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Mg2Si0.5Ge0.5Sbm (m = 0, 0.005, 0.01, 0.02, and 0.03) solid solutions were
synthesized by a solid-state reaction and consolidated by hot pressing. All
specimens showed n-type conduction, and carrier concentrations were
increased from 4.0 9 1017 cm�3 to 3.2 9 1021 cm�3 by Sb doping. The elec-
trical conductivity remarkably increased with increasing Sb doping content,
but the absolute value of the Seebeck coefficient was reduced as the Sb doping
content increased, which was attributed to the increased carrier concentra-
tion. The lowest thermal conductivity was 2.3 W/mK for Mg2Si0.5Ge0.5Sb0.02 at
723 K, and the maximum ZT value of 0.56 was obtained for Mg2Si0.5-

Ge0.5Sb0.02 at 823 K.
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INTRODUCTION

Mg2BIV (BIV = Si, Ge, Sn) and its solid solutions
have attracted increasing attention as promising
thermoelectric materials at temperatures ranging
from 500 K to 800 K because they are non-toxic,
environmentally friendly, and abundantly avail-
able.1–4 The material factor b = (m�/me)

3/2 ljL
�1 can

be utilized as the criterion for thermoelectric
material selection, where m� is the density-of-states
effective mass, me is the mass of electron, l is the
carrier mobility, and jL is the lattice thermal con-
ductivity. Consequently, thermoelectric materials
with high performance should have a low lattice
thermal conductivity and a high carrier mobility.
The b for magnesium compounds Mg2BIV is 3.7–14,
which is very high compared with 0.05–0.8 for
iron silicides and 1.2–2.6 for silicon–germanium
alloys.5–11

Among the solid solutions in the Mg2BIV systems,
Mg2Si1�xGex has been known as one of the candi-
date thermoelectric materials since the late 1970s,12

as it is stable at a composition of x = 0–1 and the
thermal conductivity reaches the minimum when x
is around 0.5. Song et al.12 showed ZT = 0.2 at

610 K for Mg2Si0.6Ge0.4 prepared by bulk mechani-
cal alloying and hot pressing. Noda et al.13 reported
ZT = 0.68 at 629 K for Ag-doped Mg2Si0.6Ge0.4. In
this study, Sb-doped Mg2Si0.5Ge0.5 solid solutions
were synthesized by solid-state reaction and hot
pressing. The electronic transport properties (Hall
coefficient, carrier concentration and mobility) and
thermoelectric properties (Seebeck coefficient, elec-
trical conductivity, thermal conductivity and
dimensionless figure of merit) were examined.

EXPERIMENTAL

Mg2Si0.5Ge0.5Sbm (m = 0, 0.005, 0.01, 0.02, and
0.03) solid solutions were synthesized by a solid-
state reaction (SSR) and hot pressing (HP). High
purity Mg (99.99%,<149 lm), Si (99.99%,<45 lm),
Ge (99.99%, <45 lm), and Sb (99.999%, <75 lm)
powders were weighed as a stoichiometric ratio and
mixed homogeneously. The mixed powders were
cold-pressed under a pressure of 600 MPa to make
pellets, which were reacted (transformed) in a solid
state in a covered alumina crucible at 773 K for 6 h
in a vacuum. The synthesized powders were hot-
pressed in a cylindrical graphite die with an inter-
nal diameter of 10 mm at 1073 K under a pressure
of 70 MPa for 2 h in a vacuum.
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The phases of synthesized solid solutions were
analyzed by using an x-ray diffractometer (XRD;
Bruker D8 Advance) using Cu Ka radiation (40 kV,
30 mA). The diffraction patterns were measured in
the h–2h mode (10�–90� 2h) with a step size of 0.02�,
a scan speed of 0.4 s/step, and a wave length of
0.15405 nm. The hot-pressed compact was cut into a
rectangular shape with the dimensions of
3 mm 9 3 mm 9 9 mm for both the Seebeck coeffi-
cient and the electrical conductivity measurements,
and cut into a disc shape with dimensions of 10 mm
(diameter) 9 1 mm (thickness) for the thermal
conductivity and the Hall effect measurements. The
Hall effect measurements were carried out in a
constant magnetic field (1 T) and electric current
(50 mA) using the van der Pauw method at room
temperature. The Seebeck coefficient and the elec-
trical conductivity were measured using the tem-
perature differential method and the 4-probe
method, respectively, with ZEM-3 (Ulvac-Riko)
equipment in a helium atmosphere. The thermal
conductivity was estimated from the thermal diffu-
sivity, specific heat and density measurements
using a laser flash TC-9000H (Ulvac-Riko) system in
a vacuum.

RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction patterns for
solid-state synthesized Mg2Si0.5Ge0.5Sbm solid solu-
tions. All specimens were identified as phases with
anti-fluorite structures. The patterns of solid solu-
tions correspond to Mg2Si (ICDD PDF# 00-035-
0773) and Mg2Ge (ICDD PDF# 01-086-1028), with
all the peaks located between pure Mg2Si and
Mg2Ge. Mg2Si0.5Ge0.5Sbm solid solutions have been
successfully prepared by SSR and HP, and second-
ary phases were not found.

Table I summarizes the sintered densities and
the transport properties of Mg2Si0.5Ge0.5Sbm at

room temperature. Undoped and Sb-doped
Mg2Si0.5Ge0.5 specimens showed n-type conduction,
which meant that the majority carriers were elec-
trons. The carrier concentration increased from
7.3 9 1017 cm�3 to 2.3 9 1021 cm�3 with increasing
Sb content (m); consequently, the Sb atoms (Group
BV) were solved at Si or Ge sites (Group BIV).
However, the carrier mobility was decreased by Sb
doping, which was a typical behavior of semicon-
ductors caused by ionized impurity scatterings. As
shown in Table I, the increase in the electron con-
centration was predominant over the decrease in
the mobility caused by Sb doping; as a result, the
electrical conductivity increased.

Figure 2 presents the temperature dependence of
the electrical conductivity for Mg2Si0.5Ge0.5Sbm. The
electrical conductivity ðrÞ of an n-type semiconduc-
tor is expressed as Eq. 1:

r ¼ ne2s
m� ¼ nel; (1)

where e is the electronic charge, n is the electron
concentration, l is the electron mobility, m� is the
effective mass of electron, and s is the relaxation
time of the electron. The electrical conductivity of
solid solutions increased from 3.3 9 102 S/m to
4.5 9 104 S/m by Sb doping, and was attributed to
the increase in the carrier concentration. The elec-
trical conductivity of the undoped specimen
increased with increasing temperature, and behaved
like a non-degenerate semiconductor. However, the
Sb-doped specimens acted as degenerate semicon-
ductors without temperature dependence.

Figure 3 shows the temperature dependence of
the Seebeck coefficient for Mg2Si0.5Ge0.5Sbm. The
Seebeck coefficient að Þ of an n-type semiconductor is
expressed as Eq. 214,15:

a ¼ � k

e

5

2
þ r� EC � EF

kT

� �
¼ � k

e

5

2
þ rþ ln

NC

n

� �

� c� c lnn

(2)

where k is the Boltzmann constant, r is the expo-
nent of the power function in the energy-dependent
relaxation time expression, EC is the bottom of the
conduction band, EF is the Fermi energy, T is the
absolute temperature and NC is the effective den-
sity-of-states in the conduction band, n is the charge
carrier concentration, c is the scattering factor, and
c is a constant. Therefore, as shown in Fig. 3, the
absolute value of the Seebeck coefficient aj jð Þ of
intrinsic Mg2Si0.5Ge0.5 was very high at low tem-
perature (�513 lV=K at 323 K), but it was reduced
drastically with increasing temperature
(�151 lV=K at 823 K) due to the increase in the
electron concentration by intrinsic conduction.16

The sign of the Seebeck coefficient was negative,
which was in good agreement with the sign of the
Hall coefficients shown in Table I. |a| was reduced
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Fig. 1. X-ray diffraction patterns for Mg2Si0.5Ge0.5Sbm solid solu-
tions prepared by SSR-HP.
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as the Sb doping content increased, and this was
attributed to the increased carrier concentration.
|a| for Sb-doped Mg2Si0.5Ge0.5 increased with
increasing temperature, and decreased above a
certain temperature. This resulted from the
increase in the electron concentration by intrinsic
conductions, and was predominant over the

electron–phonon scattering at higher temperatures.
The Seebeck coefficients of Sb-doped specimens
ranged from �199 lV=K to �112 lV=K at 323 K,
and from �256 lV=K to �222 lV=K at 823 K.

