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materials doped with Bi and Sb
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Thermoelectric properties of new Bi- and Sb-doped Mg,Sig 55Sny 4Geg o5 compounds prepared by powder methods were studied
in the temperature range 300-823 K. The materials exhibited compositional inhomogeneites consisting of Sn-rich and Sn-poor areas.
Doping with Bi or Sb had a very strong influence on the thermoelectric properties. A high figure of merit was obtained, with a value
~1.4 for Bi members and ~1.2 for Sb members at high temperatures. These values are the highest reported on this system.
© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The efficiency of a thermoelectric material is esti-
mated by the so-called figure of merit (Z7), defined by
the formula ZT = 6S>T/x, where S is the Seebeck coef-
ficient, T stands for temperature, ¢ represents electrical
conductivity, and « is the thermal conductivity. This for-
mula is separated into two main parts: (i) 65, which is
known as the power factor; and (ii) the thermal conduc-
tivity, where all these parameters are dependent on each
other [1]. However, it is important to have a high power
factor and a low thermal conductivity to achieve a high
ZT, and this is already reported in various materials [2].

Mg,Si-based materials are promising for thermoelec-
tric conversion in the middle temperature range because
of their attractive ZT, low density, low cost, non-toxic-
ity and high abundance of constituents in the Earth’s
crust. In the 1960s, it was shown [3] that Mg, X
(X =Si, Ge, Sn) are promising candidates for thermo-
electrics. Nikitin et al. [4] also presented partial phase
diagrams of the Mg,(Si,Sn) pseudo-binary system,
which present a miscibility gap, while Labotz et al. [5]
reported a continuous formation of solid solution for
Mg,(Si,Ge) series. Mg,(Si,Sn)- and Mg,(Si,Ge)-based
thermoelectric materials have already shown a high
ZT [6-13], but quaternary Mg,(Si,Sn,Ge) systems have
not attracted much attention [14]. In Mg,Si-based com-
pounds, Sb and Bi are used as n-type dopants [6—13],
and Li and Ag as p-type dopants [15].
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Among the Mg,Si;_,Sn, series, the Sn-rich members
(i.e., x = 0.6) exhibit high thermoelectric ZT when
doped with Sb. The highest ZT achieved [10] for
Mg,Sig4Sng ¢ was ~1.1 at 800 K. Extensive work has
been done recently addressing the convergence of the
conduction bands and the enhancement of the thermo-
electric properties at x = 0.65-0.70 [9]. The member with
x =0.6 (i.e., Mg>Sip4Sng¢) is situated in the boundary
between the region of the formation of solid solutions
and the miscibility gap that appears at Sn concentration
of 0.4 < x < 0.6. The Mg»Si;_,Sn, series, therefore, pre-
sents an unusual microstructure that seems to contribute
to the best, up to now, ZT value of 1.3 [16].

This paper reports the synthesis and properties of a
new compound based on the Si-rich-side Mg»(Si,Sn) ser-
ies doped with Bi or Sb. This compound is situated on
the other side of the miscibility gap (Mg»>Siy.6Sng 4) com-
pared with the compound studied in previous work
(Mg,Sip 4Sng 6) [16]. In addition, a small amount of Ge
was added, aimed at introducing additional atoms in
the lattice, which may increase complexity in the system
and affect the thermoelectric properties.

Samples were prepared by mixing the elemental pow-
ders with purity >99.9% (Alfa Johnson Matthey GmbH,
Germany). The synthesis of the materials was carried
out in three heating steps: The mixed powders were cold
pressed and heated at temperatures up to 973 K to
achieve partial reactivity. The materials obtained were
subsequently ball-milled. The ball-milled powders were
cold pressed again and annealed at temperatures up to
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973 K. Finally, the powders were uniaxially hot pressed
under an argon atmosphere at 1043 K and 80 MPa
pressure.

The samples were characterized by X-ray powder dif-
fraction. The morphological characterization was car-
ried out by scanning electron microscopy (SEM; Jeol)
and energy dispersive X-ray spectrometry (EDX; Bru-
ker). Thermal conductivity was measured by the laser
flash technique at temperatures up to 823 K (LFA457,
Netzsch). The electrical resistivity and Seebeck coeffi-
cient were measured simultaneously using ULVAC-
ZEM3 for all the samples from room temperature up
to 823 K.

Bi- and Sb-doped Mg,Sij 55Sn( 4Gey o5 materials were
synthesized for different x values in addition to x = 0.
The xp; values were 0.0175 and 0.02 for Bi members,
and the xg, values were 0.0075 and 0.0125 for Sb
members.

