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Effect of GaSb Addition on the Thermoelectric Properties
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Mg,Sip 5Sng 5-xGaSb (0 < x < 0.15) solid solutions were synthesized by a BoOg
flux method followed by hot pressing. X-ray power diffraction analysis and
scanning electron microscopy observations confirm that single-phase samples
were obtained. The lattice constant monotonically increases with increasing
GaSb content. It was found that the Seebeck coefficients showed weak tem-
perature dependency after alloying with GaSb, being enhanced at high tem-
peratures. The electrical conductivity increases while the lattice thermal
conductivity decreases with increasing GaSb content. A maximum dimen-
sionless figure of merit of 0.47 was obtained at 660 K for the sample with
x = 0.08, mainly due to its high electrical conductivity.
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INTRODUCTION

Thermoelectric (TE) devices are all solid state,
noiseless, and maintenance free and can directly
convert heat from different sources such as solar
heat, geothermal heat, and exhaust gases from
automoblles into electrlclty L2 Their conversion
efficiency depends on the materials’ dimensionless
figure of merit ZT = «®¢T/k, where o is the Seebeck
coefficient, o is the electrlcal conductivity, x is the
thermal conduct1v1ty, and T is the temperature in
Kelvin. Although conventional BisTe;® and PbTe-
based alloys? exhibit good TE performance, their
constituent elements are toxic and rare on Earth.
An ideal TE material should not only have high ZT
but should also be nontoxic and abundant in nature.
These issues make the Mgy(Si,Sn)-based TE mate-
rial system a good candidate for TE conversion.

High ZT > 1 has been obtained in Mg,(Si,Sn) solid
solutions.?® The light constituent elements result in
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relatlvelly h1gher thermal conduct1v1ty of about
2Wm Tto4Wm™ K compared with 1 W
m 'K to 2Wm LK for BiyTes,” 0.6 w m !
K!'t013Wm K !for Agy ,Sb, Te1+y alloys,® and
0.7Wm! K 1t0 09 Wm 'K ! for Zintl phase
compounds.” This limits further improvements of
ZT. We note that, in pure PbTe, isoelectronic sub-
stitution of Pb?* by Ag" and Sb3+, commonly known
as LAST alloys, reduced the thermal conductivity
and enhanced the TE performance due to the for-
mation of AgSb-rich nanodots.’® Yang et al.'! also
found that nanostructures serve as effective phonon
scattering centers and enhance the TE performance
of TAGS alloys, which can also be cons1dered as
partial 1soe1ectron1c substitution of Ge®* in GeTe by
Ag* and Sb®". This idea could be extended to
Mg,(Si,Sn) solid solution by isoelectronic substitu-
tion of Si or Sn by both IITA and VA atoms to lower
the lattice thermal conductivity. For IIIA elements
boron and aluminum substitute the Mg site,'* 13
while gallium and indium substitute the Si site'?

in Mgs(Si,Sn) solid solutions. Therefore, galhum
and indium are used for p-type substitution, and
antimony for n-type substitution due to its large
solubility limit of >37 mol% at the Si site in
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Mg,Si.'® However, our previous work indicated that
the solubility of InSb (~5 mol%) is lower than that
of GaSb (~15 mol%) in Mgx(Si,Sn) solid solutions.
Therefore, in this work Mgs(Si,Sn) samples with
different amounts of added GaSb (0 < x < 0.15) were
synthesized and the effect of isoelectronic substitu-
tion of silicon or tin by gallium and antimony is
investigated.

On the other hand, a facile BoO3 flux synthesis
method has been successfully developed recently for
preparation of Sb-doped MgsSi;_,Sn, solid solu-
tions, as conventional melting and ball milling
synthesis methods'®!” usually result in obvious
oxidation and volatilization of magnesium during
preparation of Mgo(Si,Sn) solid solutions. By using
the newly developed B2O3; flux synthesis method,
high ZT values of >0.9 have been reproducibly
attained at x = 0.5.1® Therefore, in this work the
same B,O3 flux synthesis method is employed in the
material preparation.

