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ABSTRACT

SnTe, as the nontoxic analogue to high-performance PbTe thermoelectric material, has captured the
worldwide interest recently. Many triumphant instances focus on the strategies of band convergence,
resonant doping, and nano-precipitates phonon scattering. Herein, the p-type SnTe-based materials
Sng.gs_xSbo.1sMgyTe (x = 0-0.10) are fabricated and a combined effect of Sb and Mg is investigated. Sb
alloying tunes the hole carrier concentration of SnTe and decreases the lattice thermal conductivity.
Mg alloying leads to a nearly hundredfold rise of disorder parameter due to the large mass and strain fluc-
tuations, and as a consequence the lattice thermal conductivity decreases further down to
~0.64Wm 1K at 773K, close to the theoretical minimum of the lattice thermal conductivity
(~0.50 Wm~1 K1) of SnTe. In conjunction with the enhancement of the Seebeck coefficient caused by
band convergence due to Mg alloying, the maximum zTn,x reaches ~1.02 and the device zTgeyice Of
~0.50 at 773 K for Sng 79Sbg 15Mgo osTe, suggesting this SnTe-based composition has a promising potential
in intermediate temperature thermoelectric applications.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

In past decades, the emphasis on worldwide development is
transferring from a rapid and barbaric mode to a greener, more
sustainable one. So, as a burgeoning type of energy materials, ther-
moelectric (TE) materials have attracted increasing attention,
because they can convert waste heat to electricity directly with
many advantages such as miniature, light weight, no moving parts,
long life, etc. [1-8]. The conversion efficiency of TE devices is
restricted by the Carnot efficiency and the dimensionless figure
of merit zT, zT = «®>6T/(k. + kL), where o, 7, K., k. and T represent
the Seebeck coefficient, the electrical conductivity, the electronic
thermal conductivity, the lattice thermal conductivity, and the
absolute temperature, respectively [9-14]. In order to enhance
the conversion efficiency, a high Seebeck coefficient, a high electri-
cal conductivity and a low thermal conductivity are required. How-
ever, these parameters are interrelated through carrier
concentration and it is hard to adjust only one of them indepen-
dently. Fortunately, owing to persevering pursuit, various decou-
pling strategies have been proposed and high performance TE
materials have made a great progress [15-22].
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Lead telluride, one of the earliest and most studied TE materials,
has reached very high zTs (p-type: zTax ~ 2.5 at 923 K [23,24]; n-
type: zTmax ~ 1.8 at 773 K [25,26]) in the intermediate temperature
range. A homogeneous large bulk (~200 g, ® 42 mm x 18 mm) of
p-type PbTe with average zT > 2 has also been obtained [27]. How-
ever, the call for non-toxic and eco-friendly TE materials limits the
further application of PbTe-based materials. So SnTe, the lead-free
analogue of PbTe, has recently received more and more attention
[28,29].

Pristine SnTe contains high concentrations of intrinsic Sn vacan-
cies and exhibits a hole overdoped (10?°-10%! cm?) TE transport
behavior [30-32]. Although SnTe has two valence bands in elec-
tronic structure similar to PbTe, the energy separation between
the light valence band at the L point and the heavy valence band
at the X point is so large (0.35 eV at 300 K versus 0.12 eV for PbTe)
that the X band does little contribution to carrier transport process
and the Seebeck coefficient, not to mention that the small band gap
(0.15 eV at 300 K) of SnTe is more likely to make the bipolar effect
happen [33-35]. Meanwhile, SnTe has a high lattice thermal con-
ductivity (~3.5Wm~1K~! at 300K). As a result, pristine SnTe
owns inferior TE properties.

However, by enhancing the electrical properties and reducing
the thermal conductivity, a significant zT enhancement has been
achieved for SnTe. Banik et al. [36] and Wang et al. [37] found that
a large amount of Sb alloying in SnTe could reduce the lattice
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thermal conductivity due to the intergrowth layered Sb-rich nano-
precipitates and result in a figure of merit zT ~ 0.9 at 800 and
923 K. Introducing interstitial Cu atoms also leads to the enhanced
scattering of phonons and an ultra-low lattice thermal conductiv-
ity (~0.5Wm~!K~! at 850 K) [38]. Alloying some tellurides like
CdTe [39,40], MnTe [35,41-43], MgTe [34], CaTe [33], etc. in SnTe
could increase the Seebeck coefficient sharply by band conver-
gence between the heavy X and light L valence band, and the band
gap would become broader as well. Resonant level induced by
indium doping in SnTe also induces the similar enhancement of
the Seebeck coefficient [44]. These efforts make SnTe a promising
TE material for substituting the lead telluride.

