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Abstract

Forming solid solutions in PbTe based materials can simultaneously reduce lattice thermal conductivity and engineer the band structure to
enhance the electrical properties. In this paper, quaternary alloys of Pb; Mg, Te, gSeq, were designed to improve the figure of merit z7. The
significant roles of MgTe in enhancing electrical properties and reducing thermal conductivity of PbTe, gSe(, were investigated. A maximum z7
of ~2.2 at 820 K was achieved in PbTe( gSe(» with 8% MgTe. Subsequently, a large dimension bulk (~200 g, #42 mm x 18 mm) was fabricated
and its homogeneity and the repeatability of high z7 values were determined. The results show that high z7 ~2.0 can also be achieved even in
such a large sample. These results highlight the multi-functional roles of quaternary alloying with Mg and Se, and demonstrate the realistic
prospect of large-scale commercial fabrication in high performance PbTe-based thermoelectric materials.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The increasing demand for sustainable energy conversion
technologies has attracted worldwide interest in thermoelectric
(TE) materials, which can directly convert waste heat into
electricity [1,2]. The conversion efficiency of TE devices is
represented by the materials' dimensionless figure of merit
7T = ozchT/(Ke + k1), where « is the Seebeck coefficient, o is
the electrical conductivity, T is the absolute temperature, K.
and kg are the electrical and lattice contribution to the total
thermal conductivity k, respectively [1,3,4].

Given the less inter-dependence between the electrical
properties and the lattice thermal conductivity, two basic
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strategies are widely used to improve the TE performance.
One is to enhance the electrical power factor (PF = ozza)
through band engineering such as converging the electronic
bands or introducing the resonant levels, etc. [5—9]. The other
is to reduce the lattice thermal conductivity «;. by introducing
multiscale phonon scattering centers, i.e. point defects, grain
boundaries, nano-precipitates, efc. [10—13].

PbTe-based alloys are one of the most promising TE ma-
terials for power generation in intermediate temperature range
(600—800 K) [14]. Historically, PbTe was used to provide
power for space crafts [15]. In recent decades, a great prog-
ress has been made to get higher zTs in PbTe-based materials.
A zT of ~2.2 at 915 K was obtained in p-type PbTe—SrTe
(4 mol%) doped with 2 mol% Na [11]. It was proven that
forming solid solutions is one of the most effective and
practical ways to improve z7T values in some TE materials
such as Mg,Si;_.Sn, [16,17], Sn;_Mn,Te [6,18,19], and PbTe
based materials [5,10,20—22]. When solid solutions are
formed, two significant effects can be expected, i.e.reducing
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lattice thermal conductivity and optimizing the electrical
properties. The atomic disorders induced from point defects
produce the mass and size fluctuations in crystals, which can
effectively scatter the high-frequency phonons. Forming solid
solutions can also engineer the band structures, such as in
p-type PbTe,_,Se, [5] systems and Mg,Pb;_,Te [10,22] sys-
tems. For example, a zT of 1.6 was obtained in Pbg ogTlg o2
Te;_,S, solid solutions as x = 0.08 by a combination of alloy
phonon scattering and resonant electronic levels [8]. In the
case of p-type PbTe;_,Se, systems, a maximum z7 of 1.8 was
achieved due to the increased valley degeneracy and reduced
lattice thermal conductivity [5]. However, little work have
been reported on the quaternary alloying of PbTe;_,Se, sys-
tems. In Mg/ Pb,_,Te system, Mg alloying can modify
the structure of valence bands, resulting in a less-temperature-
dependent optimal carrier concentration [22]. Once the
content of Mg exceeds its solubility limit in PbTe matrix
(~6% for T > 525 K), nanophases would precipitate and the
lattice thermal conductivity can be further reduced [10]. So a
lower lattice thermal conductivity can be expected in properly
doped Mg,Pb,_,Te,_,Se, solid solutions as the result of alloy
scattering induced by Mg and Se substitution. At the same
time, Mg alloying can further modify the band structures of
the PbTe;_,Se, system to obtain a wider band gap and then
suppress the bipolar conduction at high temperatures.

