TEG and overcomes the shortcomings of 
earlier work like Mg sublimation or electrode induced defect formation 
at targeted application temperatures. We find that the measured effi-
ciency of the prototype is comparable to that of previously reported fully 
Mg2(Si,Sn)-based TEGs due to the reduction of internal losses. The open- 
circuit voltage, inner electrical resistance, and maximum efficiency were 
measured and compared with predictions based on the constant prop-
erty model. 

2. Experimental 

2.1. Synthesis and characterization of the TE material 

The synthesis of n- and p-type thermoelectric (TE) powders was 
performed by using the melting route introduced in [12,27,39] with the 
following nominal stoichiometry: Mg2.06Si0.965Bi0.035 and Mg1.97Li0.03-

Si0.3Sn0.7. The excess Mg (3 at% with respect to nominal Mg content) 
was added for the synthesis of Mg2.06Si0.965Bi0.035 to compensate for 
potential Mg loss during the preparation route and to obtain nearly 
phase pure materials. The powders were sintered using a direct current 
sintering press (DSP 510 SE, Dr. Fritsch GmbH) with a heating rate of 1 
K/s, and pressing conditions were optimized based on previous research 
to achieve optimal TE properties. Density measurements were per-
formed using Archimedes’ method, yielding a relative density of >95 % 
for all samples. The temperature-dependent electronic transport prop-
erties were measured using a four-probe technique in an in-house fa-
cility [40,41]. The thermal diffusivity (α) was measured using a Netzsch 
LFA 427 apparatus, and thermal conductivity (κ) was calculated using 
the relation κ = αρcp, where specific heat capacity (cp) value was 

calculated by the Dulong-Petit law: cp = cDP
V +

9E2
t T

βTρ , where Et ∼

2 × 10− 5 K− 1 and βT ∼ 2.07 × 10− 11 Pa− 1 are the linear coefficient of 
thermal expansion and isothermal compressibility, respectively [14,42]. 

2.2. TE legs metallization 

In this study, p-type TE material was joined with Ag electrode foils 
through a two-step sintering process at 450 ◦C, as reported previously in 
[27]. For the n-type TE, two different electrode materials were utilized, 
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namely constantan (Ni45Cu55, Goodfellow) and nickel (Ni foil, Alfa 
Aesar). Ni45Cu55 was joined by stacking foil layers on either side of the 
TE pellet and subjecting the stack to a high-pressure, high-temperature 
treatment at 700 ◦C and 29 MPa for 10 min in the DSP facility. In 
contrast, Ni was joined via a one-step sintering procedure, where Ni foil 
layers were placed on top and bottom of the n-type TE powder, and the 
entire assembly was pressed and sintered at 800 ◦C and 66 MPa for 10 
min. The number of foil layers was chosen to allow for electrical contact 
resistance measurements, which have a limited lateral resolution 
[36,43]. The optimal compaction temperature for Mg2Si1-xSnx depends 
on the solid solution composition x [13], and the suitable processing 
window to join the metal electrode to the TE material is also specific to 
both components, therefore for Ni45Cu55, a two-step process was 
required. The resulting metallized TE pellets were diced into legs using a 
Disco DAD321 automatic dicing saw, with a cutting speed of 0.3 mm/s 
and an angular speed of 30,000 rpm. The contact quality of these 
metallized TE legs was evaluated by measuring their electrical contact 
resistances rc at the joining interface using an in-house-built Potential & 
Seebeck scanning microprobe (PSM) [43]. In order to monitor any 
variation in the electrical contact resistance during the dicing process, 
the characterization of the metallized TE elements was performed in two 
stages. During the dicing process, the cutting blade must traverse in both 
the x and y directions in order to produce legs of specified dimensions. In 
the first stage of characterization, each n-type pellet was characterized 

after a single x-cut and referred to as a “bar”. In the second stage, after 
both x and y cuts were completed, the resulting elements were referred 
to as TE “legs”. 

