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Abstract
We have synthesized the complete stoichiometric range of the p-Mg2Si1-xSnx striving for the
optimization of the thermoelectric properties of p-type Mg2(Si, Sn) with respect to
composition. The experimental data is analyzed in the framework of a single parabolic band
(SPB) model and we can show that the thermoelectric properties can be well presented if
acoustic phonon scattering and alloy scattering are taken into account.
We find that the maximum achievable carrier concentration and power factor increase with
higher Sn content. Also, the carrier mobility increases strongly from Mg2Si to Mg2Sn due to
changing density of states effective mass for the valence band which decreases from
𝑚𝐷∗ (𝑀𝑔2 𝑆𝑖 ) = 2.2 𝑚0 to 𝑚𝐷∗ (𝑀𝑔2 𝑆𝑛) = 1.1 𝑚0 . Retrieval of the acoustic phonon scattering
potential (𝐸𝐷𝑒𝑓 = 9 𝑒𝑉) and the alloy scattering parameter (𝐸𝐴𝑆 = 0.5 𝑒𝑉) allows modelling
the thermoelectric properties for any arbitrary composition. Hence, we can predict the
optimum 𝑧𝑇 for 𝑥 ≈ 0.65 − 0.7 and the maximum power factor for Sn-rich compositions.
We furthermore reveal that significant improvement of the thermoelectric properties of Si-rich
compositions can be achieved by increasing the carrier concentration experimentally and that
the disparity between n- and p-type Mg2(Si, Sn) is due to the differences between the valence
and the conduction bands and not the interaction potentials.

Introduction
Thermoelectric materials are very attractive because they can directly convert waste heat into
electricity. Thermoelectric system have advantages such as small system size, no moving
parts, heating and cooling in one system, environmental compatibility and high reliability.
The development of thermoelectric generators (TEG) is promising for a wide range of divers
applications, ranging from self-powering sensors, to waste heat recovery in the automotive
sector and the steel industry to the powering of space probes [1, 2]. The efficiency of
thermoelectric generators (TEG) depends on the figure of merit 𝑧𝑇 of the employed materials
which is defined by 𝑧𝑇 =

𝑆2 𝜎
𝜅

T where S is the Seebeck coefficient, σ the electrical

conductivity, κ the thermal conductivity, and 𝑇 the temperature.
In recent years the field of thermoelectrics has made significant progress due to the
development of efficient thermoelectric materials with high 𝑧𝑇, these include nanostructured
PbTe [3], CoSb3-based Skutterudites [4], half-Heusler compounds [5], Zintl phases [6] and
Mg2Si-based solid solutions [7]. Among these, magnesium silicide based solid solutions
(Mg2X with X = Si, Sn) are promising for waste heat recovery in the mid-temperature range
due to their environmental compatibility, low cost, abundance, and non-toxicity [8-10]. While
n-type Mg2Si1-xSnx has excellent thermoelectric properties (𝑧𝑇 ≈ 1.4) [11, 12], the p-type
properties are clearly inferior [13]. However, both good and compatible n- and p-type
materials are required to build TEG. Using n- and p- type from the same material class would
be highly advantageous as this would simplify contact development and furthermore imply
similar coefficient of thermal expansion, hence reducing thermomechanical stresses [14].
Therefore, optimizing p-type Mg2Si1-xSnx is highly desired.
Previous works have reported on p-type Mg2Si1-xSnx using Ag [15-20], Li [21-26], Ga [27,
28], and Na [29] as single dopants; a studying using double doping was also presented [30].
The highest 𝑧𝑇𝑚𝑎𝑥 of 0.7 has been reported for Li-doped samples [13, 23], possibly because
of the high solubility of Li [13, 31]. A comparative study on the Mg2Ge-Mg2Sn system
furthermore showed similar effective masses for samples doped with Li, Ga, and Na and
indicated validity of the rigid band model for these dopants [32]. Among different
compositions of Li-doped Mg2Si1-xSnx with x = 0 – 1, the Sn-rich compositions (0.6 ≤ 𝑥 ≤
0.8) have good thermoelectric properties as for those it appears to be easier to obtain carrier
concentrations close to the optimum one [21, 23, 24, 26].
de Boor et al. reviewed p-type Mg2X [13] and hypothesized from the existing works that
mobility increases with increasing Sn content and the density of states effective mass slightly
decreases. However, the analyzed data were obtained using different synthesis techniques
which makes the results difficult to compare as carrier mobilities are influenced by the
synthesis route. Furthermore, the density of states effective mass has been analyzed in a
relatively small compositional range. Till date, there has been no study determining the
thermoelectric properties for the complete stoichiometric range of p-type Mg2Si1-xSnx
identifying the optimum composition for p-type Mg2(Si,Sn). Series of samples with a given 𝑥
have been analyzed using a single parabolic band (SPB) model [21, 24, 26, 33-35]. However,
no attempt has been made so far to model the whole solid solution nor have the fundamental

