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A Mg2Si0.5Sn0.5 solid solution was prepared by mixing Mg2Si and Mg2Sn
powders and hot-pressing the mixture. The Mg2Si0.5Sn0.5 samples exhibited a
much lower thermal conductivity (1.92 W m�1 K�1 at 300 K) than the parent
Mg2Si (8.75 W m�1 K�1) and Mg2Sn compounds (6.28 W m�1 K�1). X-ray
diffraction measurements confirmed the successful synthesis of the
Mg2Si0.5Sn0.5 solid solution. Electron microscopy observations revealed that
the grains were mainly 10–20 lm in size and had clean grain boundaries
without obvious inclusions and precipitates. The major phase was cubic
Mg2Si0.5Sn0.5. MgO nanoparticles 10–20 nm in diameter were evenly dis-
persed in the Mg2Si0.5Sn0.5 matrix, which probably reduced its thermal con-
ductivity; moreover, uneven structures containing pure Si and Sn particles
were found in the Mg2Si0.5Sn0.5 grains. The origin and the formation mecha-
nisms of the MgO and other impurity particles, and their effect on thermo-
electric properties of Mg2Si0.5Sn0.5, are discussed. The low thermal
conductivity of Mg2Si0.5Sn0.5 resulted in a relatively high dimensionless figure
of merit ZT = 0.0132 at 300 K, which may be further increased by optimizing
the synthesis procedure, alloy composition, and doping level. This work pro-
vides information on the structure and chemistry and their relationship with
the thermoelectric properties of the Mg2Si0.5Sn0.5 solid solution; it may help in
developing other Mg2Si1�xSnx compounds with superior thermoelectric prop-
erties.
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INTRODUCTION

Thermoelectric materials are functional materials
that can directly convert thermal energy to elec-
tricity and vice versa. With many features such as
the absence of moving parts, low maintenance cost,
long life, and high reliability, thermoelectric mate-
rials have received considerable attention due to
their potential applications in power generation
and solid-state refrigeration.1–3 In general, the

thermoelectric performance is evaluated in terms of
a dimensionless figure of merit, ZT = S2rT/j, where
S, r, T and j are, respectively, the Seebeck coeffi-
cient, electrical conductivity, absolute temperature,
and thermal conductivity that contains the elec-
tronic (je) and lattice components (jl), respectively.
To obtain a high ZT, it would be beneficial to in-
crease the power factor (S2r) and/or decrease the
thermal conductivity.4

Because of their good electrical properties, low
lattice thermal conductivity, and potentially high
ZT, intermetallic compounds of Mg2X (X = Si, Sn or
Ge) are promising thermoelectric materials in the
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intermediate temperature range (400–800 K).5,6

These compounds are attractive for high-volume
applications owing to their low toxicity, environ-
mental friendliness, high abundance, and low pro-
duction cost as compared to other state-of-the-art
thermoelectric materials such as filled skutterudites
and PbTe.7–9 Mg2X compounds exhibit semicon-
ductor-like or semimetallic behaviors, and therefore
most of the recent investigations have been focused
on their solid solutions, aiming to decrease electrical
resistivity and thermal conductivity.10 For example,
Zaitsev et al. investigated n-type Mg2Si1�xSnx solid
solutions in a broad range of compositions, and
found that the large atomic mass difference between
Si and Sn dramatically reduces the thermal con-
ductivity of the solid solutions, which leads to a high
ZT value of about 1.1 near 800 K.11 However, it
remains a challenge to fabricate homogeneous and
stoichiometric Mg2Si1�xSnx solid solutions because
of the high vapor pressure, easy oxidation of Mg,
and large differences in the melting points of Mg, Si,
and Sn.6,12 Moreover, as reported in many experi-
mental and theoretical studies, the thermoelectric
properties of these materials strongly depend on the
local microstructure.13–16 Accurate structural and
chemical information is essential for improving
the thermoelectric performance of the Mg2Si1�xSnx

solid solutions; however, detailed structural analy-
ses of these materials are rare. Although it is widely
accepted that the miscibility gap of Mg2Si1�xSnx

alloys exists between x = 0.4 and 0.6, it has been
reported that solid solution phases such as
Mg2Si0.5Sn0.5 can be obtained in a certain synthesis
process within this miscibility gap.11,17 To date,
Isoda et al. have reported the synthesis and ther-
moelectric properties of several Mg2Si1�xSnx solid
solutions with x = 0.25, 0.5 and 0.75.18–21 For a
systematic study of these materials, we performed a
detailed structural analysis of a Mg2Si0.5Sn0.5 solid
solution using transmission electron microscopy
(TEM) techniques in order to investigate the

microstructure and its effect on thermoelectric
properties. We believe that these results may be
referable to the study of other Mg2Si1�xSnx solid
solutions.