2.3. Electrical contact resistances and the practical yield of the TE legs 

The specific contact resistance rc is obtained on functionalized n-type 
legs and bars joined with Ni or Ni45Cu55. Two rc values can generally be 
obtained for each contact with two different calculation methods. In the 
first method, the current is assumed to be distributed uniformly across 
the cross section of the sample and the contacts. Thus, the current 
density (j) of such an ideal sample is given by j = I/A and the contact 
resistance Rc can be calculated by using Eq. (3) 

rc =

(
Velec − VTE, int

)
A

IPSM
(3)  

Here, Velec – VTE,int is the drop in the two distinct electrical potential 
values at the interface between the electrode and the TE material. The 
position of the interface is identified using the drop in the Seebeck co-
efficient on the line scan. A is the leg cross-section and IPSM is the current 
measured in the device. 

To check for that, the specific contact resistance is also calculated 
following Eq. (4) 

Fig. 1. Exemplary line scans of electrical potential and Seebeck coefficient for n-Mg2Si + Ni45Cu55 (a) bar; (b) TE leg; and n-Mg2Si + Ni (c) bar; (d) leg.  
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rc =
Velec − VTE

ΔVTE
ρTELTE (4)  

where ρTE is the electrical resistivity of the TE material measured after 
joining (and after removing the electrodes), LTE is the length of TE 
sample and ΔVTE is the voltage drop across the TE material measured in 
the PSM. 

Exemplary line scans of the Seebeck coefficient and potential are 
shown in Fig. 1 after both cutting steps, while the corresponding specific 
contact resistance values are given in Table 1. In this work, we report rc 
values calculated by Eq. (4) and are tabulated in Table 1, as written ‘left’ 
and ‘right’ being the two sides of the given sample. To determine rc, the 
average of all valid PSM graphs (with monotonous decrease of VTE with 
respect to the position) was taken into account using Eq. (4). Fig. 1(a) 
shows that the sections of the Ni45Cu55 electrode and the TE material are 
distinguishable by the different Seebeck coefficient levels. The potential 
line scan doesn’t show sudden abrupt changes inside the TE material or 
at the Ni45Cu55/Mg2X interface, indicating a good electrical connection 
between the electrode and TE material without cracks. Fig. 1(c) displays 
the PSM line scans of the Ni/n-Mg2Si interface. For both the metals, 
there is no gradient in the Seebeck coefficient profile near the interface 
or inside the TE. This is consistent with the previous research findings 
[36] but different to the previously mentioned case of Ag joined to n- 
type Mg2X [30]. In Fig. 1(b and d), increased scatter is observed from the 
PSM tip during the scanning process. 

Table 1 also presents an estimated yield of TE legs. As can be seen, for 
both electrodes, low contact resistances are obtained after a single cut to 
produce bars. However, the electrical contact resistance rc remained 
stable with a 100 % yield in obtaining the employable TE legs of desired 
dimensions from one 15 mm sample without any delamination in the n- 
Mg2Si legs only for Ni45Cu55 electrodes. In contrast, the yield of TE legs 
was less than 25 % for the n-Mg2Si legs joined with Ni electrodes. These 
exhibited an increase in rc and the rest was lost due to delamination of Ni 
during the cutting process. The observed rise in rc after the second cut in 
the n-Mg2Si legs connected with Ni electrodes may be attributed to 
poorer adhesion during the initial contacting step as compared to 
Ni45Cu55. Considering the higher melting point of Ni than Ni45Cu55, 
poor adhesion of Ni could potentially result in micro-delamination and 
the formation of cracks near the interface after the first cut. During the 
second cut, this could contribute to the increase in rc. The p-type legs 
with Ag electrodes on p-Mg2(Si,Sn), employed for the preparation of 
modules, displayed low electrical contact resistance values of approxi-
mately 13 µΩcm2. 

2.4. Module fabrication and evaluation 

To furthermore assess the electrode quality on a device level, two 
thermoelectric generators, named TEG-1 and TEG-2, were fabricated 
with the primary difference being the electrode used on the n-type TE 
leg, Ni45Cu55 for TEG-1 and Ni for TEG-2. Both TEG prototypes had a 
2×2 leg configuration with two unicouples each. The n-type and p-type 
TE legs were electrically joined in series and thermally connected in 
parallel via the use of direct-Cu bonded (DBC) substrates as the top and 
bottom plates, which were obtained from HHI Industrievertretungen. 
The legs were soldered to the DBC plates using the procedures described 
in [16]. The pressing parameters used in the fabrication process were a 

temperature of 420 ◦C for 15 min with a heating rate of 25 ◦C/min, a 
load of 6 kg, and a partial Argon atmosphere (~600 mbar) inside the 
induction furnace. We used a higher temperature of 420 ◦C for soldering 
in this work as compared to the one reported in [16] due to the higher 
melting temperature of Ni45Cu55 and Ni and the higher thermal stability 
of n-Mg2Si compared to n-Mg2(Si,Sn). Fig. 2 shows an example of such a 
2×2 TEG. 