scattering parameters been estimated. Moreover, while theoretical works indicate significantly
different curvatures of the valence bands in Mg2Si and Mg2Sn this has not been verified
experimentally [36].
Here we prepared p-type Li doped Mg2Si1-xSnx with x = 0 − 1 by high energy ball milling.
All the samples properties were analyzed utilizing the SPB model. The temperature
dependence of electrical conductivity/mobility is modeled with good agreement to the
experimental data taking into account acoustic phonon (AP) scattering and alloy scattering
(AS). Analysis of the data within the SPB model shows that the density of states effective
mass decreases towards Mg2Sn resulting in an optimum material for 𝑥 ≈ 0.65 − 0.7
coinciding with the experimental values. The maximum power factor is achieved for Sn-rich
compositions. The calculations furthermore reveal that significant improvement of the
thermoelectric properties of Si-rich composition can be obtained by increasing the carrier
concentration experimentally. Direct comparison of fundamental material properties of n- and
p-type Mg2(Si,Sn) indicates that the difference between conduction bands and valence bands
is almost exclusively the reason for the inferior performance of p-type.
Materials and methods
P-type Mg2-yLiySi1-xSnx (x = Sn content and y = Li content) was synthesized utilizing high
energy ball milling and current assisted sintering. The detailed procedure is described in our
previous report [37]. Since the optimum thermoelectric properties are expected to be around
Mg2Si0.4Sn0.6 [37], the Li concentration in Mg2-yLiySi0.4Sn0.6 was varied
(y = 0.001, 0.002, 0.003, and 0.005) to determine optimum dopant concentration and Li
concentration is varied for Sn-rich (𝑥 ≥ 0.6) compositions as well [23]. More samples with
different Sn content (𝑥 = 0 − 1) were prepared to study the effect of Sn substitution.
The temperature dependent S and σ measurements were performed utilizing an in-house
developed facility with a four-probe technique [38, 39]. The thermal diffusivity (𝛼 ) of the
pellets was obtained using a Netzsch LFA 427 apparatus. The thermal conductivity (𝜅) was
calculated using the relation 𝜅 = 𝛼𝜌𝐶𝑝 , 𝜌 and 𝐶𝑝 are sample density and heat capacity in
dependence of composition at constant pressure respectively. The 𝐶𝑝 value was calculated
from Dulong Petit limit for 𝐶𝑉𝐷𝑃 : 𝐶𝑝 = 𝐶𝑣𝐷𝑃 +

9𝐸𝑡2 𝑇
𝛽𝑇 𝜌

, where 𝐸𝑡 = 1.4 × 10−5 + 4 × 10−6 𝑥 K-1

and 𝛽𝑇 = 1.6923 × 10−11 + 7.106 × 10−12 𝑥 Pa-1 are the linear coefficient of thermal
expansion and isothermal compressibility in dependence of composition, respectively [40];
the density is given here by 𝜌 = 1.92 + 1.5𝑥 g/cm3. The measurements were performed under
Ar and He from 300 – 698 K. The room temperature Hall coefficient (𝑅𝐻 ) for different
samples was determined using in-house facility with a van der Pauw configuration under
varying magnetic field of maximum 0.5 T [40, 41]. The Hall carrier concentration 𝑛𝐻 was
calculated from 𝑅𝐻 assuming a single carrier type 𝑛𝐻 = 𝑅

1

𝐻.

𝑒

where 𝑒 is the electronic charge.

We specify the uncertainties for S, σ, κ, R H for different samples as
±5%, ±5%, ±8%, ±10% based on a comparison to the NIST low temperature standard for
the Seebeck coefficient [42] and internal reference measurements on a high temperature

standard proposed in [43]. Our estimates are comparable to the numbers obtained in an
international round robin test [44].
Results
Thermoelectric transport data of p-type Mg 2 Si 1-x Sn x
A list of samples with nominal composition and room temperature Hall carrier concentration
(𝑛𝐻 ), density of states effective mass (𝑚𝐷∗ ), and Hall mobility (𝜇𝐻 ) is given in Table 1.
Table 1. Thermoelectric transport data for p-type Mg2Si1-xSnx, for samples with 𝒙 < 𝟎. 𝟔 the carrier concentration
was not large enough to employ a SPB model

Composition
Mg1.99Li0.01Si0.4Sn0.6
Mg1.98Li0.02Si0.4Sn0.6
Mg1.97Li0.03Si0.4Sn0.6
Mg1.95Li0.05Si0.4Sn0.6
Mg1.995Li0.005Si0.2Sn0.8
Mg1.99Li0.01Si0.2Sn0.8
Mg1.98Li0.02Si0.2Sn0.8
Mg1.97Li0.03Si0.2Sn0.8
Mg1.995Li0.005Sn
Mg1.99Li0.01Sn
Mg1.98Li0.02Sn
Mg1.97Li0.03Sn

