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Mg,Sn-based solid solutions MgoGeg 25Sng 75_,Sb, (x = 0, 0.03, 0.05, 0.07,
0.10, 0.15) were synthesized by high-frequency melting in a graphite crucible,
followed by spark plasma sintering. The effects of Sb substitution on the phase
constitution and thermoelectric properties of the solution were investigated.
All the samples were face-centered cubic MgoGeg 255ng 75 solutions without
any additional phase arising from Sb in the compounds. The electrical resis-
tivity decreased significantly from 202 pQ m to 3.66 uQ m at 300 K as lower
Sb content x increased from 0 to 0.03, but increased slightly from 3.66 uQ m to
11.6 uQ m at 300 K as Sb content x further increased from 0.03 to 0.15. The
Seebeck coefficient showed a similar pattern of change. The thermal conduc-
tivity of the solid solution clearly decreased from 3.6 Wm 'K to
1.4 Wm ! K !at 300 K as Sb content x increased from 0 to 0.15. The highest
power factor of 4010 yWm 'K 2 was obtained in the sample of
MgyGeg o55ng.795bg o3 at 573 K. The lowest thermal conductivity of
1.17 W m ! K ! was found in MgsGeg 25510 655bo 1 at 473 K. The maximum
ZT of 1.54 was obtained in MgoGeg 255n¢ 685bg o7 at 623 K. Compared with the
value 0.03 for its parent alloy at the same temperature, this is a dramatic
improvement.

Key words: Thermoelectric material, Mg,Sn-based alloys, Sb-dopant, high
thermoelectric properties

INTRODUCTION

Thermoelectric (TE) materials can directly con-
vert waste heat (such as car and plane exhaust
heat) into electricity by utilizing the Seebeck effect,
without consuming any other energy. The proper-
ties of thermoelectric materials can be evaluated
with a dimensionless figure of merit (Z7T), defined as

ZT:S;f—kT, where S, p, T and k are the Seebeck
coefficient, electrical resistivity, absolute tempera-

ture and thermal conductivity, respectively. The
above equation indicates that a good TE material
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requires a high Seebeck coefficient and low electri-
cal resistivity, but at the same time requires low
thermal conductivity. However, the ZT values of
materials used commercially are around 0.8, which
corresponds to about 10% Carnot efficiency. There-
fore, many researchers around the world are mak-
ing great efforts to improve the ZT value of TE
materials. Although significant enhancement of ZT
values has been reported in superlattices,® it is
generally difficult to use these superlattices in
large-scale energy-conversion applications because
of both heat transfer and cost limitations.*

The magnesium compounds Mg.X (X = Si, Ge,
Sn) and their solid solutions have attracted increas-
ing attention as promising thermoelectric materials
at temperatures from 500 K to 800 K, as they are
non-toxic, environmentally friendly and abundantly
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available.’ ! Mg,X compounds with an anti-fluorite
structure are narrow-band-gap semiconductors with
indirect band ,5aps of 0.77 eV, 0.74 eV and 0.35 eV,
respectlvely The material factor f = (m* /me)3/
2uxy ! can be utilized as the criterion for thermo-
electric material selection, where m* is the density-
of-state effective mass, m, is the mass of an electron,
1 is carrier mobility and k; is thermal conductivity.'*
That is to say, TE materials with high ZT values
should have relatively high f values, low lattice
thermal conductivity and high carrier mobility.
According to the literature, the f for magnesium
compounds Mg,X is 3.7-14, which is higher than
the Values for s111c0n—german1um alloys with 1.2—
2.6.1%11 Extensive research efforts have recently
been devoted to Mg,X compounds because of their
potential thermoelectric properties.