We have used a Constant Property Model (CPM) to design and 
evaluate the TEGs. The averaged material properties employed as input 
(α, ρ, thermal resistivity 1/κ) are obtained by temperature averaging 
such as α = 1

ΔT
∫ Th

Tc
α(T)dT, which has been shown to be accurate for 

Mg2X [44]. Note that the effectively acting thermal conductivity κeff is 
adequately calculated as the reciprocal of the average thermal resistivity 

such as κeff = 1̄
κ(T) =

(
1

ΔT
∫ Th

Tc
1

κ(T) dT
)− 1

. Within the CPM the cross section 

ratio for highest efficiency, ηmax, is given by goptη =
(

Ap
An

)

optη
=

̅̅̅̅̅̅̅
κnσn
κpσp

√
while 

for maximum power, the ratio which is given by gopt_P =
(

Ap
An

)

optP
=

̅̅̅̅
σn
σp

√

[45] This gives gopt η = 2.39 and gopt P = 1.56 for Tc = 25 ◦C and Th =

400 ◦C. As a compromise, g = 2 was employed practically which showed 
a relative loss in ηmax of <1 %. According to this area ratio, the cross- 
sectional area of the n-type material measures 3.4 mm × 3.4 mm, 
while the p-type material has a cross-sectional area of 4.8 mm × 4.8 mm, 
both with a total leg length of 4.68 mm. 

After the module fabrication, the module performance was measured 
by using an in-house built thermoelectric generator measurement 
apparatus (TEGMA) reported in [46–48]. The measurement was done 
under vacuum and an axial pressure of 1.5 MPa was applied on the TEG 
during the measurement. To ensure a uniform transfer of heat between 
all components of the measuring section, graphite foils (Dr. Fritsch 
Gerätebau GmbH, 200 µm) are introduced at all interfaces. The cold side 
temperature at the interface between TEG and measurement setup was 
kept constant at 25 ◦C, while the hot side temperature was varied within 
the range from 200 to 400 ◦C. A steady state characterization was 
employed during the measurement i.e. the ΔTm step is stabilized for 
each current level to account for the varying Peltier heat, with a total 
runtime of 5 h at each target hot side temperature. It has been previously 

Table 1 
Specific contact resistances (mean value ± standard deviation) of the legs used to build the module and yield.  

TE electrode Mode of Synthesis rc (µΩ cm2) Yield of TE legs 

1-cut, bar 2-cut, TE leg 

Left Right Left Right 

Mg2.06Si0.965Bi0.035 Ni45Cu55 2-step sintering 5±2 5±4 5±2 5±4 100 %  
Ni 1-step sintering 3±3 4±3 96±10 75±38 <25 % 

Mg1.97Li0.03Si0.3Sn0.7 Ag 2-step sintering N/A N/A 13±10 14±8 100 %  

Fig. 2. Image of the TEG-1.  
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shown in [16] that the cold and hot side temperatures are not equal to 
the actual temperatures at the ends of the TE legs, as there are tem-
perature drops e.g. across the graphite foils and DBC substrates. 

To make precise calculations of the module performance, first, the 
effective temperature boundary conditions are evaluated at open circuit 
(I = 0) and then at closed circuit conditions (I ∕= 0) since most TEG 
parameters are relevant under (optimum) current flow. Using the open- 
circuit voltage, the effective temperature difference across TE legs, 
ΔTTE,I0 can be evaluated by Eq. (5). 