Figure 4 presents the temperature dependence of
the thermal conductivity for Mg2Si0.5Ge0.5Sbm. The
thermal conductivity (j) is the sum of the lattice
thermal conductivity (jL) by phonons and the elec-
tronic thermal conductivity (jE) by carriers. Both
components can be separated by the Wiedemann–
Franz law (jE = LrT), where the Lorenz number was
assumed to be a constant (L = 2.45 9 10�8 V2 K�2)
for evaluation.17 For all specimens, the thermal con-
ductivity decreased with increasing temperature,
and it increased by bipolar conduction caused by
intrinsic excitation above 623 K for the undoped
specimen and above 723 K for Sb-doped specimens.
In the case of Sb-doped specimens, the intrinsic con-
duction temperature of Sb-doped specimens was
higher than that of the undoped specimen. Sb doping
slightly increased the thermal conductivity com-
pared with intrinsic Mg2Si0.5Ge0.5 due to higher
electronic contribution, but it reduced the thermal
conductivity above 723 K due to lower lattice contri-
bution. The lowest thermal conductivity was 2.3 W/
mK for Mg2Si0.5Ge0.5Sb0.02 at 723 K.

Figure 5 shows the temperature dependence of
the dimensionless figure of merit (ZT) for Mg2Si0.5-

Ge0.5Sbm. As an index related to the energy con-
version efficiency of thermoelectric materials, the
ZT value was determined by Eq. 318:

ZT ¼ a2rT
j

� m�

me

� �3=2lT5=2

jL
; (3)

where me is the mass of an electron. Therefore, a
superior thermoelectric material should have a
large Seebeck coefficient (large effective mass of
carrier), high electrical conductivity (low carrier
scattering), and low thermal conductivity (high
phonon scattering), simultaneously.15 The ZT val-
ues of an undoped specimen were very low, below
0.05, owing to low carrier concentration (low elec-
trical conductivity). However, Sb doping signifi-
cantly improved the electrical properties and
maintained high values of the Seebeck coefficient
and low thermal conductivity at high temperatures.
Consequently, the ZT values remarkably increased,
and the maximum ZT value of 0.56 was obtained for

Table I. Relative densities and transport properties of Mg2Si0.5Ge0.5Sbm at room temperature

Specimen
Relative density

(%)
Hall coefficient

(cm3 C21)
Mobility

(cm2 V21 s21)
Carrier

concentration (cm23)

Mg2Si0.5Ge0.5 99.6 �8.44 28 7.3 9 1017

Mg2Si0.5Ge0.5:Sb0.005 99.9 �0.044 4.2 1.4 9 1020

Mg2Si0.5Ge0.5:Sb0.01 99.6 �0.004 0.9 1.5 9 1021

Mg2Si0.5Ge0.5:Sb0.02 98.9 �0.003 0.88 2.0 9 1021

Mg2Si0.5Ge0.5:Sb0.03 99.8 �0.0026 0.93 2.3 9 1021
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Fig. 2. Temperature dependence of the electrical conductivity for
Mg2Si0.5Ge0.5Sbm.
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Fig. 3. Temperature dependence of the Seebeck coefficient for
Mg2Si0.5Ge0.5Sbm.
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Mg2Si0.5Ge0.5Sb0.02 at 823 K. Song et al.12 and Aiz-
awa et al.19 reported ZT = 0.2 at 610 K and
ZT = 0.21 at 613 K, respectively, for Mg2Si0.6Ge0.4

prepared by bulk mechanical alloying and hot

pressing. However, Zhou et al.20 obtained very high
ZT value of approximately 1.0 at 823 K for
La0.01Mg1.99Si0.49Ge0.5Sb0.01 prepared by spark
plasma sintering. La/Sb co-doping was expected to
control the carrier concentration and excess Mg was
adopted to compensate for evaporative loss in their
sample preparation.

CONCLUSIONS

Sb-doped Mg2Si-Mg2Ge solid solutions Mg2Si0.5-

Ge0.5Sbm (m = 0, 0.005, 0.01, 0.02 and 0.03) were
successfully prepared by a solid-state reaction and
hot pressing. Sb-doped Mg2Si0.5Ge0.5 showed n-type
conduction. Carrier concentrations were increased
from 4.0 9 1017 cm�3 to 3.2 9 1021 cm�3, and the
electrical conductivity was increased from
3.3 9 102 S/m to 4.5 9 104 S/m by Sb doping. The
absolute value of the Seebeck coefficient was
reduced as the Sb doping content increased; this
was attributed to the increased carrier concentra-
tion. The Seebeck coefficients of Sb-doped
Mg2Si0.5Ge0.5 were from �256 lV=K to �222 lV=K
at 823 K. The lowest thermal conductivity was
2.3 W/mK for Mg2Si0.5Ge0.5Sb0.02 at 723 K, and the
maximum ZT value of 0.56 was obtained for
Mg2Si0.5Ge0.5Sb0.02 at 823 K.
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