In this work, taking Sng gsSbg 15Te as a matrix due to its lowest
lattice thermal conductivity reported in previous literature [36],
we further explore the effect of Mg addition on the TE performance
of SnggsSbg.15Te to study the synergistic effect of Mg and Sb co-
alloying in SnTe-based system. Light element Mg not only intro-
duces large mass and strain fluctuations in matrix to reduce lattice
thermal conductivity, but also facilitates band degeneracy and
enhances Seebeck coefficient. In order to utilize SnTe-based TE
materials reliably, it is also beneficial to shift the maximum zT .«
to lower temperature and raise the device zTgevice among the whole
temperature range. Eventually, we obtained a zT.x ~ 1.02 and a
ZTgevice ~ 0.50 for Sng 79Sbg.15Mgo.0sTe at 773 K, which are the com-
petitive values at such low temperatures.

2. Experimental
2.1. Synthesis

Polycrystalline Snggs_xSbg 15sMgyTe (x =0, 0.02, 0.04, 0.06, 0.08
and 0.10) samples were synthesized by melting, ball milling and
hot pressing. According to the stoichiometric ratio, the raw mate-
rials of Sn (granular, 99.999%), Sb (chunk, 99.999%), Mg (turnings,
99.8%), Te (chunk, 99.999%) were weighed and loaded into
carbon-coated quartz tubes. The tubes were sealed under a resid-
ual pressure of ~107Pa, slowly heated to 1,173 K over 12h,
soaked for 10h, and then cooled down to room temperature
slowly. The ingots were crushed and ball milled (Mixer Mill
MM200, Retsch) for 30 min. The fine powders (~0.2-0.6 pm) were
hot pressed (HP-5x7-GG-2200-VM-G-25 T, Materials Research Fur-
nace) in a graphite die of @12.7 mm at 800 K under 80 MPa and
eventually the disk-shaped pellets with approximately 2 mm
thickness were obtained. The relative densities of all the samples
are no less than 93%.

2.2. Characterization

The phase structures were analyzed by X-ray diffraction (XRD,
Rigaku D/MAX 2550/PC) with monochromatic Cu Ko radiation,
and the microstructures and chemical compositions of the samples
were investigated by electron probe microanalysis (EPMA, JEOL
JXA-8100). The fresh fracture surfaces of the samples were
observed by scanning electron microscope (SEM, Hitachi S-4800).

2.3. Thermoelectric measurements

The thermal conductivity was calculated by using the equation
K = DpC,, in which D is the thermal diffusivity, p is the geometric
density and G, is the heat capacity. The value of D was measured
by Netzsch LFA 457 Micro Flash Analyzer with an uncertainty of
+3% and the density was measured by the Archimedes method.
The heat capacity was estimated by C, (kg/atom) = 3.07 + 0.00047
(T/K-300) for lead chalcogenides [45,46] and tin telluride [35,38],
which was obtained by fitting the experimental data reported by

Blachnik and Igel [47]. A home-made computer-aided thermoelec-
tric measurement apparatus using a DC four-probe and differential
voltage/temperature technique was applied to measure the See-
beck coefficient and electrical conductivity of the samples with
both uncertainties of +5% [48]. The Hall coefficient Ry was mea-
sured under 2 T magnetic field at 300 K by using a Mini Cryogen
Free Measurement Systems, with an uncertainty of +10%. The car-
rier concentration ny and the carrier mobility py were computed
by ny = 1/eRy and uy = oRy, respectively. The transverse and longi-
tudinal sound velocities of all bulk samples at room temperature
were measured by using a Panametrics 5052 pulser/receiver with
the filter at 0.03 MHz and a Tektronic TDS5054B-NV digital oscillo-
scope. The coefficient of linear expansion o was measured by using
Netzsch DIL 402 PC.