X-ray powder diffraction of all the samples was per-
formed, and Figure 1 shows typical patterns of the mate-
rial after each heating step for the Sb-doped member
(Mg2Si0,55_xSn0,4Geo,OSbe, X = 00125) It is clear that,
during the first heating, most of the starting materials
have reacted, and only a very small amount of residuals
exists. The major phase is that of Mgy(Si,Sn,Ge), but
there is not a single composition, as concluded from
the wide/split peaks that correspond to this phase. After
the second heating step, the Mg,(Si,Sn,Ge) phase peaks
are less wide/split, suggesting better mixing and the for-
mation of a more homogenecous material that corre-
sponds to a narrower composition range. Finally, after
the third heating step (hot pressing), the peaks are even
narrower and closer to the composition of
Mg,Sig¢Sng 4. Although the main phase was always of
the CaF,-type, a small amount of MgO was observed
in all samples. Many research groups working with
Mg,Si-based thermoelectric materials have already re-
ported the presence of MgO in their samples [6,7,13,17].

In order to study the morphology of the
Mg,Sig 55Sn 4Geg g5 materials, the hot pressed samples
were examined by SEM/EDX (see Fig. 2). Based on
the backscattered images, it is clear that the material
presents compositional inhomogeneities. Owing to these
compositional variations, EDX mapping was carried
out for the different elements, i.e., Si, Sn and Ge. Fig-
ure 2b, ¢ and d shows the distribution of Si, Sn and
Ge, respectively. It is observed that there are Sn-poor
(Si-rich) and Sn-rich (Si-poor) areas. These areas corre-
spond to darker and brighter regions in the backscat-
tered image, respectively. Where Si is more evident,
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Figure 1. XRD patterns of Mg,Sip ss_Sng4GeposSb, (x = 0.0125)
material after each heating step during synthesis.
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Figure 2. Backscattered SEM image of the hot-pressed
Mg5Sig 55— +Sno 4Geg osSby, xsp = 0.0125, material and the elemental
mapping images of (b) Sn, (c) Si and (d) Ge. The colors are
qualitatively adjusted based on the concentration of each element
separately.

less Sn exists, and this behavior is also evident in the
Sn-rich members [16] of the Mg,Si;_,Sn, series (i.c.,
x =0.6), where a Si-rich second phase as well as the
complementary Si/Sn mapping is also observed. Ge dis-
tribution seems to be more uniform, although Ge-rich
inclusions also exist. All these inclusions enhance the
inhomogeneities and complexity of the microstructure
and may affect the properties.

The electrical resistivity and Seebeck coefficient were
simultaneously measured at temperatures up to 823 K
(see Fig. 3a and b). The Seebeck coefficient was negative
throughout the investigated temperature range, showing
the n-t}f{pe character of these materials, as expected from
the Si™*/(Bi,Sb) ™ substitution. When the Bi concentra-
tion increases, the Seebeck coefficient decreases (abso-
lute values) from —395uVK™' for xg=0 to
—94 nV K~ for xp;=0.0175 and xp; =0.02. For Sb
members, the Seebeck coefficient decreased again from
—395uVK™!' for xg,=0 to —133uVK™' for
xsp = 0.0075 and to ~—105pV K ™! for xg, =0.0125
at room temperature. Moreover, the temperature depen-
dence of all doped (Bi/Sb containing) materials is differ-
ent compared with the undoped materials, owing to
their higher doping level (i.e., higher carrier concentra-
tion). For the undoped material, the Seebeck coefficient
increases initially, but soon reaches its maximum at
150 °C and then starts decreasing (see Fig. 3a), in agree-
ment with the literature [14]. The Seebeck coefficient val-
ues are similar to those [9,10] of Mg,Si;_,Sn, for
x=04.

In contrast, the electrical conductivity of the undoped
material (x = 0) is low and increases with temperature,
which is typical behavior for this semiconducting com-
pound (see Fig. 3b). Doping has a significant influence
on the electrical conductivity, and even a very low
amount of dopant (xg, = 0.0075) changes the tempera-
ture dependence as a result of the increase in carrier con-
centration, in agreement with the Seebeck coefficient
data. Moreover, the electrical conductivity increases
with increasing Bi/Sb concentration. The temperature
dependence for the Bi/Sb-containing materials is in
agreement with the highly doped semiconductors. The
highest electrical conductivity obtained in the present
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