𝑛𝐻 x1020 (cm-3)
0.51
0.86
1.01
0.87
0.36
1.14
1.36
1.83
0.67
1.44
2.37
2.6

𝑚𝐷∗
1.45
1.42
1.53
1.39
1.01
1.42
1.18
1.26
0.95
1.12
1.17
1.22

𝜇𝐻 (cm2/Vs)
28
33
24
28
67
41
49
42
122
97
77
58

Fig. 1a shows that all samples with Mg2-yLiySi0.4Sn0.6 exhibit a positive Seebeck coefficient
corresponding to p-type conduction. The Seebeck coefficient decreases and electrical
conductivity increases with increasing 𝑦 for low Li concentrations. However, for 𝑦 > 0.02 a
further increase of the Li concentration does not lead to significant change to the electronic
properties. The thermal excitation of minority carriers can be seen for the low doped samples
(𝑦 = 0.01) when the curve of S starts to bend at lower temperature compared to the other
samples. For comparable compositions, the samples have similar carrier concentration values
compared to the values reported previously using the same synthesis method [24]. The
maximum power factor (𝑃𝐹𝑚𝑎𝑥 ) achieved is 1.2 mW.m-1K-2 at 650 K for 𝑦 = 0.02. The
highest 𝑃𝐹 and the low thermal conductivity lead to optimum experimental figure of merit
(𝑧𝑇), which is around 0.54 ± 0.07 at 650 K. This is one of the highest zT amongst the
reported studies [21, 23, 24].

Fig. 1. Temperature dependent (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) thermal
conductivity, (e) lattice thermal conductivity, and (f) figure of merit for different Li concentration (𝒚 =
𝟎. 𝟎𝟏, 𝟎. 𝟎𝟐, 𝟎. 𝟎𝟑, 𝒂𝒏𝒅 𝟎. 𝟎𝟓) for Mg2-ySi0.4Sn0.6 with experimental data (symbols) and theoretical results based
on the SPB model (lines).

Fig. 2. Thermoelectric properties of Mg1.98Li0.02Si1-xSnx with 𝒙 = 𝟎 − 𝟏 (a) Temperature dependent Seebeck
coefficient, (b) electrical conductivity, (c) thermal conductivity, (d) lattice thermal conductivity, (e) power
factor, and (f) figure of merit 𝒛𝑻. Data points indicate experimental results and theoretical results are shown by
lines based on single parabolic band (SPB) model for 𝒙 ≥ 𝟎. 𝟔.

From the data in Fig.2, the optimum experimental thermoelectric properties are obtained for
𝑥 = 0.6 and 𝑦 = 0.02. Furthermore, the Si:Sn ratio was varied to see the effect of Sn
substitution on thermoelectric properties of Mg2Si1-xSnx with 𝑥 = 0 − 1. The obtained results
show that the Seebeck coefficient gradually declines with increasing Sn content and the
electrical conductivity rises dramatically. This is mainly because the carrier concentration and
mobility increases with increase of Sn and Li contents (Table 1). The Seebeck coefficient
curves of the Si-rich samples (𝑥 ≤ 0.4) start to bend at low T due to thermal excitation of
minority carriers. Si-rich samples have low carrier concentration in agreement with previous
publications [22, 45]. The highest electrical conductivity is obtained for Mg2Sn due to highest
carrier concentration and mobility. This boosts the power factor (𝑃𝐹) values to 1.7 mW.m-1K-2
at 600 K. The thermal conductivity drops by alloying Mg2Si with Mg2Sn and reaches the
lowest value for 𝑥 = 0.6 and 𝑥 = 0.4. The figure of merit is thus highly dependent on Si:Sn

ratio due to the opposite effects on electronic and thermal properties. The Sn-rich
compositions have higher values of 𝑧𝑇 than the Si-rich compositions.
Single Parabolic Band (SPB) analysis
The Single Parabolic Band model can be used for highly doped samples and has been
employed for n- and p-type Mg2X materials [21, 34, 35, 46]. It has been described in detail
previously [47, 48]. The basic assumptions are that the electronic properties are governed by a
single, parabolic, and rigid band i.e. the density of states effective mass is independent of
carrier concentration and the band structure does not change with dopant substitution. The
basic quantities of this model are the reduced chemical potential (η), the mobility parameter
(𝝁𝟎 ) and the density of states effective mass (𝒎∗𝑫 ) [47], which are linked to each other and
the measured transport quantities by the following equations:
S=

𝒌𝒃
𝒆

𝟐𝑭𝟏

(

𝑭𝟎

𝟐𝒎∗𝑫 𝒌𝒃 𝑩 𝑻

𝒏 = 𝟒𝝅 (
𝒏

)

