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ABSTRACT

Modification of the electronic band structure via doping is an effective way to improve the thermoelectric properties of a material.
Theoretical calculations from a previous study have predicted that Sc substitution on the Mg site in Mg2X materials drastically increase their
Seebeck coefficient. Herein, we experimentally studied the influence of scandium substitution on the thermoelectric properties of
Mg2Si0.4Sn0.6 and Mg2Sn. We found that the thermoelectric properties of these materials are unaffected by Sc addition, and we did not find
hints for a modification of the electronic band structure. The SEM-energy dispersive X-ray analysis revealed that the scandium does not sub-
stitute Mg but forms a secondary phase (Sc-Si) in Mg2Si0.4Sn0.6 and remains inert in Mg2Sn, respectively. Thus, this study proves that scan-
dium is an ineffective dopant for Mg2X materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089720

INTRODUCTION

Solid state devices fabricated from thermoelectric materials,
which use waste heat to generate electrical power, are an effective
way to increase the energy efficiency of various micro-/macrodevi-
ces.1 They are currently being utilized in the automotive industry.2

Furthermore, thermoelectric generators serve as an energy source
where usual electric power supply is impossible, such as in
space-probes.3 Significant progress has been made in the past two
decades in increasing the thermoelectric efficiency. This progress is
achieved by exploiting fundamental concepts such as electronic
band structure modification (carrier pocket engineering, band con-
vergence, and resonant dopant levels), the scattering of phonons at
nano-/microscale, size effect/quantum confinement, and self-
optimization of carrier concentration.4–8 These modifications have
been applied to various thermoelectric material classes including
magnesium silicides and its solid solutions (Mg2X; X: Si, Sn, and
Ge).9,10 This promising class of material is very attractive,

comprising features that include precursor abundance, lightweight,
high thermoelectric performance (zT∼ 1.1–1.5), and environmen-
tal compatibility. The common strategies to increase the perfor-
mance of thermoelectric materials such as the optimization of
dopant concentration, alloying, and synthesizing solid solutions
resulting in mass fluctuation to lower the thermal conductivity
have already been applied successfully.11–13 Apart from them, there
have been attempts to modify the band structure by introducing
various impurity atoms, with the aim to increase the thermoelectric
performance of these materials further. In the quest for suitable/
novel dopants, different theoretical and experimental studies have
been performed. However, the theoretical studies do not provide a
complete picture until an experimental confirmation is achieved. A
lot of work has been dedicated to the X site in Mg2X materials;
however, only few impurity elements have been tried on the Mg
site. Zhang et al. doped Co on the Mg site in Mg2(Si0.3Sn0.7)1–ySby
which resulted in the formation of CoSi as a secondary phase and
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the samples behaved as intrinsic semiconductors.14 Similarly,
Sakamoto et al. and Zhao attempted doping Al, Cu, and Zn on the
magnesium site in Mg2Si materials, respectively.14,15 Meng et al.
doped yttrium (Y) possibly on the Mg site to observe an enhance-
ment in the thermoelectric properties.16 However, most of the pre-
vious studies did not give a clear picture on the influence of dopant
substitution on the thermoelectric properties of the Mg2X material
(s). This is because often the dopant(s) tend(s) to form secondary
phase(s) in a matrix or their role as an impurity is not fully under-
stood, as they are co-doped with other impurity atoms (usually Sb
or Bi). The notion of band structure modification and, in particu-
lar, resonant states in thermoelectric materials to increase their
efficiency was introduced in the last decade.17,18 Since then, several
research groups have succeeded in exploiting this concept by the
introduction of suitable dopants such as Tl in PbTe, Al in PbSe, V
in Hf0.75Zr0.25NiSn, and recently Sn in As2Te3.

18–21 Bourgeois et al.
reported in a density functional theoretical (DFT) study that transi-
tion metals could be prospective dopants on the Mg site. In particu-
lar, scandium (Sc) substitution could cause a shift in the Fermi level
toward the conduction band and modify the density of states near
the Fermi level, resulting in an increase in the Seebeck coefficient.22

Moreover, Meng et al. also attempted doping scandium in Mg2Si but
were unable to make a proper conclusion on the effect of Sc on the
thermoelectric properties of Mg2Si.

16 In this study, we present experi-
mental results and discuss the implications of doping scandium on
the magnesium site (tetrahedral sites) in Mg2X based materials.