The thermal conductivity of pure MgoX (X Sl

Ge, Sn) at room temperature is above 6 Wm ! K1,
and this high thermal conductivity results in a
relatlvely low dimensionless thermoelectric figure of
merit.'> To improve the thermoelectric figure of
merit of MgoX (X = Si, Ge, Sn) compounds, tremen-
dous effort has been invested in research into
Mg,Si-MgoSn and MgsSi-MgoGe solid solutions,
which are expected to have an optimized band
structure and reduced phonon thermal conductivity.
For MgsSi-MgoSn, Liu et al. found that for the
Mg,Sip3Sng 7 solid solution, thermal conduct1v1ty
was further reduced to about 21Wm'K!
T = 623 K, and the maximum ZT value reached 1.3
for the two solid solutions.!® Investigations by
Zhang et al.'” revealed that Sb doping strongly
increased the density of point defects and enhanced
lattice distortion in Mgy(Sig4_,Sb,Sngg) samples,
which reduced lattice thermal conductivity due to
the increased scattering of phonons. Al-doped
Mg,Sip4Sngg was found to increase the Seebeck
coefficient and reduce the thermal conductivity, and
achieved the highest dimensionless figure of merit
ZT = 1.30 at 773 K compared with the hlghest ZT
value of 0.12 for MgsSip4Snge at 550 K.'® For
Mg,Si-MgyGe alloys, Sb and Bi doping reduced the
thermal conductivity more at temperatures above
723 K due to ionized impurity scattering and sig-
nificantly improved the ZT'. The highest ZT value of
0.56 for Mg2810 5Ge0 5Sb0 02 and 0.79 for MgQSIO 7-
Gey. 3B10 9% was higher than 0.05 for Mg,Siy 5Geg 5 at
823 K.**

However, there is scant literature concerning the
thermoelectric properties of MgoSn-MgyGe com-
pounds. According to MgoGe and MgsSn pseudo-
binary phase diagrams a solid solution of
Mg,Ge,Sn;_, exists in the range of x content
between 0 and 0.4.2° Solid solutions of MgsSn and
MgyGe can reduce thermal conductivity and
increase the Seebeck coefficient due to enhanced
phonon scattering by substitution of Ge for Sn.
Therefore, we prepared samples of MgyGe,Snq_,
with x = 0.15 to 0.3 to obtain solid solutions and to
investigate their thermoelectric properties. Earlier
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work in this system was reported by Liu et al.?! It
was found that MgoSng 75Ge0 25 has an average ZT
of 0.9 and PF of 52 yW cm ' K2 over a tempera-
ture range of 25-450°C, a peak ZT of 1.4 at 450°C,
and peak PF of 55 W em ' K2 at 350°C.%! Many
recent studies'”'® have shown Sb and Bi to be
promising dopants in the Mgs(Sn,Si) system by
enhancing ZT, but research on Sb dopants in
MgoSn-MgyGe is rarely reported. In this work we
selected MgoGeg 2551 75 as the parent alloy in order
to explore a new way to prepare Mg,Sn-Mg,Ge-
based solid solutions and to improve the thermo-
electric properties through Sb substitution for Sn
atoms. The alloys were prepared by high-frequency
melting and spark plasma sintering (SPS) in a very
short time, which has not been reported before. The
SPS technique is known for its high efficiency in
densification of materials at relatively low temper-
ature under compression, using pulsed DC current
through punches and graphite die. The pulsed DC
current promotes fast heating of the powder by
charging the intervals between powder particles
with electrical energy and effectively applying a
high-temperature spark plasma. It is one of the
most innovative and promising methods for powder
sintering, as evidenced by the maximum ZT of 1.54
obtained in this work, much hlgher than the peak
value of 1.4 reported previously.?!

EXPERIMENT DETAILS

The elements Mg, Ge, Sn and Sb with 99.99%
purity were used as starting materials. They were
mixed in the appropriate molar ratio of the
MgyGe,Sn;_, alloys, and the MgyGe,Sn;_, alloys
with x = 0.15, 0.20, 0.25, 0.30 were prepared to
confirm the solid solution range. Then the
MgyGeg o55ng 75 solid solution was selected as the
parent alloy and the MgsGego55ng 75_,Sb, alloys
with x = 0, 0.03, 0.05, 0.07, 0.10, 0.15 were prepared
and investigated. To compensate for Mg evaporative
loss, Mg was added in excess of 10 wt.%. The
mixtures were packed in graphite crucibles and
placed in quartz tubes. After evacuation under a
vacuum at 3 x 1072 Pa and filling with 0.05 MPa
argon, the raw materials in the quartz tube were
melted for 1 min by high-frequency melting at a
current of 250 A and frequency of 100 kHz. The
filling of tubes with 0.05 MPa argon before high-
frequency melting was to ensure that the Mg and
the graphite crucible were isolated from O and that
the volatilization of Mg was effectively reduced.
Also, the high-frequency melting method has the
advantage of shortening the reaction time consid-
erably. After 30 h annealing in a furnace, the
samples were milled into powders, then put in a
graphite cylinder die and sintered at a temperature
of 953 K and pressure of 50 MPa for 5 min by spark
plasma sintering (SPS). Next, 15-mm disks were cut
to dimensions of 13 mm x 5 mm x 5 mm for the
measurement of electrical properties and
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(010 mm x 2mm for the thermal conductivity
measurement.