V0 = N
(
αn +αp

)
ΔTTE,I0 (5)  

where N is the number of uni-couples and αn, αp are the average Seebeck 
coefficients. The temperatures measured at the outer module interfaces 
are initially used to obtain average values for αn and αp. These average 
values are then used to calculate the effective ΔTTE,I0 , from the open- 
circuit voltage (V0). The calculated ΔTTE,I0 is then used to determine a 
new temperature range, over which another average is taken. This 
iteration is continued until the difference between two iterations is <1 
K. This effective ΔTTE,I0 is then further used to calculate ΔTTE,Iopt at op-
timum current flow in close-circuit loop by taking in account the Peltier 
heat as explained in [16]. Basically, in this method, parasitic tempera-
ture drops at the material layers and interfaces between the TE legs and 
the heat flow meter (HFM)/heater are considered. By considering the 
total parasitic temperature drop ΔTpar, a temperature difference ΔTpar,I0 

at I = 0 and at optimum current when power is maximum ΔTpar,Iopt are 
defined. Assuming constant thermal resistance of the parasitic layers 
with current, ΔTpar varies proportionally to the heat flow. Therefore, 

(Q̇opt,m/Q̇0,m ) = (ΔTpar,Iopt /ΔTpar,I0 ) = (ΔTm,Iopt – ΔTTE,Iopt )/ΔTpar,I0 

where Q̇ is the measured heat flow and ΔTm (= Th – Tc as measured by 
TEGMA) and subscripts ‘0′ and ‘opt’ refer to parameters at open-loop 
conditions and at optimum current for maximum power. ΔTpar,I0 is 
known as ΔTpar,I0 = ΔTm,I0 ΔTTE,I0 . ΔTTE,Iopt is then calculated by using 
above equation, and the corresponding hot and cold side temperatures, 
Th,TE,opt and Tc,TE,opt are determined. A reference by Camut et.al. [16] 
can be used for a full didactic method describing the assumption of 
symmetrical temperature loss and additional methods for determining 
effective temperature conditions at the TE legs using measured heat 
flow. It results in the decrease of ΔTTE as compared to the open-loop 
condition. 

Once the true temperatures across the TE material are obtained for I 
∕= 0, they can be taken forward for calculation of TEG performance. We 
use CPM for all our calculations and within this model, the heat flow at 
maximum power Q̇opt is calculated using Eq. (6) 

Q̇opt = KTEΔTTE,opt + I • N •
(
αp − αn

)
Th,TE,opt −

1
2

I2R (6)  

It has three constituents of heat flow as indicated: Fourier heat flow 
related to thermal conduction, Peltier heat and Joule heat due to the 
current flow in the circuit. The electrical resistance is given by Eq. (7) 

R = RTE +Rc +RCu = N
[ρpL

Ap
+

ρnL
An

+
2rcp

Ap
+

2rcn

An

]

+
∑ Li

σCu(T)Ai
(7)  

where RTE is the total electrical resistance of the TE legs and Rc the total 
electrical contact resistance and RCu is the total resistance of Cu on the 
DBC plate. The latter is calculated as a series addition of two stripes at 
the top (L1 = 1.2 cm) and three stripes at the bottom of the DBC plate (L1 
= 1.2 cm and L2 = 1.6 cm) each with a thickness of 250 µm and 0.5 cm in 
width. The temperature-dependent electrical conductivity of Cu 
[σCu(T)] was referred from [49]. Furthermore, the thermal conductance 
of the TEG is given by Eq. (8) 

KTE = N
(

κpAp

L
+

κnAn

L

)

(8)  

The maximum power output, Pmax of TEG is given in CPM by Eq. (9) 

Pmax =

(
N
(
αp − αn

)
ΔTTE,opt

)2

4R
(9)  

and the conversion efficiency is given by the following Eq. (10) in terms 
of device figure of merit ZT, (refer Eq. (1)) 

ηmax =
Th,TE, opt − Tc,TE,opt

Th,TE, opt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
− 1

Tc,TE,opt
Th,TE, opt

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√ (10)  