𝒉𝟐

𝒏𝑯 = 𝒓 , 𝒓𝑯 =

− 𝜼)
𝟏.𝟓

(1)

𝑭𝟏 ( 𝛈 )
𝟐

𝟏.𝟓𝑭𝟎.𝟓 (𝜼)(𝟎.𝟓)𝑭−𝟎.𝟓 (𝜼)
𝑭𝟐𝟎 (𝜼)

𝑯

𝝁𝑯 = 𝝁𝟎
𝝈=

𝑭−𝟎.𝟓 (𝜼)
𝟐𝑭𝟎 (𝜼)

𝝁𝑯
𝑹𝑯

(2)
(3)
(4)
(5)

Here 𝑘𝑏 is Boltzmann’s constant, 𝐹𝑗 (𝜂) the Fermi integral of order i, and the reduced
chemical potential η is given by 𝜂 =

𝐸𝐹
𝑘𝑏 𝑇

, where 𝐸𝐹 is Fermi energy. For the calculation,

we have assumed a scattering parameter of 𝜆 = 0 corresponding to the energy dependence
of scattering with AP and AS [49, 50]. The true carrier concentration 𝑛 is obtained from the
experimentally accessible Hall carrier concentration 𝑛𝐻 by the Hall factor 𝑟𝐻 . 𝑛 refers to
the carrier concentration in general while we use 𝑝 when discussing hole
concentrations. The density of states effective mass was calculated from 𝑛 and η using eq. 1
and eq. 2. S vs. carrier concentration (Pisarenko plot) is shown in Fig. 3a for Sn-rich
compositions together with literature data [21, 23-26, 30]. The density of states effective
mass obtained for a given composition appears to increase slightly with increasing
carrier concentration but the effect is small in the relevant carrier concentration range.
We note that using a carrier concentration dependent effective mass instead of an average one
would improve the fit between experimental and modelling data. However, further data on the
effective mass would be required to have a sound physical basis for such a fit. Furthermore,
the effect on the figure of merit is relatively small in the carrier concentration regime and
conclusions that can be drawn from our results remain unchanged. Fig. 4b shows the
dependence of our density of states effective mass on carrier concentration and composition in
more detail. The average density of states effective mass of our samples are 1.1 m0 ,
1.3 m0, and 1.5 m0 for x = 1, 0.8, and 0.6 respectively, proving that replacing Si by Sn affects
the band structure of p-type Mg2(Si,Sn). This is in agreement with the trends that have been
calculated by Kutarosinski et al., who calculated the density of states effective mass for p-

∗
Mg2Si, Mg2Ge, and Mg2Sn from first principles. They showed that mD
is larger for Mg2Si
than for Mg2Sn [36].

Fig. 3 (a) Seebeck coefficient at room temperature S(p) (The data were taken from from 𝑜 this work, ∇ Gao et
al. [23], ∆ Isoda et al. [12], ⊲ de Boor et al. [24], ⊳ Isachenko et al. [25], ◇ Zhang et al. [21], and □ Tang et al.
[26]) with 𝑚𝐷∗ between 0.8-2.0 𝑚0 and (b) the dependence of 𝑚𝐷∗ on carrier concentration and composition for
the samples synthesized in this study.

Modeling of the thermoelectric properties of Mg2X (X = Si, Sn)
A SPB model is usually employed to analyze the properties of a certain thermoelectric
material (e.g. p-Mg2Si0.4Sn0.6) with η, 𝜇0 (T) and 𝑚𝐷∗ as basic variables; 𝜅𝐿 (𝑇) is used as
further input to be able to calculate 𝑧𝑇. Here we use the experimental data to expand this
model to cover the whole solid solution range of p-Mg2(Si,Sn). To be able to do so, we need
to obtain 𝜇0 (𝑇, 𝑥 ), 𝜅𝐿 (𝑇, 𝑥 ), and 𝑚𝐷∗ (𝑥). As the SPB model is a description of the electronic
transport only and lattice thermal conductivity is only an input parameter we have used
polynomial fits (the fourth degree polynomial for 𝑇 and the third degree polynomial for 𝑥) for
the lattice thermal conductivity as a function of composition, see Fig. 4a. The lattice thermal
conductivity was obtained from the measured thermal conductivity 𝜅𝑙𝑎𝑡 + 𝜅𝑏𝑖 = 𝜅 − 𝜅𝑒 =
𝑘

2 3𝐹 (𝜂 )𝐹 (𝜂 )−4𝐹 2
0
2
1

𝜅 − 𝐿𝜎𝑇, where the Lorenz number was calculated from 𝐿 = ( 𝑒𝑏)