EXPERIMENTAL PROCEDURES

MgoSipsSng 5-xGaSb (0 <x <0.15) compounds
were synthesized by a B,O3 flux method in air.'®
Stoichiometric amounts of elemental Si (99.9%), Sn
(99.5%), GaSb powders, and 10 mol% excess Mg
(99%) powder were weighed, homogeneously mixed
in an agate mortar, and then transferred into an
alumina crucible. GaSb powder was prepared by
melting Ga (99.99%) and Sb (99.9999%) granules
at 1073 K for 10 h. After the starting materials
were covered by B,Os powders and compacted, the
crucible was placed into a chamber furnace, heated
at 973 K for 10 h, and finally cooled down to room
temperature. After the alumina crucible was sma-
shed, the B,O3 flux and the obtained product were
easily separated from each other. The alloy ingots
were ground and hot-pressed under pressure of
80 MPa at 1020 K for 2 h.

The phase structure was analyzed by x-ray dif-
fraction (XRD) on a PANalytical X’Pert PRO dif-
fractometer with Cu K, radiation (4 = 1.5406 A).
The surfaces of the pellets were observed on a FEI
Sirion® field-emission scanning electron microscope
(FESEM). The thermal conductivity was calculated
using k = DpC,, where p is the sample density
estimated by an ordinary dimensional and weight
measurement procedure, as shown in Table I. The
thermal diffusivity D and specific heat C, were

measured by a laser flash method on a Netzsch LFA
457 apparatus with a Pyroceram standard. The
errors in C, and D are 7% and 3%, respectively, and
the error in thermal conductivity is about 10%. The
electrical conductivity and the Seebeck coefficient
were measured on a computer-aided apparatus
using a dc four-probe method and differential volt-
age/temperature technique, respectively. The errors
in the measurement of electrical properties were
evaluated to be within 5%.

RESULTS AND DISCUSSION

Figure 1la shows the XRD patterns of the hot-
pressed MgoSig 5Sng 5-xGaSb samples (x = 0, 0.04,
0.06, 0.08, 0.10, 0.15). All the diffraction peaks can
be indexed to the face-centered cubic (fcc) antiflu-
orite structure with space group Fm-3m. The sam-
ple without GaSb addition has a weak MgoSn-rich
phase, which suggests that there exists a secondary
phase of Mg,Sn-rich solid solution for the composi-
tion MgsSig5Sng s when using this method. How-
ever, no impurity phase was detected in the other
samples, and the magnesium oxide peak is negligi-
ble, indicating that the ByO3 flux method is an
effective way to prepare Mgo(Si,Sn) solid solutions.
All diffraction peaks locate between those of pure
Mg,Si (JCPDS #35-0773) and MgsSn (JCPDS #07-
0274), indicating the formation of MgySipsSng 5
solid solutions. The lattice parameters of MgySig 5
Sng 5-xGaSb samples are plotted in Fig. 1b, mono-
tonically increasing from 6.572 A to 6.587 A with
increasing GaSb content. Figure 1c shows a SEM
image for the hot-pressed sample with x = 0.08. No
remarkable impurity phases or compositional seg-
regation were detected.

The temperature dependences of the electrical
conductivity and Seebeck coefficient of the
Mg,Sip5Sng 5-xGaSbh samples are shown in Fig. 2a
and b. The electrical conductivity increases with
temperature for all the samples, indicating semi-
conducting behavior. With increasing GaSb content
the electrical conductivity first increases and then
decreases. The electrical conductivity for x = 0.08
reaches 14.9 x 10> Sm™! at room temperature,
about 110 times higher than that of x=0
(0.13 x 10® S m™). Since isoelectronic substitution
of GaSb should provide no electronic doping, the
increased electrical conductivity probably comes
from enhanced intrinsic carrier concentration

Table I. Some room-temperature properties of the Mg,Sig 5Sng 5-xGaSb samples

x=0 x = 0.04
p (g em™) 2.89 2.88
k(Wm 1K™ 2.1 2.1
6 (10*Sm™Y) 0.1 7.1

« (1078 VK™ —285 —~162

x = 0.06 x = 0.08 x =0.10 x=0.15
2.86 2.84 2.99 3.03
2.0 2.0 1.9 1.7
13.5 14.9 8.9 3.5
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Fig. 1. (a) XRD patterns and (b) lattice constant of the Mg»Sis sSng s-xGaSb (0 < x < 0.15) samples, and (c) SEM image for the sample with
x = 0.08. The lattice constant increases monotonically from 6.572 A to 6.587 A with increasing GaSb content.
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Fig. 2. Temperature dependences of (a) electrical conductivity ¢ and
(b) Seebeck coefficient o for the Mg,Sig sSng s-xGaSb samples.