3. Results 

3.1. Microstructural analysis of Ni vs. Ni45Cu55 electrodes on n-Mg2Si 

The SEM images of the interface and near-interface regions of the n- 
Mg2Si TE material joined to Ni45Cu55 and Ni are presented in Fig. 3. The 
interface of the TE material with Ni45Cu55 exhibits a mottled structure, 
which is similar to the microstructure reported in [39] for the interface 
of n-Mg2(Si,Sn) with Cu. Presumably due to the lack of Sn in the present 
case, the interface is not as complex and there are fewer phases present. 
The interdiffusion zone consists of the main layer of 20 µm thickness 
with some tendrils extending roughly about ~50 µm. The EDX- 
approximated composition of the interface layers between the TE ma-
terial and Ni45Cu55 is suggested as Mg1.2NiCu2 on Fig. 3(b), indicating a 
gradual change in Cu content from the electrode to the TE material. It 
looks like the lower Cu-free layer, approximated to the composition of 
Mg3SiNi5 may act as the barrier between Cu and the TE material as Cu 
presence was not detected by EDX beyond the first reaction layer as 
mentioned above. Ayachi et al. [39] investigated the behavior of 
Ni45Cu55 as an electrode for Mg2Si0.3Sn0.7 solid solutions. They observed 
a thick reaction layer containing distinct ternary phases, including 
compositions of Cu, Mg and Sn in one layer, and Ni and Si-rich accu-
mulations in the next layer. This Ni-Si phase formation has been previ-
ously documented in Mg2Si/Ni contacts where a single reaction layer of 
Ni31Si12 was identified. Additionally, the ternary phases Mg2SiNi3 and 
Ni2Mg were reported [50]. SEM/EDX analysis of the n-type TE with a 
Cu55Ni45 electrode in this work, revealed the formation of ternary 
phases of Mg, Si, and Ni with a gradual change of Ni, the compositions 
being approximated such as Mg3SiNi5 and Mg2SiNi3, and a ternary 
composition of Mg and Ni with Cu, as Mg1.2NiCu2 in the distinct reaction 
layers (Fig. 3b). It is plausible that these EDX-approximated composi-
tions can be an overlay of intermixed or adjacent phases. A liquid phase 
is also indicated in Mg-Cu [51] phase diagrams, can be a hint for the 
tailing near the mottled structure (Fig. 3b) growing locally inside the TE 
material. 

On the other hand, Ni forms a growing “rod-like ” interface with 
Mg2Si (Fig. 3d), clearly different from that of Mg2Si with Ni45Cu55. 
There are three distinct reaction layers. The thickness of the interface 
region close to the electrode is 20 µm thick growing upto approximately 
100 µm in the form of rod-like structure. The compositions of the 
interface layers, as acquired by EDX point analysis, are given in the 
Fig. 3d and were approximated as NiSi4 in the first layer which can be 
seen by the gradient in grey scale, MgSi2.66Ni1.1 in the second layer, and 
the rods or lamellae consist of Mg1.2SiNi1.2. EDX point analyses at 
different spots in the region show an interdependent gradual change in 
Ni, Si and Mg as we move from the electrode to the TE material on the 
interface. In contrast to the formation of ternary phases at the interface 
of Ni45Cu55 to n-type TE material, the interface of Ni to the n-type TE 
showed the presence of three distinct reaction layers. This observation is 
consistent with previous studies by de Boor et al. [35,36] who reported 
similar ternary compositions at the interface. As the possibility of an 
overlay of intermixed or adjacent phases cannot be avoided but from the 
binary phase diagrams of Mg-Ni [52], a liquid phase is indicated above 
508 ◦C which is above the joining temperature of Ni. This may be a 
probable explanation for the growing rod-like structure. Large cracks 
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were observed at various regions inside the TE material when joined 
with Ni, as shown in Fig. 3. The dark areas seen in the contrast within 
Mg2Si have been previously reported by [50] and were there attributed 
to the presence of Mg-rich Mg2Si regions. 

3.2. Module measurement 

Fig. 4 shows the power parabolae of TEG-1 and TEG-2, respectively. 
For TEG-1 in Fig. 4(a), P(I) is shown for two heating and cooling cycles 
of the hot side temperature while for TEG-2 (Fig. 4(b)) only heating data 
is shown as the module broke during the measurement. The maximum 
power output of TEG-1 is ~0.55 W which is more than 20 times larger 
than that of TEG-2. The inferior performance of TEG-2 compared to 

TEG-1 can likely be attributed to the cracks observed in the SEM images 
in Fig. 3 and the increased electrical contact resistance. To gain a better 
understanding of the potential degradation mechanism the total internal 
resistance across the module is determined. 