The phases in all samples were analyzed by x-ray
diffraction using a Bruker D8 Advance SS/18 kW
diffractometer with CuK, radiation, TOPAS soft-
ware and Jade5 software. The Seebeck coefficient
(S) and electrical resistivity (p) were measured by
an ULVAC-RIKO ZEM-2 apparatus (Japan) in a
helium atmosphere, and thermal conductivity ()
was measured by a laser flash thermal constant
measuring system (TC-9000H, ULVAC-RIKO,
Japan). The bulk density of the sample was calcu-
lated from the sample geometry and mass. The Hall
coefficient at room temperature was measured
using the van der Pauw technique under a rever-
sible magnetic field of + 5 T on a QuantumDesign
Physical Property Measurement System PPMS-9.
The microstructure was observed by scanning elec-
tron microscopy (SEM) with energy-dispersive x-ray
spectroscopy (EDS) (SU-70, Hitachi).

RESULTS AND DISCUSSION
Phase Analysis

Figure 1 shows the x-ray diffraction patterns for
the samples of MgyGe,Sn;_, and Sb-doped
MgyGeg o55ng 75 compounds. The pattern of the
solid solutions is a face-centered cubic (fcc) phase
and corresponds to MgeSn (ICDD PDF #07-0274)
and Mg;Ge (ICDD PDF #02-1135), with all the
peaks located between pure MgoSn and MgsGe.
From Fig. 1a we can see that Mg,Ge,Sn;_, solid
solutions were successfully prepared with x from
0.15 to 0.3. Only the cubic phase was observed and
no secondary phase was found. Their diffraction
peaks gradually shifted to higher angles with
increasing Ge content. The lattice parameters of
MgyGe,Sn;_, solid solutions were calculated using
the Rietveld refinement method with TOPAS soft-
ware, and are presented in the inset in Fig. la.
Here, we can see that the lattice constant decreased
linearly from 6.707 A to 6.649 A with increasing Ge
content from 0.15 to 0.3, between the values of
Mg,Ge (6.394 A) and Mgzsn (6.763 A) respectively,
which was in agreement with the peak shifts and
obeyed Vegard’s law.

Figure 1b shows that pure MgyGe,Sn;_, solid
solutions were obtained and all the doped Sb atoms
were dissolved in the fcc MgoGeg o55ng 75 solutions
without any additional phase arising from Sb in the
compounds. The diffraction peaks shifted to higher
20 angle with the increase in Sb due to the
substitution of smaller Sb for Sn atoms in the
compounds. The inset in Fig. 1b presents the lattice
constant variations of the Sb-doped Mg,Ge,Sn;_y
compounds. The lattice constants of
MgoGep 255100 75_5b, decreased gradually from
6.689 A to 6.672 A with increasing Sb content. The
decrease was small because the doping concentra-
tion was very low. Therefore, the data in Fig. 1 obey
Vegard’s law,?? indicating that the Mg,Ge,Sn;_,

(a 6.721

6.70-
~
< 6.68
<
6.66

| Ge=0.30 A J\A L/\

L
| Ge=025 -
Ll fGeo20 J
L ge=0as Ly
|

|

Intensity(a.u.)

| _PDFA07-0274 Mg, Sn

L | PDF#OZ 1135_Mg2Ge|

L | I !
20 30 40 50 60 70 80
20(degree)