3. Results and discussion
3.1. Phase structure

The powder XRD patterns of Snggs_xSbg1sMgyTe (x=0, 0.02,
0.04, 0.06, 0.08 and 0.10) samples are illustrated in Fig. 1a. The
main phase could be indexed as the NaCl-type crystal structure
(space group Fm-3m) and a trace amount of second phases can
be observed in all samples. Due to the solubility limit of Sb in SnTe
to be 9 at%-12 at% [36,37], the second phases can be ascribed to
the excess Sb but cannot be identified at present. The rough thin
curve shown in Fig. 1b is derived by taking the logarithm of the
diffraction pattern for the SnggsSbgisTe sample, together with
the JCPDS standard cards of several phases chosen according to
the ternary phase diagram of SnTe-Sb,Tes as Fig. 1e [49] (the curve
of SbTe in Fig. 1b was calculated via Materials Studio”). Similar sit-
uation also occurred in previous study, in which the weak impurity
peaks in the XRD patterns of SnggsSbg 15Te could not be identified
and by using transmission electron microscopy (TEM) the second
phases in SnggsShg 15Te were deduced to be the nanoscale layered
intergrowth Sb-rich (SnTe),,(Sb,Tes), [36,37].

Fig. 1c and d shows the back-scattering electron (BSE) image of
the polished surface and the EPMA compositional mapping of dif-
ferent elements, as well as the line scanning through the brighter
region of SnggsSbg1sTe sample. The composition of the brighter
regions in BSE image is different from the matrix. A line scanning
is conducted from Point 1 to Point 2 in the inset of Fig. 1d, and a
higher content of Sb plateau appears in the brighter region
(~8 um). According to the EPMA results, the composition of the
brighter region ought to be Sng 11SbgsoTe0 29. It could be explained
as Sb,Te with a small amount of dissolving Sn based on the SnTe-
Sb,Te; pseudo-binary phase diagram (Fig. 1e) [49], where the cool-
ing process takes place along the arrow (Sn ~ 42.5 at%). When the
temperature cools down to near 1,000 K, the SnTe phase increases
steadily, and a peritectic reaction emerges at about 879 K, which
results in the formation of Sb,Te/SbTe. At 873 K, a eutectic reaction
happens and a little amount of Sb,Te; separates out and Sb,Te/
SbTe phases continue to increase. In the meanwhile, Sn diffuses
in all kinds of phases with time and the brighter region with high
Sb content forms eventually. All the EPMA compositions (both the
matrix and the white region) are listed in Table S1 (online). Based
on the above discussion, the impurity peaks in XRD may result
from both the micro- and nano-precipitates.

As shown in Fig. 1f, the lattice parameter follows the Vegard’s
law and decreases with the addition of Mg because that the ionic
radius of Mg (0.086 nm) is smaller than that of Sn (0.093 nm)
[34]. It is in accordance with the XRD result in which the peaks
shift to higher angles with the increase of Mg content (Fig. S1
online), indicating that Mg is indeed alloyed in SnTe and the solu-
bility limit of Mg in SnTe is no less than 10 at%, consistent with the



1026

T. Fu et al./Science Bulletin 64 (2019) 1024-1030

(a) Snoss—Sbo.1sMgyTe (x=0-0.10)|  (b)
X010 = 2 1 A ¥ A A A
3: B 1 Al - A 3 Sn, .. Sb, Te
BT |x=0.08 i . S o A i .
> > o "v’" 7 NI N R T A
2 |x=0.04 = e ‘wa-' LA TR B T
a 1 R @ P lr SbTeWCalcuIated) I
=0.02
g = L ..g | |, Sb,Te (PDF#80-1722)
= = L A A - | |, Sb.Te, (PDF#15-0874)
snteros0ag7)8 |8 8§ §, ] | | SnSb,Te, (PDF#75-1023)
10 20 30 40 50 60 70 80 10 - 20. 30" ‘407507 60 70 80
26 (°) 26 (°)
g * (d) 100