The inner resistance of the modules is determined from the calcu-
lated resistances of the TE materials for the true temperatures (explained 
in section 2.3), corrected for the small changes in the temperatures with 
increasing current as outlined in [16,46]. The total inner electrical 
resistance of the TE module can be estimated by using Eq. (7). 

Fig. 5(a – c) compare calculated and measured values of the total 
resistances and open circuit voltages of TEG-1 and TEG-2 at the given 
temperatures. Fig. 5(a and b) are separated from each other as Fig. 5(a) 
indicates all calculated values in comparison to only one measured cycle 

Fig. 3. SEM images of n-Mg2Si/Ni45Cu55 (a, b) and n-Mg2Si/Ni (c, d)(after the first cut). The indicated compositions are obtained by EDX point analysis.  

Fig. 4. Power parabolic of 2×2 TEG modules of (a) TEG-1 (joined with Ni45Cu55 on n-leg); (b) TEG-2 (joined with Ni on n-leg).  

R. Deshpande et al.                                                                                                                                                                                                                             



Materials & Design 239 (2024) 112757

7

from each, TEG-1 and TEG-2. On the other hand, Fig. 5(b) shows two full 
measurement cycles of TEG-1 and the data is compared with calculation. 
The calculated and measured values are indicated by R(TEG-j)CPM and R 
(TEG-j)m, for both TEG-1 and TEG-2. Due to employing a steady state 
measurement, R(TEG-j)m can be extracted directly as the slope from the 
measured V-I curves for each temperature. The calculations compare the 
cases of ideal (rc = 0), pre-assembly rc (measured on contacted single 
legs, see Table 1) and additionally considering the resistance of the Cu 
bridges (RCu). As we see in Fig. 5(a), the resistance of TEG-2 is (at Th =

400◦C) approximately twenty times higher than the expected one, R 
(TEG2)CPM, rc, indicating a significant influence of additional resistances 
due to e.g. cracks in the material or at the interface, as observed in Fig. 3 
and a poor adhesion of Ni electrode resulting in a poor yield. The evo-
lution of TEG-1 resistance under temperature cycling is also shown in 
order to see its rate of change and it can be seen that the two measured 
cycles are overlapping with a relative change < 2 %. In the most realistic 
calculation scheme, involving measured leg contact resistance and Cu 
bridge resistance (R(TEG1)CPM, rc+RCu), there is very good agreement 
between calculation and measurement, whereas lower values are 
calculated when neglecting bridge and contact resistance, showing the 
potential for improvement with respect to inner resistive losses. 

While taking a look at the measured V0 for TEG-1 and TEG-2, Fig. 5 
(c), the curves of both TEG don’t overlap. According to Eq. (5), V0 de-
pends on the average Seebeck coefficients, αn, αp and the effective ΔTTE 
across TE legs. Fig. 5b shows an almost unchanged V0 for different 
measurement cycles of TEG-1, indicating negligible alteration of TE 

properties from cycle to cycle. Although the p-type legs of both modules 
have a relative difference of <10 % in their Seebeck coefficients owing 
to different synthesis batches of p-type powders (refer S1), this will not 
explain the full amount of the difference of V0 between both TEG. The 
remaining difference is likely a result of individually varying interface 
properties and partly delamination or cracking at the contacts (see 
Fig. 3). 

Fig. 6 (a and b) shows the comparison of measured and calculated 
maximum power output, Pmax, and maximum conversion efficiency, 
ηmax, respectively for both TEG as a function of the hot side temperature, 
Th, taking the temperatures at the TE legs for the CPM results into ac-
count. Calculations include ideal (rc = 0), pre-assembly rc (see Table 1) 
and additionally considering the resistance of the Cu bridges (RCu). All 
the calculations are done for the first heating cycle. TEG-1 reaches the 
highest calculated Pmax for the ideal case, (TEG1)CPM,rc=0 followed by 
(TEG1)CPM,rc (see Fig. 6(a)). The calculated temperature-dependent Pmax 
values with the measured electrical resistance, (TEG1)CPM,R=Rm coincide 
well with the Pmax calculated by considering the resistance of Cu bridges, 
(TEG-1)CPM, rc +RCu. Comparison with measurement shows about 7 % 
lower power output than the ideal case, (TEG1)CPM, rc=0; 4 % lower than 
(TEG1)CPM,rc and a very good agreement with the calculated 
(TEG1)CPM,R=Rm. However, the measurement values during two cycles 
are stable. We have stable open-circuit voltage (Fig. 5(b)) and stable 
inner resistance (Fig. 5(a)) resulting in a stable measured power output 
during the cycling. On the other hand, the measured power curve for 
TEG-2 is very low due to high contact resistance reaching only ~0.025 
W at 400 ◦C. 