(b 6.697_,
2 6.681 <
=
L@ 66500 00a 008 o012 o0is
LA Jsb=0u15 X
= -
i Isb=0.10 | L \
Z| 4 usb=007 | ) R
% | Sb=0.05 k. . \ A A
1N T S v
S 1V S W W SN W S
‘ | B ‘ PDF#07-0274_Mg,Sn
| | |
‘ ‘ || PDF#02-1135 MgZCe
l [ ] l
20 30 40 50 60 70 80

20(degree)

Fig. 1. X-ray diffraction patterns for the samples of (a) MgoGe,Snq_x
(x=0.15, 0.20, 0.25 and 0.30) and (b) Mg>Geg 25Sng.75_xSbx (x = 0,
0.03, 0.05, 0.07, 0.10 and 0.15). Insets in the figures show the lattice
parameters of Mg.Ge,Sni_, and Mg.Gegp25Sng75_xSby solid
solutions, respectively.

and MgsGeg 05510 75_,5b, solid solutions were well
formed. The distortions caused by the substitution
of the Sb atoms for the Sn atoms in these single
phases may affect the electrical and thermal trans-
port and thus enhance the thermoelectric
performance.

The microstructure and composition of the phases
in the alloys were observed and analyzed by scan-
ning electron microscopy (SEM) with EDS. Typical
SEM images and EDS results for representative
samples of MgoGeg 25514 75_,Sb, with x = 0 and 0.07
after SPS are shown in Fig. 2. Figure 2b and d
shows the EDS results for the samples in Fig. 2a
and c, respectively. The SEM images in Fig. 2a and
c reveal that the MgoGeg 255n¢ 75_,Sb, alloys formed
a single phase with solid solution, and no secondary
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15.0kV 14.9mm x20.0k SE(M,LA100)

15.0kV 15.6mm x20.0k SE(M,LA100)
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Element | wt.% at.%
Mg 32.51 68.03
Ge 11.14 7.81
Sn 56.35 24.16

Ge

4 6 8 10
Energy(KeV)
(d) x=0.07 Element | wt.% at.%
1g Mg 32.79 68.36
Ge 11.12 7.76
Sn 50.66 21.62
Sb 5.43 2.26
Sn
sn IS
N b Ge
2 4 6 8 10
Energy(KeV)

Fig. 2. Typical SEM images and EDS results for Mg>Geg 25Sng 75 (2, b) and Mg.Geg 25Sng.68Sbo o7 (€, d) after SPS.

Table I. Electronic transport properties of MgyGeg 255n¢ 75-,Sb, at room temperature

Mobility (ecm? V! s™1)

Carrier concentration (cm™3)

Specimen Hall coefficient (cm® C™1)
X=0 -1.6

X =0.03 —7.6 x 1072

X =0.05 —6.2 x 1072

X =0.07 —3.7 x 1072
X=0.10 —3.4 x 1072
X=0.15 —3.1x 1072

6.33 1.96 x 10'®
22.29 0.82 x 10%°
14.64 1.01 x 10%°
13.52 1.69 x 10*°
13.36 2.01 x 10%°
12.89 3.86 x 10%°

phase was found, which was in good agreement with
the results from XRD. The composition of the two
alloys obtained by quantitative EDS analysis is
listed in Fig. 2b and d, from which we can calculate
the mole percent for each element. The calculated
molecular formulas are Mgy 11GegosSng 75 and
Mgy 11Geg 24509 675bg o7 for the two samples, respec-
tively. The results show that the mole percents are
close to the designed nominal composition both for
undoped and doped alloys, except that the Mg
content is slightly higher than the stoichiometry.

Thermoelectric Properties

The electronic transport  properties  of
MgoGego5Sng 75_,Sb, at room temperature are

summarized in Table I. The undoped and Sb-doped
MgyGeg 255ng 75 specimens showed n-type conduc-
tion, which means that the majority of carriers were
electrons. The Hall carrier concentration n was
calculated via n = 1/Re, where R is the Hall coef-
ficient and e is the electric charge. The carrier
concentration increased from 1.96 x 10 em ™2 to
3.86 x 10%° em 2 with Sb content. However, carrier
mobility increased from 6.33cm?V's' to
22.29 em? V! 57! with Sb doping content x = 0.03,
and then decreased from 22.29 cm®>V-!'s™! to
12.89 cm? V! s7! with Sb doping content x increas-
ing from 0.03 to 0.15, which is a typical behavior of
semiconductors and is caused by ionized impurity
scattering. At the same time, the carrier concentra-
tion increased from 1.96 x 10'® cm 2 to 3.86 x 10*°



High Thermoelectric Properties in MgoGeg 255ng 75_,.Sb, Solid Solution 5963

cm 2 with Sb doping content x increasing from 0.03
to 0.15, as shown in Table I, resulting in the marked
increase in electrical resistivity.