& 800 :
I~ 700 :
600 :
500 :
v
400 : :
0 10 20 30 40 50
40.0 Sbh S|
osn Sn (at%) 50.2 s:
60.0 Te 50.0 Te

at%

12

0 8 16
Distance (pm)
(f) 6.310
} @ Sno.ss—xSbo.1sMgxTe
6.300} N \}\ — = Vegard's law
"4
< 6.290} - ]
: D
6.280} i\ . .
L
6.270 e e e e 2 e A
0 0.02 0.04 0.06 0.08 0.10 0.12
Nominal content of Mg (x)

Fig. 1. (Color online) (a) XRD patterns of Sng gs_xSbg 1sMg,Te (x = 0-0.10). A trace of second phases can be found in all samples and at x = 0.10, the peaks of second phases rises
obviously. (b) The comparison between the logarithm curve of Sng gsSb 15Te and some possible phases’ standard patterns. The second phases cannot be identified exactly but
they may be the mixture of several phases. (c1) The back-scattering electron image of the polished surface and (c2-c4) the EPMA different elements compositional mapping

of SnpgsSbg.15Te. (d) The line scanning of the brighter region from Point 1 to 2 in the
parameters of Snggs_,Sbg 15Mg,Te (x = 0-0.12).

results observed by Banik et al. [34]. But at x=0.10, a larger
amount of second phase was observed as seen in Fig. 1a. This is
probably because of the competitive relationship between Mg
and Sb co-substituting the Sn sites, and the excessive Mg lowers
the solubility of Sb in SnTe, resulting in more second phases.

3.2. Thermal conductivity

The temperature dependences of total thermal conductivity and
lattice thermal conductivity for the Snggs_xSbg 15Mg,Te specimens
are shown in Fig. 2. The lattice thermal conductivity x; is derived
by subtracting the electronic thermal conductivity x. from the
total thermal conductivity «. . is calculated by the Wiedemann-
Franz relationship, k. = LoT, where L is the Lorenz number. L can
be derived with the single parabolic band (SPB) model assuming

inset BSE image. (e) Pseudo-binary phase diagram of Sb,Tes-SnTe [49]. (f) The lattice

that acoustic phonon scattering dominates the charge transport
[50].

The thermal conductivity of all samples decreases with increas-
ing temperature as shown in Fig. 2a. The alloying of Mg reduces k
nearly 45% from ~3.03 to ~1.68 Wm ™! K~! at room temperature,
which is ascribed to both the reduction of k. and x; (Fig. 2b and
). The reduction of x. is mainly caused by the reduction of o,
which will be discussed later.

As shown in Fig. 2c, pure polycrystalline SnTe has a high xi,
which exhibits a temperature dependence of x; o T~!, indicating
that phonon-phonon Umklapp scattering is the dominant phonon
scattering mechanism. The Sb alloying not only reduces x; substan-
tially, but also makes the temperature dependence of x; flatter due
to the enhanced point defect scattering of Sbs, and the second phase
scattering of endotaxial Sb rich nano-precipitates [36] and micro-
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Fig. 2. (Color online) Temperature dependences of (a) the total thermal conductivity, (b) the electronic thermal conductivity and (c) the lattice thermal conductivity. In
Fig. 2¢, the grey line is the lattice thermal conductivity of pristine SnTe sample by contrast and the xn;, is the minimum theoretical lattice thermal conductivity calculated by
Cahill model [57]. (d) The Mg content dependences of the disorder scattering parameter I', the mass fluctuations scattering parameter I'y and the strain field fluctuations
scattering parameter I's. (e) The composition-dependent x; at 300 K and the model prediction calculated by alloy model. (f) The comparison of the minimum x; of different
dual-doping/alloying in SnTe-based systems, including Cd/In [58], In/Sb [37], Ge/Cd [40], Mn/In [59], Bi/Cl [60] and Ag/Gd [61].

domains. Furthermore, x; continues to decrease with increasing Mg
content, revealing that the point defect scattering caused by the
Mgs,, has also non-negligible influence on phonon transport.

In order to confirm that the contribution of Mg alloying to the
point-defect scattering in SnggsSbgisTe, the disorder scattering
parameter I" is calculated as I'= Iy + I's, where I'y; and I's are
mass fluctuation scattering parameter and strain field fluctuation
scattering parameter, respectively [51-55]. The calculation process
is presented in Supplementary Information (online) and the related
calculated data are listed in Table S2 (online).