𝐹0 (𝜂)2

using the

chemical potential of the samples (eq. 1). Restricting the data to the temperature range where
the SPB is valid (see Fig. S1 (electronic supplementary information)) we ensure that the
bipolar contribution 𝜅𝑏𝑖 remains small. Our data on the lattice thermal conductivity shows the
same trends with respect to composition and temperature as previous studies and the absolute
values agree reasonably well [7, 51-53]
The experimental results for 𝑚𝐷∗ shown in Fig. 4b were used as base for 𝑚𝐷∗ (𝑥). As it was not
possible to synthesize Si-rich samples without mixed conduction we have employed the
∗
𝑚𝐷,𝑝
= 2.2 for 𝑥 = 0 in agreement with earlier work [16, 54]. A similar value is also
obtained if the mobility ratio 𝑏 =
estimate the hole effective mass

𝑚𝑛,𝑖
𝑚𝑝,𝑖

𝜇𝑛
𝜇𝑝

≈ 6 from the work from Zaitsev et al. is used to
𝜇

2

𝑝 5
≈( ) (

𝜇𝑛

𝐸𝐷𝑒𝑓,𝑝
𝐸𝐷𝑒𝑓,𝑛

4/5

)

∗
. Here we have used 𝑚𝐷,𝑛
= 1.1 𝑚0

as reported by Bux et al. [33], in reasonable agreement with other reports [55, 56]. For
∗
arbitrary 𝑥 𝑚𝐷,𝑃
= 2.2 − 1.1𝑥 which is a very good representation of the available

experimental data. As a result, the effective mass decreases from 2.2 𝑚0 to 1.1 𝑚0 as we
move from Mg2Si to Mg2Sn (Fig. 4b).

Fig. 4. (a) The lattice thermal conductivity vs Sn content from 𝒙 = 𝟎 − 𝟏 at 300, 500 and 650 K. Data points
were obtained from measurements while the fitting is shown by lines. (b) The density of states effective mass vs
Sn content: experimental results (filled symbols), literature data (empty symbol) and interpolating line.

The dependence of 𝜇0 and 𝜇𝐻 on temperature and composition was modeled taking acoustic
phonon (AP) and alloy scattering (AS) into account. Acoustic phonon scattering is the most
relevant scattering mechanism for highly doped samples at high temperatures [57]. Alloy
scattering is included as it is a mechanism relevant in solid solutions [50]. AP leads to a
temperature dependence 𝜇𝐻𝐴𝑃 ~𝑇 −𝑧 with 𝑧 > 1 [55] while the alloy scattering 𝜇𝐻𝐴𝑆 ~ 𝑇 0 [34].
We assume that the scattering mechanisms are independent of each other, hence the mobilities
add inversely (Matthiessen’s rule) [34]:
𝟏
𝝁𝑯

=

𝟏
𝝁𝑨𝑷
𝑯

+

𝟏

(6)

𝝁𝑨𝑺
𝑯

The mobility for acoustic phonon scattering can be described by [57, 58]:
𝝁𝑨𝑷
𝑯 =

√𝟖𝝅𝒆ℏ𝟒 𝝆𝒗𝒍 𝟐 𝝍(𝜼)

(7)

𝟑𝑬𝑫𝒆𝒇 𝟐 (𝒎𝒔 )𝟐.𝟓 (𝒌𝒃 𝑻) 𝟏.𝟓

where ℏ is the reduced Planck constant, 𝑘𝑏 is Boltzmann’s constant, 𝜌 is the theoretical mass
density, 𝑣𝑙 is the longitudinal velocity of sound, 𝐸𝐷𝑒𝑓 is deformation potential which
characterizes the interaction between charge carriers and phonons, and 𝜓(𝜂) =

3√𝜋 0.5 𝐹−0,5 (𝜂)
4

2

𝐹0 (𝜂)

is a combination of constants and Fermi integrals that can be calculated from η. The
longitudinal velocity of sound of Mg2Si [59], Mg2Sn [60], Mg2Si0.4Sn0.6 [61], and
Mg2Si0.3Sn0.7 [34] were taken from different literature while the velocity for other composition
were calculated by linear interpolation (𝑣𝑙 = 7680 − 2880𝑥). The single valley effective
2/3

mass 𝑚𝑠∗ was obtained from 𝑚𝐷∗ = 𝑁𝑣 𝑚𝑠∗ with 𝑁𝑣 = 2, where 𝑁𝑣 is valley degeneracy.
Mg2(Si,Sn) has in principle 3 valence bands at the Γ point (light hole (LH), heavy hole (HH),
split off (SO)), however detailed calculations show that the influence of the split-off band is
small [36]. The LH and HH are supposed to have different curvatures so the 𝑚𝑠∗ calculated in
the chosen approach is the averaged single valley effective mass of both bands, a
simplification in the boundaries of the SPB model that has been employed previously [34].