EXPERIMENTAL PROCEDURES

The Mg2Si0.5Sn0.5 solid solution was prepared by
mixing Mg2Si and Mg2Sn powders and hot-pressing
the mixture.

Table I summarizes some parameters of the
starting materials for the synthesis of the Mg2Si
and Mg2Sn powders. Mg2Si alloys were synthesized
by the liquid–solid reaction method.18–21 Briefly, the
elemental powders of Mg and Si were thoroughly
mixed using an alumina mortar under an inert Ar
atmosphere, and the mixture was then moved into a
graphite crucible and subsequently heated in an
electric furnace under an atmosphere of
Ar + H2(3%) at 1103 K for 2 h. Finally, the result-
ing alloys were allowed to cool to room temperature
naturally. Mg2Sn alloys were synthesized by the
melting reaction method.22,23 The starting materi-
als including Mg and Sn were mixed, heated and
cooled in the same way as that of the Mg and Si
powders. The obtained Mg2Si and Mg2Sn ingots
were then ground in an alumina mortar under Ar
atmosphere. The resulted powders were sifted to
select particles with diameters of 38–75 lm. The
Mg2Si and Mg2Sn particles were then mixed and
hot-pressed under Ar atmosphere at 80 MPa and
1068 K for 50 h. The relative density of the products
was about 99% of the theoretical value of the stoi-
chiometric Mg2Si0.5Sn0.5. The hot-pressed ingots
were cut into appropriate sizes using a diamond
disk for further structural and thermoelectric mea-
surements.

Measurements of thermoelectric properties,
including Seebeck coefficient (S), electrical conduc-
tivity (r), and thermal conductivity (j), have been
described previously.18–22 Powder x-ray diffraction

Table I. Some parameters of the starting materials for the synthesis of the Mg2Si and Mg2Sn powders

Material Purity Shape Molar ratio Mole (mol) Weight (g)

Mg 3 N 3–4 mm granule 2.024 0.43064 10.4668
Si 6 N Powder 0.500 0.10637 2.9874
Sn 5 N 1 mm granule 0.500 0.10636 12.6262

Table II. Thermoelectric properties of Mg2Si12xSnx (x = 0, 0.5, 1) at 300 K

Material

Seebeck
coefficient
S (lV K21)

Electrical
conductivity
r (X21 m21)

Thermal
conductivity
j (W m21 K21)

Figure of
merit ZT

Carrier
concentration

n (m23)

Mg2Si �397 1919 8.75 0.0104 9.1 9 1023

Mg2Si0.5Sn0.5 �574 256 1.92 0.0132 4.8 9 1023

Mg2Sn �332 5525 6.28 0.0291 1.38 9 1024
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(XRD) patterns were recorded using a Bruker D8
x-ray diffractometer with Ni-filtered Cu Ka radia-
tion (40 kV, 40 mA). The size and morphology of the
products were characterized by a field-emission
scanning electron microscope (SEM; JSM-7000F;
JEOL). Selected-area electron diffraction (SAED),
TEM, high-resolution TEM (HRTEM), low-angle
and high-angle annular dark-field scanning TEM
(LAADF/HAADF-STEM), and energy dispersive
x-ray spectroscopy (EDS) measurements were per-
formed on a JEOL JEM-2100F transmission elec-
tron microscope at an accelerating voltage of
200 kV. LAADF/HAADF-STEM images were
acquired with a camera length of 20 cm/8 cm and
collection angles of 30–80 mrad/85–210 mrad. EDS
analysis was performed in the STEM mode with an
electron probe of 1 nm in diameter. TEM specimens
were prepared in two ways. One was the FIB
method, by which thin film specimens were cut
directly from bulk materials with a focused ion
beam system (FIB; JIB-4000; JEOL) using a
30 keV Ga+ ion beam. A carbon layer in thickness
larger than 500 nm was deposited on the top surface
of the bulk materials to pretect the surface from the
Ga+ ion irradiation before the FIB machining.
Another way was to crush bulk materials to pow-
ders in an alumina mortar under Ar atmosphere at
room temperature. The obtained powders were dis-
persed in ethanol and then dropped onto a polymer
microgrid supported by a copper frame. All the TEM
specimens were preserved in a vacuum chamber
and then transferred into the TEM column for
observation within 12 h.