MATERIAL AND METHODS

The scandium doped solid solutions of magnesium tin silicide
(Mg2Si0.4Sn0.6) and binary magnesium stannide (Mg2Sn) were
synthesized using commercially available starting elements
[Mg turnings (Merck), Si (<6mm, Chempure), Sn (<71 μm, Merck),
Sc pieces (Chempure), and Sb (5 mm, Alfa Aesar)], all with
purity >99.5%. A high energy ball mill (SPEX 8000D Shaker Mill)
was used with stainless steel vials and balls. The elements were
weighed according to the desired compositions with stoichiometries
ScxMg2–xSi0.4Sn0.6, ScxMg2–xSn (x = 0.01, 0.05) and ScxMg2.06–xSn1–ySby
(x = 0.05, y = 0.03), respectively. The elemental precursors of
ScxMg2–xSi0.4Sn0.6 were mechanically alloyed for 20 h and 12 h for
ScxMg2–xSn and ScxMg2.06–xSn1–ySby compositions, respectively.
The powder handling during the synthesis was done under argon
(Glove box; MBraun MB200) to prevent oxidation and contamina-
tion. The temperature/holding time to sinter the powder samples
was 973 K/20 min for ScxMg2–xSi0.4Sn0.6 samples and 873 K/10
min. for ScxMg2–xSn and ScxMg2.06–xSn1–ySby samples, respectively.
A systematic study of optimal sintering temperature vs Si:Sn
content can be found in Ref. 23. The powder samples were sintered
by a direct-current sintering press (DSP 510 SE) from Dr. Fritsch
GmbH. The sintering was performed using a graphite mold Ø12.7
mm under vacuum (∼10−5 bar) at a heating rate of 1 K s−1. The
density of the compacted samples was measured using Archimedes’
method. The relative densities of the pellets were >95% of the theo-
retical values (Mg2Si0.4Sn0.6: 3.06 g cm

−3 and Mg2Sn: 3.59 g cm
−3),

respectively. The XRD measurements on the samples were done
utilizing a Siemens D5000 Bragg-Brentano diffractometer with a
secondary monochromator. The parameters used were CuKα

radiation (1.5406 Å) in the 2θ range 20°–80° with a step size of
0.01°. The SEM analysis was done by a Zeiss Ultra 55 system
equipped with an energy dispersive X-ray (EDS) detector.
Moreover, the temperature dependent electronic properties were
measured utilizing an in-house developed facility utilizing a
four-probe technique.24,25 The thermal diffusivity (α) of the pellets
was obtained using a Netzsch LFA 467HT apparatus. The thermal
conductivity (κ) was obtained using the relation κ ¼ αρCP , where
ρ and CP are sample density and heat capacity, respectively. The CP

value was obtained from the Dulong-Petit limit for cDPV :
Cp ¼ cDPV þ 9E2

t T
βTρ

, EMg2Si0:4Sn0:6
t � 1:7� 10�5 K�1 and β

Mg2Si0:4Sn0:6
T �

2:07� 10�11 Pa�1, and EMg2Sn
t � 2:97� 10�5 K�1 and β

Mg2Sn
T �

2:4� 10�11 Pa�1 are the linear coefficient of thermal expansion
and the isothermal compressibility for Mg2Si0.4Sn0.6 and Mg2Sn,
respectively.26,27 We found that the samples doped with Sc were
more fragile than samples without Sc. The measurement error
uncertainties for S, σ, and κ are ±5%, ±5%, and ±8%, respectively.
The error bars are shown for one sample only for better visibility of
the thermoelectric data. The room temperature Hall coefficient
(RH) of different samples was determined using an in-house facility
in a van der Pauw configuration under a varying magnetic field of
maximum +0:5 T . The Hall carrier concentration nH was esti-
mated from RH assuming a single carrier type. The measurement
uncertainties for nH are ±10%.

RESULTS

The Sc0.01Mg1.99Si0.4Sn0.6 and Sc0.05Mg1.95Si0.4Sn0.6 samples are
phase pure XRD-wise with no presence of secondary phases.
The diffractograms of these samples were indexed by the ICSD stan-
dard pattern for Mg2Si0.4Sn0.6 (ICSD PDF number 01-089-4254)
confirming the formation of the desired phase (fcc, space
group Fm�3m) [Fig. 1(a)]. The Sc0.01Mg1.99Sn, Sc0.05Mg1.95Sn, and
Sc0.05Mg2.01Sn0.97Sb0.03 samples were indexed by the ICSD standard
pattern for Mg2Sn (ICSD PDF number 01-071-9596 65-2997) Fig. 1(b).
The main phase was determined to be Mg2Sn with the presence of
elemental peaks of Sn and some peaks of scandium stannide phases
(Sc5Sn3 and ScSn2) in the XRD patterns of Sc0.01Mg1.99Sn,
Sc0.05Mg1.95Sn, and Sc0.05Mg2.01Sn0.97Sb0.03 samples, respectively.