For Sng g5_»Sbo.1sMgxTe, there are two sublattices (Sn site and Te
site) and three atoms (Sn, Sb and Mg) occupy Sn site. The disorder
parameter I” versus the content of Mg is shown in Fig. 2d, in which

all three disorder parameters I'y;, I's and I increase remarkably
with Mg alloying. Sn and Sb are two neighbor elements in the peri-
odic table of elements, and their atom masses and ionic radii are
nearly the same (Sn: 116.71gmol™', ~0.093 nm [34]; Sb:
121.76 gmol™', ~0.092 nm [56]), resulting in a small mass and
strain field fluctuations in SnTe matrix. However, Mg possesses a
lighter mass and a smaller radius (24.305 g mol™!, ~0.086 nm
[34]). With increasing Mg content, the degree of disorder increases
and the mass fluctuation takes the leading position. The disorder
parameter multiplies from 0.0004 of SnggsSbgsTe to 0.0368 of
Sng.75Sbo.15sMgo.10Te with a nearly hundredfold rise, contributing
to the great enhancement of point-defect scattering and the
decrease of the lattice thermal conductivity.



1028

Taking Sng gsSbg.15Te as the matrix and Mg as the alloy element
to study the contribution of point defect scattering induced by Mg,
the alloy model is also calculated to predict the theoretical lattice
thermal conductivity of Snggs_,Sbg15Mg,Te at 300K, based on
Debye-Callaway model in Fig. 2e (details are given in Supplemen-
tary Information, online). The calculation result is basically consis-
tent with the experimental data (the deviation is probably caused
by the little amount variation of the second phases), demonstrating
that Mgs, defect is a significant factor on the reduction of Snggs_y
Sbo.1sMg,Te. Typically, at x = 0.08, k| at room temperature reaches
~0.89Wm 'K ! and decreases to ~0.64Wm 'K ! at 773K,
which is near the theoretical minimum of the lattice thermal con-
ductivity xmin (~0.5W m~! K~') of SnTe calculated by using the
Cahill model [57]. Fig. 2f shows the comparison of the minimum
lattice thermal conductivities of some typical dual alloying or dop-
ing in SnTe-based system, indicating that the Sb and Mg co-
alloying SnTe in this work has a quite low k; [37,40,58-61].

3.3. Electrical properties

Fig. 3 illustrates the electrical properties of all Snggs_xSbo.15-
Mg,Te (x=0-0.10) samples. Compared with the pristine SnTe
(~79.7 x 10*Sm™"), the room temperature electrical conductivity
of Sng.gsSbo.15Te (~23.5 x 10* S m~1) has already fallen steeply due
to the decreased carrier concentration by aliovalent doping of Sb at
Sn site (Fig. 3a). With the increase of Mg content, the electrical con-
ductivity diminishes first and ascents slightly at 0.04 <x < 0.08.
The carrier concentration ny and the carrier mobility py are plotted
in Fig. 3b. Except for abnormal abrupt augment of the last sample
due to the increase of the second phase, the carrier concentration
varies slightly between 2.45 and 1.86 x 10°°cm~> (around the
optimal carrier concentration for SnTe).

Mg is isovalent to Sn and Mg alloying would not lead to an enor-
mous change in ny. However, once adding Mg in Sng gsSbg 15Te, the
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Table 1

The carrier concentration and the DOS effective mass m’
Nominal composition ny (x10%° cm~3) m’ (me)
SnogsSbo.15Te 245 0.90
Sno.s3Sbo.15Mgo.02Te 227 1.17
Sno.g1Sbo.15Mgo.04Te 1.93 1.22
Sng.79Sbo.15Mgo.0sTe 1.86 1.15
Sng.77Sbg.15Mgo osTe 1.95 1.12
SnpgsSbo.15Te [36] 2.34 0.61
SnggsSbo.15Te [37] 3.85 0.99

carrier mobility yy decreases obviously and the Seebeck coefficient
increases (Fig. 3¢), indicating that the density-of-state (DOS) effec-
tive mass m’ increases with Mg alloying. The quantitative calcula-
tion of the DOS effective mass in SnTe requires the consideration of
the influence of two valence bands, but for simplicity the SPB
model is used here [34]. As listed in Table 1, the addition of Mg
increases m” from 0.9m. to 1.2m., which can be ascribed to the
band convergence of heavy valence band X and light valence band
L in SnTe [34]. However, the increase in DOS effective mass is not
systematic with Mg content, possibly due to the non-systematic
deviation from the nominal compositions.