RESULTS AND DISCUSSION

The measured values of S, r, and j are listed in
Table II. Mg2Si0.5Sn0.5 has a negative S, indicating
n-type conduction. Its |S| value is larger and j is
lower than those of Mg2Si and Mg2Sn, which are
favorable for thermoelectric applications. Because of
its relatively low r, the figure of merit ZT for
Mg2Si0.5Sn0.5 is small (0.0132 at 300 K), which is a
little higher than that of Mg2Si (0.0104), but less
than half that of Mg2Sn (0.0291). The main reason
for the low r of Mg2Si0.5Sn0.5 is considered to be the
much lower carrier concentration compared to that
of Mg2Sn. The carrier concentration of Mg2Si0.5Sn0.5

can be increased by appropriate doping and there-
fore the ZT value is expected to be improved.6,18

The crystal structure and phase purity of the
products were characterized by XRD. It is known
that Mg2Si, Mg2Sn, and their alloys crystallize in
the antifluorite structure with Si or Sn atoms
located in the face-centered cubic positions and Mg
atoms occupying the tetrahedral sites (inset in
Fig. 1). Figure 1 shows the XRD pattern of the
Mg2Si0.5Sn0.5 compound. All identified diffraction
peaks lie between those of Mg2Si (JCPDS card no.
35-0773) and Mg2Sn (JCPDS card no. 65-2997).
The lattice constant for the cubic unit cell was

determined as a = 6.545 Å, which is intermediate
between those of Mg2Si (6.351 Å) and Mg2Sn
(6.759 Å). No peaks associated with Mg, Si, Sn,
Mg2Si or Mg2Sn phases were detected, indicating
the successful synthesis of the antifluorite structure
phase of Mg2Si, Mg2Sn solid solution.

The size, morphology, and microstructure of
Mg2Si0.5Sn0.5 samples were investigated by SEM
and TEM. As shown in Fig. 2, the grain size is
mostly 10–20 lm and the grain boundaries contain
no obvious inclusions or precipitates. Figure 3a
shows a representative bright-field (BF) TEM image
of the Mg2Si0.5Sn0.5 specimen. The SAED pattern
(Fig. 3b), HRTEM image (Fig. 3c), and the corre-
sponding fast Fourier transform (FFT) pattern
(Fig. 3d) indicate that the material is of high crys-
tallinity. The measured interplanar spacings of
�0.38 nm and �0.33 nm correspond to the {111}
and {200} planes of cubic Mg2Si0.5Sn0.5, respectively.
In all cases, SAED patterns show that Mg2Si0.5Sn0.5

solid solution is the major phase, which is consistent
with the XRD results. Rings characteristic of ran-
domly oriented crystallites were detected in some
SAED patterns (Fig. 4b) and identified as cubic
MgO (JCPDS card no. 45-0946). The dark-field (DF)
TEM image acquired by selecting a part of MgO
SAED ring revealed evenly dispersed MgO nano-
particles 10–20 nm in size (Fig. 4c). We prepared
the TEM specimens by FIB at grains in size of
10–20 lm. Since the thickness of the TEM specimen
(�100 nm) is about two orders of magnitude smaller
than the grain size, these MgO nanoparticles may
not be on the grain boundary but be embedded in
the grains. We also observed these dispersed MgO
nanoparticles in the TEM specimens prepared by
dispersing the crushed powder in ethanol and
dropping onto a microgrid, as shown in Fig. 5.
Therefore, these MgO nanoparticles may not be the
artifacts from the FIB process. The SAED pattern in

Fig. 1. XRD pattern of the Mg2Si0.5Sn0.5 compound. Inset the crystal
structure of antifluorite compounds Mg2X (X = Si or/and Sn).
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Fig. 5b is similar to that in Fig. 4b. However, by
observing Fig. 5b carefully, it can be found that
there are some bright diffraction dots in the SAED
rings of MgO. Figure 5c shows the DF-TEM image
acquired by selecting a part of the diffraction ring of
MgO (200), where there are fewer bright dots. The
obtained DF-TEM image is similar to that in
Fig. 4c. Figure 5d also shows a DF-TEM image
acquired by selecting a part of the diffraction ring of
MgO (200), where there are more bright dots. The
obtained DF-TEM image shows dispersed MgO
nanoparticles in size of 10�20 nm, as well as some
larger MgO nanoparticles at a size of about 30 nm.
As shown in Fig. 5a, the larger nanoparticles can be
clearly observed in the BF-TEM image. It is possible
that these larger MgO nanoparticles may be dis-
tributed on the grain boundary. These results con-
firmed again that TEM specimen preparation
methods of both FIB and crushing have their
advantages and disadvantages. With FIB, a position
can be selected in accuracy smaller than 100 nm to
prepare a TEM specimen with uniform thickness.
Therefore, a typical position within a grain or grain
boundary can definitely be observed. However, FIB
may introduce artifacts due to the irradiation by Ga
ions. Also, if the density of a feature, such as
the second phase particles, is not high enough, the
feature may be difficult to be confirmed on the
boundary. On the other hand, crushing is a simple
method and most likely to reveal the original
structure and composition of a specimen. However,
if the distribution of a featured structure is not even
in a specimen, it may be difficult to get precise and
overall information of the specimen. To compre-
hensively identify the structure of a specimen, it is
better to combine these two methods.