contributed by interstitial Mg®+'? after addition of
GaSb. For x > 0.08 the predominant ionic impurity
scattering reduces the electron mobility and hence
lowers the electrical conductivity. As a result, the
x = 0.08 sample has the highest electrical conduc-
tivity over the temperature region of 300 K to
770 K. The electrical conductivity exhibits an unu-
sual shoulder near 600 K, which coincides with the
minimum in x and maxima in o, suggesting a
dominant bipolar conduction mechanism at high
temperatures above 600 K.

The Seebeck coefficients are all negative in the
measured temperature range with n-type conduc-
tion behavior, which possibly originates from the
positively charged Mg ions at interstitial sites
according to the calculation from Ref. 19. The See-
beck coefficient of the matrix increases to the max-
imum value at about 400 K and then drops with
temperature dramatically due to intrinsic excita-
tion, while the Seebeck coefficient of samples with
added GaSb shows a slight decrease after bipolar
conduction; for example, the Seebeck coefficient of
the x = 0.06 sample only drops from —228 uV K ! at
550 K to —213 uV K~ ! at 760 K.

The thermal conductivity as a function of tem-
perature for all the samples is shown in Fig. 3a. It
first decreases and then increases with temperature
due to intrinsic conduction. In the simplest case, the
lattice thermal conductivity can be calculated by
K = K + LooT, where the Lorenz number Ly =2 x
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Fig. 3. Temperature dependences of (a) thermal conductivity «, (b) x — e, (C) Kpn o< 1/T relationships at low temperatures and (d) ZT for the

Mg2Sio.sSno s-xGaSb (0 < x < 0.15) samples.

1078 V2 K2 is used for estimation. The calculated
result is plotted in Fig. 3b. The lattice thermal
conductivity decreases with increasing GaSb con-
tent. The sample with x = 0.15 has the lowest lat-
tice thermal conductivity, being about 20% lower
than that of the matrix at room temperature. The
lattice thermal conductivity of all the samples fol-
lowed a 1/T behavior in the low-temperature region
between 300 K and 570 K due to the Umklapp
process (Fig. 3c). This is in good agreement with the
results for Sb-doped MgsSio 5Sn, 5 solid solutions.!®
It is noteworthy that the slope decreases with
increasing GaSb content (Fig. 3c). This is due to the
decrease of Debye frequency or/and sound velocitzy
according to the relationship ryn o< Rhvsop/2nkgT, 0
where R, h, vs, wp, and kg are the gas constant,
Planck constant, sound velocity, Debye frequency,
and Boltzmann constant, respectively.

Based on the measured electrical and thermal
properties, the temperature dependence of the
dimensionless figure of merit was calculated and is
shown in Fig. 3d. A maximum dimensionless figure
of merit of 0.47 at 660 K was obtained at x = 0.08. It
should be noted that all the samples show semi-
conducting behavior due to low carrier concentra-
tion. High-performance TE materials are usually
heavily doped semiconductors. Given further opti-
mization of electrical transport properties via Sb or
Bi doping, MgsSig5Sng 5-xGaSb TE materials are
expected to achieve higher ZT values.

CONCLUSIONS

Single-phase MgsSig 5Sng 5-xGaSb (0 < x < 0.15)
solid solutions were prepared by B;O3 flux method
followed by hot pressing. The Seebeck coefficient in
the high temperature range and the electrical con-
ductivity of samples with added GaSb were enhanced
as compared with the matrix. The lattice thermal
conductivity shows a T~! dependence, indicative of
the Umklapp process, and decreases monotonically
with increasing GaSb amount. The composition with
the highest GaSb content results in a reduction in
room-temperature lattice thermal conductivity of
20% as compared with that of Mg,SipsSngs. As a
result, a maximum Z7T of 0.47 was obtained at 660 K
for x = 0.08, obviously higher than that of the matrix.
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