For Mg2Sn, AP scattering is expected to be the dominant scattering mechanism. Employing
eq. 6 and eq. 7, the estimated value of 𝐸𝐷𝑒𝑓 = 9 eV was obtained by fitting 𝜇𝐻𝐴𝑃 (orange
dashed line) to the experimental 𝜇𝐻 (orange solid line), which can be seen in Fig. 5a. It can be
seen that the temperature dependence is captured well, but not perfectly, probably due to the
influence of additional scattering mechanisms such as grain boundary (GB) scattering and
ionized impurities [34, 55]. The value of 𝐸𝐷𝑒𝑓 (9 𝑒𝑉) of p-Mg2Sn is comparable, but slightly
lower than what has been reported for n-type Mg2Si [55]. The 𝐸𝐷𝑒𝑓 value of p-Mg2Sn is lower
than for p-PbTe, p-PbSe, p-Bi2Te3, and p-CoSb3 [62] and comparable to the reported
estimates of 𝐸𝐷𝑒𝑓 for n-Mg2Si0.3Sn0.7 [34], n-type Mg2Si0.45Sn0.55 [35], and pCa0.99Na0.01Mg2Sb2 [63]. A low deformation potential corresponds to the weak interaction
between the holes and phonons [57]. Weak interaction leads to higher carrier mobility and
good TE properties [34, 57].
The alloy scattering parameter 𝐸𝐴𝑆 can be obtained by fitting the experimental 𝜇𝐻 for 𝑥 ≠ 1 to
eq. 6, with the mobility due to alloy scattering given by:
𝝁𝑨𝑺
𝑯 =

𝟔𝟒𝒆ℏ𝟒 𝑵𝟎 𝝍(𝜼)
𝟗(𝟐𝝅)𝟏.𝟓 𝒙(𝟏−𝒙)𝑬𝟐𝑨𝑺 (𝒎𝒔 )𝟐.𝟓 (𝒌𝒃 𝑻)𝟎.𝟓

(8)

where 𝑁0 is the number of atoms per unit volume and 𝑥 is Sn fraction, respectively. We have
kept 𝐸𝐷𝑒𝑓 = 𝑐𝑜𝑛𝑠𝑡 = 9 𝑒𝑉 for all compositions. The validity of our approach this was tested
by simultaneously fitting 𝐸𝐷𝑒𝑓 and 𝐸𝐴𝑆 to the data for all compositions with 𝑥 = 0.6 which
yield 𝐸𝐷𝑒𝑓 = 9 𝑒𝑉 and 𝐸𝐴𝑆 = 0.5 𝑒𝑉. Note that Bahk et al. modeled the deformation potential
as a parabolic function of Sn content 𝑥 [64]. This was presumably done to account implicitly
for alloy scattering while in this work it was taken into account explicitly. 𝐸𝐴𝑆 is independent
of 𝑥 with the value depending on the alloy components such as Mg2Sn and Mg2Si or Mg2Ge
and Mg2Sn [50]. Best agreement for all compositions was found for 𝐸𝐴𝑆 = 0.5 𝑒𝑉. The alloy
scattering parameter is typically between 0.6 to 2 eV for thermoelectric materials [49]. A
rough estimation of the alloy scattering parameter can be obtained by taking into account the
difference in the band gap values of the components of solid-solutions (for example: Mg2Si
(0.8 eV) and Mg2Sn (0.4 eV) in the present case.) [50]. If we compare our result with the
previous report on n-type Mg2Si0.45Sn0.55, our value is in between 0.32 eV [34] and 0.7 eV
[35]. The difference arises possibly due to additional scattering mechanism such as GB
scattering [55] and the interplay between 𝐸𝐴𝑆 and 𝐸𝐷𝑒𝑓 that were chosen differently in the
mentioned references [34, 35]. Fig. 5a shows the experimental 𝜇𝐻 and calculated 𝜇𝐻𝐴𝑃 , and
𝜇𝐻𝐴𝑆 using Mg2Si0.4Sn0.6 as example. AS is the dominant scattering mechanism for 𝑥 = 0.6 at
room temperature and AP scattering is more important at high temperature. Fig. 5b shows
𝜇0 (𝑥 ) at different temperatures. The data was calculated using the 𝐸𝐷𝑒𝑓 and 𝐸𝐴𝑆 as input to
obtain 𝜇0𝐴𝑃 , 𝜇0𝐴𝑆 , and 𝜇0 using Matthiessen’s rule [34]. 𝜇0 (𝑥) appears as tilted parabola due to
the superposition of the 𝑥(1 − 𝑥) dependence from AS (eq. 8) and the pronounced change
with the effective mass (𝜇~𝑚𝐷∗ −2.5); the mobility therefore strongly increases for 𝑥 ≥ 0.6.
The Mg2Si-Mg2Sn system exhibits thus a distinctly different trend than solid solutions of
PbTe/PbSe [49] and CaZn2Sb2/CaMg2Sb2 [63]. The density of states effective mass of p-type
Mg2(Si,Sn) decreases substantially with higher Sn content while in solid solution of
PbTe/PbSe it remains constant [49].