STEM was employed to further identify the local
chemical composition. Figure 6a and b, respectively,
show the LAADF and HAADF STEM images of the
Mg2Si0.5Sn0.5 specimen, indicating the homogeneity
of its grains. According to the semi-quantitative
composition analysis, the atomic ratio of Mg:Si:Sn is
nearly 4:1:1 (Fig. 6c). The EDS spectrum also shows

Fig. 2. SEM image of the Mg2Si0.5Sn0.5 compound.

Fig. 3. (a) BF-TEM image of the Mg2Si0.5Sn0.5 specimen, (b) SAED
pattern, (c) HRTEM image, and (d) corresponding FFT pattern of (c).

Fig. 4. (a) BF-TEM image and (b) SAED pattern of the Mg2Si0.5Sn0.5 specimen prepared by FIB. (c) DF-TEM image acquired using a part of the
(200) diffraction ring of MgO.
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a small amount of oxygen, which can be attributed
to the MgO phase in the Mg2Si0.5Sn0.5 matrix.

Some uneven structures were found in the
Mg2Si0.5Sn0.5 grains (Fig. 7a). The contrast in this
BF-TEM image revealed two kinds of areas, denoted
as A and B, which were further characterized by
SAED and DF-TEM. SAED pattern (Fig. 7b) and
corresponding DF-TEM image (Fig. 7c) revealed
that the major phase in the A-area is similar to
Mg2Si0.5Sn0.5 solid solution as shown in Fig. 3.
Polycrystalline rings were also detected in A-area
SAED patterns (Fig. 8b) and identified as cubic Si
(JCPDS card no. 27-1402) and MgO. DF-TEM ima-
ges confirmed the presence of Si and MgO as minor
phases (Fig. 8c and d). The particles with a diame-
ter of �100 nm are Si particles and the evenly dis-
persed ones with diameters of 10–20 nm are MgO
nanoparticles. Figure 7d shows the SAED pattern of
the B-area, which can be indexed by two tetragonal
Sn crystals (C1, C2) parallel in (01-1) plane (JCPDS
card no. 04-0673). DF-TEM imaging confirmed the
existence of crystalline Sn several hundreds of
nanometers in size (Fig. 7e). As shown in Fig. 9,
both Si and MgO particles also exist in the B-area. It
is worth mentioning that these MgO, Si, and Sn
particles could not be detected by XRD, indicating
their low volume fraction. To check the stability of
the Mg2Si0.5Sn0.5 solid solution, a part of the
as-prepared products were further annealed at
1073 K for 250 h. No phase separation was observed
by XRD measurement and TEM observation, indi-
cating that the Mg2Si0.5Sn0.5 solid solution may be

reasonably stable if it is utilized at temperature
below eutectic point.

Detailed characterization revealed that the major
phase of the synthesized product was Mg2Si0.5Sn0.5

solid solution with a small amount of MgO nano-
particles evenly dispersed in the matrix. While the
presence of MgO in Mg2Si1�xSnx has been docu-
mented,24–28 this is the first report of evenly dis-
persed MgO nanoparticles in the Mg2Si0.5Sn0.5 solid
solution, to the best of our knowledge. The forma-
tion of these MgO nanoparticles could be inter-
preted mainly in two ways: (1) oxygen may exist in
the starting materials and cause the formation of
MgO particles; and (2) oxygen may originate from
the trace volume in the Ar atmosphere of the syn-
thesis processes and form a thin MgO film on the
surface of the products. These MgO particles or thin
MgO film may be crushed and mixed into the pow-
ders during the mixing process. In addition, the
subsequent hot-pressing process was performed at
1068 K. This temperature is lower than the melting
point of Mg2Si (1219 K) and close to that of Mg2Sn
(1048 K),25 at which the alloying of Mg2Si0.5Sn0.5

may be partially processed in solid state. Therefore,
not all the MgO nanoparticles were separated out
from the matrix and segregated on the grain
boundary, but some of them may be embedded in
the grain. We also detected some uneven structures