We have tabulated the lattice constants (Table I) of the
Mg2Si0.4Sn0.6 and Mg2Sn samples doped with scandium. We find
no change in the values of the lattice constants with increasing
dopant concentration. The constant lattice parameter suggests no
dopant incorporation to the parent compound.

EDS mappings were performed on the samples with composi-
tions Sc0.05Mg1.95Si0.4Sn0.6 and Sc0.05Mg1.95Sn as shown in Fig. 2.
In Fig. 2(a), it is observed that the scandium in the sample reacts
with silicon to form a Sc-Si based the secondary phase. In the latter
sample, the scandium largely remains unreacted as an elemental
impurity, as seen in Fig. 2(b). Moreover, the EDS point analysis on
the Sc0.05Mg1.95Sn sample revealed the presence of ScSn2 islands
which agree with the XRD pattern. For both sample types, Sc is
thus observed only outside of the matrix phase. This is in agree-
ment with the constancy of the lattice constant vs Sc content.
Moreover, the secondary phase present in Sc0.05Mg1.95Si0.4Sn0.6 and
Sc0.05Mg1.95Sn was determined by the backscattered image contrast,
and area-wise quantified to be 2.2% and 1.4%, respectively.28
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The temperature dependence of Seebeck coefficient and elec-
trical conductivity data for all the samples shown in Fig. 3 follows
the trend corresponding to an intrinsic semiconductor. We observe
a slight lowering of the Seebeck coefficient with an increase in
dopant concentration and a subtle increase in the electrical conduc-
tivity near room temperature. The change in Seebeck coefficient/
electrical conductivity near room temperature could be possibly
due to the presence of secondary phases, as observed from the
SEM/EDS data (as both Sc5Si3 and ScSi have quite high electrical
conductivity29).

We observe from Fig. 3(c) that the thermal conductivity for
all the samples shows a similar trend with first a decrease with
temperature and then an increase due to the bipolar effect of
intrinsic charge carriers at temperatures around 500 K. Mainly as a
result of the increased electrical conductivity, the zTmax (∼0.19)
values get almost doubled with an increase of Sc concentration in
ScxMg2–xSi0.4Sn0.6.

As observed from the SEM, the formation of scandium silicide
secondary phase in Sc0.05Mg1.95Si0.4Sn0.6 prevented an evaluation of
the influence of scandium in the parent compound. The Si-Sc
phase diagram points out that there could be a formation of Sc5Si3
and ScSi phases for Si-Sc.30 Thus, to observe an effect of scandium
on the thermoelectric properties of Mg2X materials, we investigated
the binary Mg2Sn compound and doped it with different concen-
trations of scandium. The temperature dependent transport data
can be observed from Fig. 4. It can be seen that the undoped
sample has a positive Seebeck coefficient at room temperature,
while the samples with Sc exhibit a negative Seebeck coefficient.
This, together with the temperature dependence of the electrical
conductivity, indicates that all three samples have mixed conduc-
tion with the Sc samples having a higher number of electrons. This
could be due to very inefficient doping of Sc or due to a change of
the intrinsic defect concentrations, induced by the addition of Sc or
the change in Sc:Mg ratio.10 In order to check for any modification
of the electronic band structure of Sc (even if not acting as an
efficient dopant), we co-doped the 2.5% Sc-doped Mg2Sn sample
with 3% Sb and compared it with the 3% Sb-doped Mg2Sn sample.
The electronic transport properties for both of these samples were
found to be almost identical. This suggests that there is no
influence of Sc doping on the thermoelectric properties of Mg2X
based materials. Thus, this experimental observation contradicts
the theoretical work on Mg2X claiming Sc being a prospective
dopant.22 We utilized high energy ball milling as the synthesis tech-
nique for Mg2(Si,Sn) and Mg2Sn, which is known for its high
dopant efficiency in comparison to other techniques.11,31

DISCUSSION

The band structure simulations for scandium doped Mg2X
materials suggest that scandium (Sc) is a potential dopant.
However, taking other aspects into account such as formation
enthalpies, phase diagram analysis, etc., it is observed that for
Sc-doped Mg2(Si,Sn) materials, scandium favorably reacts with
silicon rather than substituting magnesium. This is in accordance
with quite high formation enthalpies of ScSi [−117.2 kJ mol−1 (at
298 K) and −87.1 ± 2.1 kJ mol−1 (825–1045 K)] and of Sc5Si3
[−161.1 kJ mol−1 (at 298 K) and −102.8 ± 3.2 kJmol−1 (835–895 K)].32

TABLE I. List of sample compositions, their lattice constants, and relative sample
densities.