Fig. 5. Comparison of (a) Ri with 1st measured heating curves of TEG-1 and TEG-2; (b) Evolution of two measurement cycles of TEG-1 (c) V0 of TEG-1 and TEG-2 
versus hot side temperature. For TEG-2, V0 (TEG-2)c and V0 (TEG-2)m coincide; for legends symbols, see text. 

Fig. 6. Comparison between measurement and calculations using contact resistance measured on the metallized legs before TEG assembly and using contact 
resistance obtained from measured inner resistance, for: a) maximum power output; (b) maximum conversion efficiency. 
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The predicted theoretical efficiency for TEG-1 and TEG-2 at ΔTm =

375 ◦C (ΔTm = Th – Tc, as measured by TEGMA) is 3.35 % and 2.58 %, 
respectively. The predicted efficiency values of both TEGs differ from 
each other only due to their distinct rc of the n-type TE legs (see Table 1) 
and slightly different average TE properties of the p-type legs (refer S1). 
For TEG-1, comparison of calculated values with measurement shows 
the same order as that in the power calculation. The difference worth to 
note here is that the measured efficiency is about 15 % higher than 
(TEG1)CPM,R=Rm. In contrast to power measurements, efficiency mea-
surements account for uncertainty related to heat flow during high- 
temperature measurements. Previous studies on TEGMA measurement 
techniques have reported a heat flow uncertainty of 10–13 % [46]. For 
the employed small TEG, the uncertainty might be larger. Fig. 6(b) 
displays the results of two measurement cycles of heating and cooling (in 
dotted lines). The conversion efficiency remains stable throughout the 
cycles indicating a robust design of the TEG-1. TEG-2 on the other hand, 
presents a curve of low efficiency over the whole temperature range 
(<0.25 % for ΔTm = 375 ◦C) indicative for a poor and unstable design. 

4. Discussion 

In this work, we report the behavior of constantan (Ni45Cu55) and Ni 
as electrodes for n-Mg2Si under thermal cycling and load. This section 
first discusses the microstructural aspect of each of these two electrodes 
at the interface to the TE legs during joining (see Fig. 3) and the resulting 
contact resistance (Table 1) during the cutting steps followed by a 
comparison of the two assembled TEGs in terms of their power output at 
optimum current. 

As seen from the SEM imaging (Fig. 3), the Ni45Cu55 electrode shows 
good adhesion to the TE material and a crack-free zone in the TE ma-
terial adjacent to the contact. Contrary to it, as joined with Ni (Fig. 3(c)), 
there are in-depth cracks. This is in contrast to the previously reported 
research by de Boor et al. [36]. The different factors in our work from 
[36] are the dopants for the TE material and the sintering parameters. In 
this work, n-type Mg2Si is doped by 3.5 at.% Bi (at the Si position) and 
sintered at 800 ◦C while de Boor et al. used 1.25 at.% Sb dopant and 
sintered the material at 900 ◦C. The joining temperature of Ni to n-type 
Mg2Si is 800 ◦C and with respect to its CTE, Ni is closer to Mg2Si than the 
solid solution composition reported by Pham et al. [27]. The CTE of 
Mg2Si is 13×10− 6K− 1 [53] and that of Ni [36] is also around 13×

10− 6K− 1. On the other hand, the CTE of Ni45Cu55 as reported is 
14.9 × 10− 6K− 1 [39]. Despite a larger CTE mismatch with Ni45Cu55, the 
joining results in a high interface adhesion with n-Mg2Si in addition to a 
crack-free zone in the TE material, making Ni45Cu55 a better suitable 
electrode choice for n-Mg2Si than Ni. It should also be noted that the 
contact resistance of the functionalized legs was initially very low (<10 
µΩcm2) also in this study and the main degradation appeared at the 
device level, a step not achieved in earlier work. This might indicate that 
characterization on a single leg level is insightful [54,55], but device 
level tests are more telling due to a longer preparation history and as the 
mechanical load situation related thermal cycles in a module, even 
related to assembly, is more complex than in a single leg [16]. 