Fig. 3d shows the Pisarenko curve and some representative
works of alloying or doping in SnTe at room temperature
[34,36,44,58,62-64]. The undoped SnTe is synthesized by different
methods to yield a various range of carrier concentration [62,63],
which conforms to the theoretical curve. So are some doping sam-
ples like Bi-doped SnTe [64]. However, other data lie above the
curve for different reasons, for example, valence band convergence
of Mg alloying and resonant level of In doping [34,44]. Dual doping
leads to a higher Seebeck coefficient at the same carrier concentra-
tion, like Cd-In co-doping [58] and the case in this work (Sb and Mg
alloying). A maximum of Seebeck coefficient is 184 uV K~! at 773 K
of Sng79Sbg.15Mgo osTe.
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Fig. 3. (Color online) Temperature dependences of the electrical conductivity (a), and the Seebeck coefficient of Snggs Sbo.15MgyTe (c). (b) The variation of the carrier
concentration and mobility with Mg content. (d) The Pisarenko curve (dash line) calculated by Zhang et al. [44] and some representative work of alloying or doping in SnTe at

room temperature [34,36,58,62-64].
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Fig. 4. (Color online) (a) Temperature dependences of the figure of merit zT of Snggs_»Sbo.1sMgyTe [58,60,61]. (b) The device zT4evice Of different SnTe-based compositions,
including Mg alloying [34], Sb alloying [36], In doping [44], Ag/Gd codoping [61], In/Sb codoping [37], and Cd/In codoping [58] for comparison.

3.4. The figure of merit zT

The figure of merit zT versus temperature of Sng gs_xSbg 1sMgyTe
is shown in Fig. 4a. Sb alloying optimizes the carrier concentration
of SnTe and diminishes the lattice thermal conductivity. And Mg
alloying further reduces x; by point-defect scattering due to mass
and strain field fluctuations and raises the Seebeck coefficient by
band convergence, which make the maximum zT,,x increase from
0.35 for SnTe to 0.79 for SnggsSbg 15Te, and then to 1.02 for Sng 79-
Sbo.15MgoosTe at 773 K. And some typical works on dual doping in
SnTe are also present for comparison [58,60,61]. As is seen,
although the zT,.x values of other works are almost the same or
even higher than this work at higher temperatures (873 or
923 K), the zT value of Sng;9Sbg15MgoosTe is higher than other
works at the whole temperature range 300-773 K yet, indicating
the superiority of this composition at relative low temperatures.
In addition, the deformation, microcracks and softening will occur
in the SnTe samples above about 873 K, as shown in Fig. S3
(online), resulting in the unreliable measurements. So we usually
set the maximum measurement temperature not higher than
823 K, usually 773 K as this work.

To compare with other SnTe-based materials in application
potential, the device zTqevice is calculated by the method presenting
inRef. [65]. Asis seenin Fig. 4b, the maximum device zTgevice reaches
~0.50 and lies above others typical SnTe-based systems consis-
tently, revealing that this SnTe-based composition has a promising
application in intermediate temperature [34,36,37,44,58,61].

4. Conclusions

A series of p-type Snggs_xSbg 1sMgyTe (x = 0-0.10) TE materials
were synthesized and studied for the first time. Sb alloying opti-
mizes the hole carrier concentration of SnTe, and decreases the lat-
tice thermal conductivity simultaneously. Moreover, because of
the large mass and radius differences between Mg and Sn, the
Mg alloying induces a nearly hundredfold rise in disorder parame-
ter and further lower the lattice thermal conductivity down to
approximately 0.64 W m~! K~! at 773 K. Additionally, Mg alloying
synergistically enhances the Seebeck coefficient resulting from the
band convergence. The maximum zT,,x of 1.02 at 773 K and the
device zTgevice Of ~0.50 for Sng 79Sbg 15Mgp osTe are obtained, which
indicates this SnTe-based composition has an application potential
in intermediate temperature TE power generation.
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