Composition
Lattice constant

(Å)
Relative sample
density (%)

Sc0.01Mg1.99Si0.4Sn0.6 6.528 97.8
Sc0.05Mg1.95Si0.4Sn0.6 6.528 98.4
Sc0.01Mg1.99Sn 6.692 98.6
Sc0.05Mg1.95Sn 6.692 100.8
Sc0.05Mg2.01Sn0.97Sb0.03 6.692 97.7

FIG. 1. XRD patterns of (a) Sc0.01Mg1.99Si0.4Sn0.6 and Sc0.05Mg1.95Si0.4Sn0.6
and (b) Sc0.01Mg1.99Sn, Sc0.05Mg1.95Sn, and Sc0.05Mg2.01Sn0.97Sb0.03 samples.
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This also suggests that the formed Sc-Si phase would probably
be Sc5Si3.

30 Qualitatively, the Sc-Si phases have a higher room
temperature electrical conductivity values than Mg2X materials
which possibly explains the subtle variations in the properties at
near room temperature of Sc-doped Mg2Si0.4Sn0.6 materials.29

However, this cannot be quantified since these secondary phases
are not present continuously throughout the samples. We doped

binary Mg2Sn (without Si) with Sc to avoid the formation of scan-
dium silicide phase as in Mg2(Si,Sn). Even though the Sn-Sc phase
diagram indicates the existence of Sc5Sn3 and ScSn2 phases, these
phases have lower formation energy (Sc5Sn3: −56.04 kJ mol−1 and
ScSn2: −44.9 kJ mol−1)33 than Sc-Si phases. Therefore, it was previ-
ously unclear whether scandium substitutes Mg in Mg2Sn, forms a
Sn-Sc secondary phase or remains inert. The ScxMg2–xSn samples

FIG. 3. Temperature dependent
(a) Seebeck coefficient, (b) electrical
conductivity, (c) thermal conductivity,
and (d) figure-of-merit (zT) of
undoped, Sc0.01Mg1.99Si0.4Sn0.6, and
Sc0.05Mg1.95Si0.4Sn0.6 samples.

FIG. 2. EDS mapping on (a)
Sc0.05Mg1.95Si0.4Sn0.6 and (b)
Sc0.05Mg1.95Sn samples. In the sample
with composition Sc0.05Mg1.95Si0.4Sn0.6,
a region with the presence of scandium
and silicon can be seen clearly. On
further point analysis, it reveals a com-
position close to Sc5Si3 and some
excess unreacted silicon. In the sample
with composition Sc0.05Mg1.95Sn, scan-
dium stays unreacted and can be
observed as a secondary phase.
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show a weak n-type character at room temperature. This n-type
character of the samples could possibly be a result of either elemental
Sc that has a Seebeck coefficient between −6 and −10 μVK−134,35

or due to a change in the intrinsic defect concentration that leads to
a change in character from a p-type to an n-type material. A similar
effect was observed by Liu et al. in their study on the Ga doping in
p-type Mg2Si0.3Sn0.7 material.36 This weak n-type nature of these
samples can be a combination of both the aforementioned effects.
We also carried out room temperature Hall measurements (nH) on
both Sc-doped Mg2Si0.4Sn0.6 and Sc-doped Mg2Sn samples to
observe an effect of scandium addition to the stoichiometry. The
values are tabulated in Table II. However, we found negligible
change to the magnitude of nH for these “doped” samples in com-
parison with the carrier concentration of their respective undoped
samples. The Sc0.05Mg2.01Sn0.97Sb0.03 sample showed poor mechani-
cal strength and the Hall measurement was, therefore, not feasible
on this sample. We estimated nH for this sample from the Seebeck
coefficient by employing a single parabolic band (SPB) model in the
following manner. First, we obtained a density-of-states effective
mass m*D¼2:0m0 for Mg2.06Sn0.97Sb0.03 using the experimental
value of the Seebeck coefficient to obtain the reduced chemical

potential η from S ¼ k
e

2F1(η)
F0(η)