Fig. 5 (a) Temperature dependent hall mobility of Mg2-yLiySi1-xSnx for 𝒙 = 𝟎. 𝟔, 𝟏 (solid lines). The individual
mobilities due to AP, AS, and combined are shown as dashed, dotted, dashed-dotted lines, respectively. (b) The
mobility parameter exhibits a strong dependence on 𝒙 and a pronounced asymmetry.

Having obtained 𝜇0 (𝑇, 𝑥 ), 𝜅𝐿 (𝑇, 𝑥 ), and 𝑚𝐷∗ (𝑥) the properties of the synthesized samples can
be reproduced using eq. 1-6. Fig. 1 and Fig. 2 show good agreement between theoretical and
experimental data. The samples properties were essentially reproduced by the model. The
observed differences between the experimental data and the SPB prediction are mainly due to
the usage of an averaged valued for m∗D for samples of the same x. Note also that μ and hence
σ have a stronger dependence on m∗D than S, therefore fluctuation between the samples are
more visible in the electrical conductivity data. Given that the model is based on very few
input parameters (𝐸𝐷𝑒𝑓 , 𝐸𝐴𝑆 , 𝜅𝑙𝑎𝑡 (𝑇, 𝑥 ), 𝑚𝐷∗ (𝑥) and η as variable) it works very well to
describe the thermoelectric properties of the complete solid solution.

Fig. 6 (a) Figure of merit (𝒛𝑻) and (b) power factor (𝑷𝑭) mapping of p-type Mg2Si1-xSnx with respect to the
carrier concentration at 500 K.

The modelling results for 𝑧𝑇(𝑛, 𝑥) and 𝑃𝐹(𝑛, 𝑥) at 500 K are presented in Fig. 6. This
temperature is chosen because the influence of the minority carriers is relevant in small
interval (see Fig. S1 (electronic supplementary information)). Two experimental key
parameters can be obtained from this: the Si:Sn ratio 𝑥𝑜𝑝𝑡 with the best properties and the
optimum carrier concentration 𝑝𝑜𝑝𝑡 . The 𝑧𝑇 mapping shows that the optimum 𝑧𝑇 (~0.4) can
be achieved for 𝑥𝑜𝑝𝑡 = 0.6 − 0.7 at 500 K for 𝑝𝑜𝑝𝑡 ≈ 8 × 1020 𝑐𝑚−3 . This is in agreement
with the existing experimental works. For the Si-rich compositions (𝑥 ≤ 0.4), the figure of

merit is lower than the Sn-rich compositions (𝑥 ≥ 0.6). Note that a significant improvement
of thermoelectric properties of Si-rich composition beyond the currently achieved values is
possible if the carrier concentration is experimentally increased, e.g. by double doping or
different synthesis method approaches. The Si-rich compositions have higher thermal stability
than Sn-rich composition which makes them preferential for higher application temperatures.
The highest 𝑃𝐹 can be obtained for the binary end members with Mg2Sn showing the best
values.

Fig. 7 Optimum carrier concentration mapping of p-type Mg2Si1-xSnx with respect to temperature.

Fig. 7 shows the dependence of the optimum carrier concentration 𝑝𝑜𝑝𝑡 of p-type Mg2Si1-xSnx
with respect to temperature and composition. The optimum carrier concentration that gives
the highest 𝑧𝑇 increases significantly with temperature, so for the typical application case
with a large temperature gradient a compromise or a functionally graded material has to be
employed [65]. The influence of the minority carriers limits the predictive power at high
temperature, however the same trend has also been found for multiband modelling studies
[66]. With respect to composition a trend towards lower 𝑝𝑜𝑝𝑡 with increasing 𝑥 is clearly
visible. This is mainly due to the decrease of 𝑚𝐷∗ (𝑥) with increasing 𝑥. The decreasing band
gap from Mg2Si to Mg2Sn will partially compensate this dependence for higher temperatures
if more than one band is considered.
Discussion
The experimental results of this work cannot be compared directly to other publications. First
because this is the first work that covers the whole compositional range of p- Mg2Si-Mg2Sn
and second because the “fundamental” material parameters 𝜇0 and 𝜅𝑙𝑎𝑡 are influenced by the
microstructure and thus to some degree depend on the synthesis route chosen. However, the
reported thermoelectric properties are in qualitative agreement with previous reports on
certain compositions [34, 35, 55] and the obtained trends on e.g. mobility and effective mass
are in agreement with what has been inferred from summarizing earlier literature data [13].
Our results agree qualitatively with multiband calculations from Satyala and Vashaee in the
point that the optimum charge carrier concentration for p- Mg2Si is much larger than that of
corresponding n-type and that it is well above 1020 𝑐𝑚−3 [67]. Bahk et al. used multiband
approach to calculate the thermoelectric properties of n- and p- Mg2(Si,Sn) considering also
multiple scattering mechanisms [64]. The results of their much more complex model agree