The temperature dependence of electrical resis-
tivity and  Seebeck  coefficient for the
Mnge0,25Sn0,75,bex (x = O, 003, 005, 007, 0.10
and 0.15) alloys is plotted in Fig. 3. As shown in
Fig. 3a, the electrical resistivity increased with
rising temperature, displaying a characteristic
metal-like behavior, similar to that of pure
MgoGeg 25591, 75 reported previously.?' The electri-
cal resistivity of MgsGego55ng75 in the undoped
sample is quite high, from 202 uQ m at 300 K to 37
uQ m at 773 K. The electrical resistivity of the Sb-
doped MgyGeg o55ng 75_,Sb, sample is significantly
lower than that of the undoped sample and
increases as the Sb content increases. For example,
the electrical resistivity increases from 3.66 uQ m to
9.83 uQ m for the samples with Sb content increas-
ing from x = 0.03 tox = 0.15 at 300 K. Similarly, the
electrical resistivity increases from 8.48 uQ m to
11.6 uQ m at 773 K for the samples with Sb content
increasing from x = 0.03 to x = 0.15. This may be
ascribed to the reduced carrier mobility with the
increasing amount of Sb substitution for Sn atoms.
All samples doped with Sb show a single phase, with
higher carrier concentration than wundoped
MgyGeg o55ng 75, as it can provide more free elec-
trons, but the lattice distortion caused by the Sb
dopant increases with increased Sb doping content;
too many lattice distortions will reduce the carrier
mobility. From the above, the electrical resistivity
increased throughout the temperature range with
Sb doping content, but the values were all lower
than that of the undoped MgyGeg 255ng 75 alloy.

Figure 3b shows the temperature dependence of
the Seebeck coefficient for MgoGeg o55ng 75_,Sb,.
The Seebeck coefficients of the samples were found
to be negative over the entire temperature range
(Fig. 3b), indicating that n-type carriers (electrons)
dominate the thermoelectric transport in the sam-
ples, which is in good agreement with the sign of the
Hall coefficients shown in Table I. The absolute

MgyGep 25Sn 75 was very high (320 uVK™! at
300 K), but decreased dramatically with increasing
temperature (85.9 uV K™ ! at 773 K). The values of
S| increased with the increase in Sb doping
content and temperature. The absolute Seebeck
coefficients of the Sb-doped specimens ranged from
110 VK1 to 128 uV K ! at 300 K and from 177
uV K1 to 181 uV K ! at 773 K. According to an
earlier work,'” as lattice distortion and band con-
vergence are introduced, ionized impurities and ion
scattering may also increase. Therefore, the scat-
tering factor is enhanced with increased Sb content,
so it is favorable for improving the Seebeck coeffi-
cient. It is thus reasonable to believe that the
absolute Seebeck coefficient increases with
increased Sb dopant content.

The power factor (PF) defined as PF = S; from the
Seebeck coefficient (S) and the electrical resistivity
(p) is plotted in Fig. 4. The Sb doping reduces the
resistivity significantly and reduces the absolute
Seebeck coefficients to some degree, as shown in
Fig. 3. However, the PF, shown in Fig. 4, can be
significantly enhanced with proper Sb doping, and
increases rapidly with increasing temperature. For
example, the PF values varied from
1680 kW m ' K2 to 3280 yWm ' K2 at 300 K
and from 2840 yW m ' K 2t0 3700 yW m ! K2 at
773 K for the Sb-doped samples with x = 0.03 to
0.15, much higher than the values of
507 W m ' K 2 and 196 yW m ! K2 at the cor-
responding temperatures for the undoped sample
(x = 0). Compared with the undoped sample, the PF
of the Sb-doped specimens was improved by around
10 times at 573 K. A maximum PF value of
4010 yW m ' K2 was found at 573 K for the
sample with x = 0.03.