Fig. 5. (a) BF-TEM image and (b) SAED pattern of the Mg2Si0.5Sn0.5

specimen prepared by dispersing the powder in ethanol and drop-
ping onto a microgrid. (c) DF-TEM image acquired using a part of the
(200) diffraction ring of MgO, where there are fewer bright dots.
(d) DF-TEM image acquired using a part of the (200) diffraction ring
of MgO, where there are more bright dots.

Fig. 6. (a) LAADF-STEM image, (b) HAADF-STEM image, and
(c) corresponding EDS spectrum of the Mg2Si0.5Sn0.5 specimen. Mo
signals in the spectrum originate from the molybdenum mesh sup-
porting the FIB specimen.
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containing pure Si and Sn particles in the
Mg2Si0.5Sn0.5 grains. Although Mg was added in
5 mol% excess of stoichiometric amounts, it is most
likely that the Mg content in the alloys was deficient
because of the high vapor pressure of Mg. The Mg
might have been lost due to evaporation during the
synthesis process, resulting in the formation of
residual Si and Sn phases.6,24 Recent experiments
and calculations have confirmed that nanostructures

embedded in a bulk matrix may provide an addi-
tional scattering mechanism for the mid- and long-
wavelength phonons, thereby reducing the lattice
thermal conductivity.14,29–31 Thus, the evenly dis-
persed MgO nanoparticles could reduce j of the
Mg2Si0.5Sn0.5 solid solution via phonon scattering,

Fig. 8. (a) BF-TEM image and (b) SAED pattern of the A-area (in
Fig. 7) in the Mg2Si0.5Sn0.5 specimen. (c) DF-TEM image acquired
using a part of the (111) diffraction ring of Si. (d) DF-TEM image
acquired using a part of the (200) diffraction ring of MgO.

Fig. 9. (a) BF-TEM image and (b) SAED pattern of the B-area (in
Fig. 7) in the Mg2Si0.5Sn0.5 specimen. (c) DF-TEM image acquired
using a part of the (111) diffraction ring of Si. (d) DF-TEM image
acquired using a part of the (200) diffraction ring of MgO.

Fig. 7. (a) BF-TEM image of the uneven structures in the grain of the
Mg2Si0.5Sn0.5 specimen. (b) SAED pattern of the A-area indicated in
(a). (c) DF-TEM image of area 1 in (a) acquired using the (1�1�1)
diffraction spot of Mg2Si0.5Sn0.5. (d) SAED pattern of the B-area
indicated in (a). (e) DF-TEM image of area 2 in (a) acquired using the
(1�10)C1 diffraction spot of Sn.
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but they might also scatter the charge carriers and
reduce the electrical conductivity r. A further
investigation is necessary to understand the impact
of nanosized MgO on the ZT value.17,32 As for the
uneven structures containing pure Si and Sn parti-
cles, it is especially important to prevent these phase
separations during the synthesis to obtain a homo-
geneous Mg2Si0.5Sn0.5 solid solution in high yield. A
further increase in the ZT values by optimizing the
synthesis procedure, alloy composition, and doping
level is a promising avenue for improving the ther-
moelectric properties of Mg2Si1�xSnx solid solutions
for practical applications.

CONCLUSIONS

We performed a detailed structural analysis of the
Mg2Si0.5Sn0.5 solid solution prepared by mixing
Mg2Si and Mg2Sn powders and hot-pressing the
mixture. XRD measurements confirmed the forma-
tion of the Mg2Si0.5Sn0.5 solid solution. SEM images
showed grains 10-20 lm in size with clean grain
boundaries. TEM and STEM analyses revealed that
cubic Mg2Si0.5Sn0.5 was the major phase. Minor
MgO, Si, and Sn inclusions were also identified,
which could not be detected by XRD, with MgO
nanoparticles 10–20 nm in size being evenly dis-
persed in the Mg2Si0.5Sn0.5 matrix. The nearly sin-
gle-phase composition and the presence of MgO
nanoparticles might explain the very low thermal
conductivity and relatively high ZT value of the
Mg2Si0.5Sn0.5 solid solution. Studies are currently
underway to further increase the ZT values by
optimizing the synthesis procedure, alloy composi-
tion, and doping level using a combination of doping
and nanostructuring approach.
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