qualitatively with ours but their modelling of the p-type was based on very limited
experimental data and they did not capture the change of band structure with composition.
The results of our analysis can be used to understand why p-type Mg2(Si,Sn) shows inferior
properties than the corresponding n-type. The thermoelectric figure of merit can be written as
𝑧𝑇 =

𝑆2
𝐿+(𝜓𝛽)−1

with 𝜓 =

8𝜋𝑒
3

(

2𝑚0 𝑘𝑏
ℎ2

1.5

)

∗ 1.5

𝐹0 and the material parameter 𝛽 =

𝑚
( 𝐷)
𝑚0

𝜅𝐿

𝜇0

can be

used to evaluate the performance of thermoelectric materials [47]. The mobility 𝜇0 decreases
with increasing scattering potentials 𝐸𝐷𝑒𝑓 and 𝐸𝐴𝑆 , furthermore 𝜇0 ~ 𝑚𝑠∗ −2.5 for both AP and
AS if 𝑚𝑠∗ and the inertia mass are similar. The density of states effective mass is related to the
2/3

single band effective mass by 𝑚𝐷∗ = 𝑁𝑣 𝑚𝑠∗ with the valley degeneracy 𝑁𝑣 . Good
thermoelectric properties therefore require low scattering potential, a low 𝑚𝑠∗ , but high 𝑚𝐷∗
through large 𝑁𝑣 .
These properties are listed in Table 2 for n- and p- binary Mg2Si and Mg2Si0.4Sn0.6 where the
best properties are reported. Results from different papers show some scatter but it is clear
that the scattering potentials are similar for n- and p- type; the main difference in performance
thus comes from the density of states effective masses. For p-type Mg2X 𝑁𝑣 = 2 for all
compositions while for n-type 𝑁𝑣 = 3 for all compositions except 𝑥 = 0.6 − 0.7 where the
two conduction bands are converged and thus 𝑁𝑣 = 6 [34, 51, 68]. Binary p- Mg2Si has thus a
much higher 𝑚𝑠∗ and a smaller 𝑁𝑣 than the n-type. For the solid solutions 𝑚𝑠∗ is similar for
both but the convergence of conduction bands favors the n-type significantly over the p-type.
Note that p- Mg2X does in fact not have two generated bands but two bands with different
effective masses. The given 𝑚𝑠∗ within the SPB corresponds to the averaged mass for the
hypothetical case that the bands were indeed degenerate. This does, however, not influence
the validity of the conclusions.
Table 2 The deformation potential and other parameters for n- and p- binary Mg2Si and Mg2Si0.4Sn0.6

Parameters

np-Mg2Si
Mg2Si

n-Mg2Si1-xSnx
(𝒙 ≈ 𝟎. 𝟔)

p-Mg2Si1-xSnx
(𝒙 ≈ 𝟎. 𝟔)

Ref.

𝑬𝑫𝒆𝒇 [eV]

15, 17

13, 8.77-9.34

9*

[35, 55], [64], [34, 35]

0.7, 0.32-0.39

0.5*

[34, 35]

9*

𝑬𝑨𝑺 [eV]
𝒎∗𝑫 [𝒎𝟎 ]

1.1,
0.8

2.2*

2.3, 2.6

1.5, 1.3-1.5*

[33, 55],[16, 64, 67], [34,
69], [24]

𝒎∗𝒔 [𝒎𝟎 ]

0.40.55

1.4

0.7-0.8

0.8-0.9*

*This work

Conclusion
We have successfully synthesized Li-doped p-type Mg2Si1-xSnx with 𝑥 = 0, 0.2, 0.4, 0.6, 0.8, 1
and determined the thermoelectric properties. We find that the thermoelectric properties of the
whole solid solution can be well represented using a single parabolic band model taking into
account acoustic phonon scattering and alloy scattering. The analysis furthermore yields

relatively low (and favorable) values for the deformation potential (9 eV) and the alloy
scattering potential (0.5 eV). We can also show a significant decrease of the hole effective
mass with increasing 𝑥 in Mg2Si1-xSnx, favoring Sn-rich compositions and leading to an
optimum material zT for 𝑥 ≈ 0.65 − 0.7 in agreement with our experimental findings. A
significant improvement of the thermoelectric properties of Si-rich compositions is predicted
if the carrier concentrations are increased beyond current experimental values.
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