The total thermal conductivities of Mg,Ge,Sn;_,
alloys were shown in Fig. 5a. The thermal conduc-
tivities decreased with the increase of temperature
from 300 K up to 473 K, and then increased with an
increase in the measurement temperature above
473 K, indicating bipolar transport properties.?®
The total thermal conductivity for the undoped

Seebeck coefficient (1S1) of intrinsic sample MgoGeg 255ng 75 in this work decreases from
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Fig. 3. Temperature dependence of (a) electrical resistivity and (b) Seebeck coefficient for the MgGeg 25Sng.75_xSby alloys.
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Fig. 4. Temperature dependence of power factor for the
MgoGeop 2550 75— xSby alloys.

3.6 Wm ! K !t02.6 Wm ! K ! as the temperature
increases from 300 K to 473 K, and gradually
increases from 2.6 to 5.9 as the temperature further
increases from 473 K to 773 K, which was between
the prev1ously reported thermal conductivity of
pure Mg,Ge?* and Mg,Sn.?* At higher temperature,
as both holes and electrons are present, this relation
breaks down because bipolar diffusion takes place,
and an extra term must then be added to the total
thermal conductivity. The thermal conductivities of
Sb-doped samples have the same variation tendency
as the undoped sample and can be significantly
reduced by introducing Sb into the MgsGeg 25Sng 75
lattice, as it can enhance phonon scattering caused
by the substitution of Sb for Sn. The thermal
conductivities for all samples were much lower than
that of the pure MgyGeg o55ng 75, and decreased
with increasing Sb content. For example thermal
conductivity decreases from 3.6 Wm™! K* to
14Wm "K' at 300K, 26Wm 'K"' to
1.17Wm 'K at 473K, and 4.5 Wm ' K! to
1.87 Wm ! K ! at 773 K, with Sb content x increas-
ing from 0 to 0.15. The MgyGeg 255ng 75_,Sb, sam-
ples exhlblted the lowest thermal conductivity of
1.17 Wm ! K1 at 473 K with x = 0.10.

The total thermal conductivity (ki) can be writ-
ten as a sum of the electronic (k,) and lattice
thermal conductivity (k;). k. is directly proportional
to the electrical conductivity through the Wiede-
mann—Franz relation,k, = L¢T, where L is the
Lorenz number. For free electrons,
L = 2.45 x 108 V2 K2, However, for most thermo-
electric materials, the real Lorenz number is lower
than 2.45 x 108 V2 K2, depending on the reduced
Fermi energy and scattering parameter, as shown
in the following.

The Seebeck coefﬁc1ent (S) can be described by
the Mott equation®®

g_ 8n2k]23m*T <%)2/3

3eh? (1)

where kg is the Boltzmann constant, e is the
electron charge, m* is the effective mass of the
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Fig. 5. Temperature dependence of (a) thermal conductivity, (b)

calculated Lorenz number and (c) lattice thermal conductivity for the
Mg2Geo.255N0.75xSby alloys.

carrier, i is the Planck constant, n is the carrier
concentration and 7' is the absolute temperature.

The Hall carrier concentration is related to the
Fermi energy?®

3
2m*kgT\ 2
n=4n <7h2B > Fy(¢) (2)
where F,,(¢) is the Fermi integration®®;
Fa(é) = 7 o (3)
TR 1 e

0
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The reduced Fermi energy can be derived from
both the carrier concentration and Seebeck coeffi-
cient on the basis of single-band approximation?®

_kp ((A1+5/2)F)55(8)
=% (u T 3/2)F 120 g) )

In the equation, kg is the Boltzmann constant, ¢ is
the reduced Fermi energy and A is the Planck
constant. It is clearly shown that the evaluation of &
from the measured S is only related to scattering
parameter / while the estimation of ¢ from the
measured n is associated with two unknown param-
eters m* and 1. So the calculation of ¢ is derived
from the measured S by using Eqs. 3 and 4. Here,
acoustic phonon scattering has been assumed as the
main carrier scattering mechanism near room tem-
perature, i.e., 2 = —0.5. The Lorenz number L is
calculated by employing a single parabolic band
model*®