Measured open circuit voltage (Fig. 5(c)) and total inner electrical 
resistance (Fig. 5(a and b)) show that TEG-2 contains additional elec-
trical and thermal resistances as compared to TEG-1, resulting in a very 
low power output. Both TEG are measured with a cold side temperature 
of 25 ◦C and a hot side temperature of 400 ◦C. TEG-1 reached a power 
output of approximately 0.55 W at an optimal current of 5.58 A, with a 
deviation of <0.4 % between the measurement cycles. 

Our previous work reports the first efficiency measurement of a fully 
Mg2(Si,Sn)-based TEG reaching 3.6 % efficiency and a power output of 
0.9 W/cm2 [16]. These values are well within the range of reported 
silicide-based modules. However, the Mg2(Si,Sn) n-type legs showed 
performance degradation, presumably due to Mg loss by sublimation 
and electrode-induced defect formation in the TE material. In the 

current work, we have obtained an improved thermal and mechanical 
stability of the n-type leg by substituting Mg2Si1-xSnx by Mg2Si. Given 
the superior stability of Mg2Si as evidenced by previous research 
[24,33], it exceeds that of Mg2Si1-xSnx, where significant degradation 
occurs above 400 ◦C [56]. Consequently, our expectation was for an 
enhanced stability in Mg2Si-based TEG compared to the n-type 
Mg2Si1-xSnx leg employed in fabricating a full Mg2(Si,Sn) TEG, as re-
ported in our prior work [16]. We have achieved an excellent match 
between the measured and expected resistances (Fig. 5(a and b)) as there 
are no cracks occurring at the interface or inside the TE material (in 
contrast to the previous case of Mg2Si1-xSnx [16]) due to employing a TE 
material with higher thermal stability. Fig. 4, Fig. 5 and Fig. 6 show a 
stable thermal cycling behavior of the TEG-1 up to 400 ◦C. We also 
overcame the defect diffusion issue [16] in the TE material by using the 
better suited Ni45Cu55 for metallization of n-Mg2Si. Overall, this design 
of the TEG resulted in a similar power density of ~0.79 W/cm2 (0.55 W) 
at 400 ◦C, a comparable efficiency (3.6 %) at a slightly longer length of 
TE legs and significantly worse n-type TE properties as compared to the 
only previously published fully Mg2(Si,Sn)-made module [16]. 

5. Conclusions 

In this article we presented a comparative device level assessment of 
two potential electrodes, Ni45Cu55 and Ni for n-Mg2Si in an effort to 
build a robust TEG module. In conclusion, Ni45Cu55 has resulted in a 
better performance than Ni for n-Mg2Si at the device level. With 
Ni45Cu55, the contact resistance of the n-type leg of the TEG is similar on 
both sides and is lower than 5 µΩcm2. It remains stable during the 
cutting steps of the functionalized wafer into single TE legs resulting in 
100 % cutting yield. No cracks were observed on Ni45Cu55/n-Mg2Si 
functionalized TE legs, in contrast to the case of Ni electrode that 
resulted in <25 % cutting yield with large cracks inside the TE material 
and higher contact resistance. A module lab prototype with the Ni45Cu55 
electrode has demonstrated much better performance and stability 
compared to one with Ni electrode. As Ni45Cu55 was contacted at 700 ◦C, 
annealing tests at lower temperatures may not result in significant 
changes. This bodes well for the long-term stability of the module. With 
Ni45Cu55 in combination to n-Mg2Si we have demonstrated a similar 
performance with a power density of ~0.79 W/cm2 as compared to a full 
Mg2(Si,Sn) module due to lower resistive losses, a crack-free micro-
structure, and an unchanged n-type material as revealed by CPM cal-
culus analysis. Thus, we have fabricated a module featuring a novel 
material combination, addressing the limitations of our previous work 
and successfully mitigating concerns related to Mg sublimation or 
electrode induced defect formation. 
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