� η
� �

and then m*D was obtained from

n ¼ 4π 2m*DkBT
h2

� �3
2F0:5(η). Fj(η) are the Fermi integrals and n is

related to the experimentally obtained Hall carrier concentration nH

by n ¼ nH :rH with rH ¼ 3
2 : F0:5(η)

F�0:5(η)
2F20 (η)

. These equations assume

an SPB with mobility limited by acoustic phonon scattering [scatter-
ing parameter (λ ¼ 0)]. Finally, the obtained value of m*D¼2:0m0

was used to estimate n of Sc0.05Mg2.01Sn0.97Sb0.03 from the measured
S value and the above equations.

FIG. 4. Temperature dependent (a)
Seebeck coefficient, (b) electrical con-
ductivity, (c) thermal conductivity, and
(d) figure-of-merit (zT) of undoped,
Sc0.01Mg1.99Sn, Sc0.05Mg1.95Sn,
Sc0.05Mg2.01Sn0.97Sb0.03, and
Mg2.06Sn0.97Sb0.03 samples, respec-
tively. The Y-axis of the electrical con-
ductivity and estimated zT plots has a
logarithmic scale for better visualization
of the data.

TABLE II. Sample compositions, Seebeck coefficient at room temperature, theoreti-
cal carrier concentration, and Hall carrier concentration of scandium and antimony
doped Mg2X (X: Si, Sn) samples. The value marked with an asterisk was estimated
using a single parabolic band model using the room temperature Seebeck coeffi-
cient values of that sample.

Composition

Seebeck
coefficient
(μVK�1)

Theoretical
n (�1019)
(cm−3)

nH
(�1019)
(cm−3)

Mg2Si0.4Sn0.6
Undoped Mg2Si0.4Sn0.6 −425 … 0.2
Sc0.01Mg1.99Si0.4Sn0.6 −401 14.3 0.22
Sc0.05Mg1.95Si0.4Sn0.6 −343 71.8 0.56

Mg2Sn
Undoped Mg2Sn 243 … 0.57
Sc0.01Mg1.99Sn −125 13.3 0.59
Sc0.05Mg1.95Sn −218 66.7 0.47
Sc0.05Mg2.01Sn0.97Sb0.03 −69 107 44*
Mg2.06Sn0.97Sb0.03 −74 39 38
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The theoretical carrier concentration was calculated assuming
that one scandium atom substitutes one magnesium atom and one
antimony atom substitutes one tin atom in the lattice of the com-
plete crystal of the compound(s), respectively, both effectively pro-
viding one additional electron. The total number of atoms in a
crystal was estimated from the lattice constant corresponding to the
most significant peak in the XRD pattern of each sample. The theo-
retical carrier concentration of Mg2.06Sn0.97Sb0.03 sample was esti-
mated using the literature values of the lattice constant for
Mg2Sn.

37 Thus, the Hall measurements confirm no influence of
scandium substitution.

On the other hand, the thermal conductivity of ScxMg2–xSn
(x: 0.01 and 0.05) samples show a difference of ∼15%–18%, with
Sc0.05Mg1.95Sn having higher room temperature values. This could
be qualitatively understood from the XRD and the EDS data of
Sc0.05Mg1.95Sn sample that has a higher Sc content as a secondary
phase than Mg2Sn

38 and Sc0.01Mg1.99Sn. However, zT is not
affected much and has a value of ∼0.008 for Sc0.05Mg1.95Sn.

CONCLUSION

In this study, we have investigated the effect of scandium
doping on Mg2X thermoelectric materials. The presence of second-
ary phases was ascertained by EDS analysis on scanning electron
micrographs of the samples. These EDS mappings reveal that ele-
mental scandium forms an Sc-Si phase when added to
Mg2Si0.4Sn0.6 and remains mostly unreacted in Mg2Sn samples.
The thermoelectric data suggest that scandium in Mg2Si0.4Sn0.6
does not act as a dopant. The zT value for Sc0.05Mg1.95Si0.4Sn0.6
was zTmax∼ 0.19. An addition of Sc to Mg2Sn samples turns the
samples into n-type, but the carrier concentration remains far
below the optimum range. The thermoelectric properties of
Sb-doped and Sb, Sc co-doped samples reveal no significant differ-
ence on comparison. Thus, the current study strongly suggests that
Sc is not a suitable dopant for Mg2X materials.
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