I— (@)2 ((X +7/2)F ;. 5/2(¢)

<
e ) \(+3/2)F12(8)  [(G+3/2)F1112(8)

(5)

<A+5/2>F;.+3/2<¢>r)

As stated above, the values of L obtained from
this method are most accurate for moderate tem-
peratures where the single-band model applies, and
are plotted in Fig. 5b. The L values decrease with
increasing T but increase with the Sb doping level.
The lattice thermal conductivities %; obtained by the
calculated Lorenz numbers are presented in Fig. 5c.
It can be seen that the k; of Sb-doped samples
decreases with the Sb doping content, which may be
attributed to lattice distortion and microstructural
defects arising from Sb doping. The huge decease in
the &; leads to a direct decrease in the total thermal
conductivity of the MgoGe,Sn;_, solutions. The k;
decreases with increasing T for moderate tempera-
ture, suggesting that k; decreases due to an increase

in  phonon-phonon scattering with rising
1.6 4—®— Sb=0
~@—5b=0.03 v
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—v—Sb=0.07 */*\*\*s
1.2 4—*—Sb=0.10 — 00— K
/O O
~0O—Sb=0.15 ~o
1.0 1 *
A . — A\
5 o8 9 ~ .
N / \.\.
0.6 - /ﬁ
o
0.4 A g%
0.2 1
R el L — e B B B R
300 400 500 600 700 800

T(K)

Fig. 6. Temperature dependence of ZT for the
MgoGeo 255n0 75 xSby alloys.

temperature. This phenomenon is also observed in
the Sh Pbg_ xTe() 8880 12 and Mg2810 5Ge0 5Sb
systems.

The ﬁgures of merit (ZT) for the studied samples,
shown in Fig. 6, were calculated by the equation
ZT = S%T/k from the above data. The results
indicated that the values of ZT for Sbh-doped sam-
ples were greatly improved and increased with
increasing temperature for temperatures lower
than 600 K. The ZT values for all Sb-doped samples
were markedly higher than that for the undoped
sample (less than 0.1). The sample of the
Mnge0.25Sn0.75,bex with x = 0.07 showed the
highest ZT value of 1.54 at 623 K, due to its lower
thermal conductivity, lower electrical resistivity
and somewhat higher Seebeck coefficient, which
was higher than the value of 1.4 for the Sb-doped
MgsGeoo5Sng 75 alloy at 773 K,?' and 1.4 was
practlcally the h1§hest ZT value reported recently
in Mg,X system.?

CONCLUSION

The results of the study show that Mg,Ge,Sn;_,
(x = 015, 020, 0.25 and 0.30) and Mg2G60.25sn0.75,x
Sb, (x = 0, 0.03, 0.05, 0.07, 0.10 and 0.15) were able
form solid solutions by high-frequency melting,
annealing and spark plasma sintering. Investigation
of the effects of Sb substitution on the phase consti-
tution and thermoelectric properties of the
MgyGeg o55ng 75_.Sb, solution revealed that the
MgyGe,Sn;_, and MgyGeg 255n¢ 75_,Sb, solid solu-
tions were well formed, and no second phase was
found after Sb doping. The lattice constants of
MgoGep 255n0.75-,5b, decreased gradually from
6.689 A to 6.672 A with increasing Sb content. The
distortions and changes in carrier concentration
caused by the substitution of the Sb atoms for the
Sn atoms in these single phases led to electrical and
thermal transport, thus enhancing the thermoelec-
tric performance. The electrical resistivity of the solid
solution decreased significantly with the substitution
of Sb for Sn, and the Seebeck coefficient for all
samples was reduced slightly by Sb doping, but
thermal conductivity was obviously reduced. As a
result, the figures of merit of the samples were
drastically improved. With the appropriate Sb
dopant, the highest figure of merit ZT value of 1.54
was obtained in the sample MgoGeg 255n¢ 68Sbg o7 at
623 K. The doping of Sb and point defects such as
interstitial Mg and Ge/Sn vacancies caused by the
over-stoichiometric Mg have a positive effect on the
electron concentration and thermoelectric properties
of n-type MgsSn,-based compounds.
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