It is noteworthy that most of the high z7s were reported in
small size samples, i.e. 1—2 g per sample. To develop TE
device and then satisfy the commercial demands, large-size
samples should be fabricated and the composition homoge-
neity is also required. Repeatable high z7 values measured in
various parts of the large sample is an effective criterion to
characterize the quality of the large-size samples. And it also
can mean the high zT values are reliable and repeatable.

In this work, we prepared Pb, _ Mg, Te gSey » solid solutions
with the optimized Na doping. The PbTe, 3Se( » was adopted as
the matrix due to a zT of ~1.8 obtained in previous work [5]. The
effects of Mg alloying on the TE performance of PbTeq gSeq »
were systematically investigated. It is found that the power factor
is increased by 15% and the lattice thermal conductivity is
reduced by 20% at 800 K. A maximum z7 of ~2.2 is obtained at
820 K for the sample of Mgg 0gPbgorTegsSeq, with 2% Na
doping. Furthermore, the sample was magnified up to ~200 g in
weight. In order to check the repeatability and the composition
homogeneity in large-size sample, small platelets
(®12.7 mm x 2 mm) were cut from different parts of the large
bulk and their TE properties were measured. It is shown that the
average z7Ts reach ~2.0.

2. Experimental procedure

Samples of Pb;_ Mg TeygSep, (x = 0, 0.01, 0.02, 0.03,
0.04, 0.06 and 0.08) were synthesized with 2% sodium as p-
type dopant. Appropriate ratios of high pure raw materials (lead
99.99%, tellurium 99.999%, selenium 99.999%, sodium
99.98% and magnesium 99.98%) were loaded into carbon
coated quartz tubes in a glove box filled with Ar. The tubes
were sealed with high vacuum ~107% Torr, then heated to

1273 K and melt for 10 h in furnace. The ingots obtained by air
quenching were annealed at 873 K for 4 days to ensure the
compositional homogeneity. Then the ingots were ground into
fine powders. The obtained powders were loaded into the
graphite die (©12.7 mm for small samples and $42 mm for
large-size sample) and compacted by spark plasma sintering
(SPS) in vacuum at 823 K under 60 MPa. The obtained samples
were about 2 g with a dimension of ¢12.7 mm X 2 mm and
200 g with a dimension of ®42 mm x 18 mm. All pellets have
a similar packing density (>95%).

The phase structures of samples were determined by X-ray
diffraction (XRD) on a Rigaku D/MAXO02550PC X-Ray
diffractometer with monochromatic Cu K, radiation. The ob-
tained samples were cut and polished for electrical and thermal
property measurements. The thermal conductivity measurement
was measured by a laser flash method (LFA457, Netzsch). The
total thermal conductivity was calculated by the equation
Kot = pAC,, Where p is density calculated by the dimensions and
mass of samples, A is thermal diffusivity measured by LFA 457,
and C,, is specific heat estimated from the relation C, Jg ' K™ ")
= (391 x 1072 x T+24.35) x N/M, where T is the Kelvin
temperature, N, is the atom number in a molecule and M is
relative molecular mass [23,24]. The electrical conductivity and
Seebeck coefficient were measured using a DC four-probe
method and differential voltage/temperature technique, respec-
tively [25]. The Hall measurement at room temperature was
measured using a Mini Cryogen Free measurement system. The
magnetic field varies from 4 T to —4 T with a step of 0.5 T. The
Hall carrier concentration (py) and the carrier mobility (uy)
were estimated by the relation py = 1/eRy and uy = oRy, where
e is the carrier charge and Ry is Hall coefficient.

3. Results and discussion
3.1. Electrical transport properties

Fig. 1 presents the XRD patterns of Pb;_ Mg, TepgSeq»
(x=0-—0.08) samples. All samples show a typical NaCl-type face
centered cubic (FCC) structure. No trace of Na,Te or MgTe phase,
the common secondary phase in PbTe, appears within the detec-
tion limit of XRD. All the peaks locate between the diffraction
peaks of PbTe (JCPDS#77-0246) and PbSe (JCPDS#89-7105),
indicating the formation of the solid solution.

Fig. 2 shows the electrical transport properties for
Pb,_ Mg, Tej gSeq, samples with 2% Na doping as a function
of temperature. The electrical conductivity decreases with
increasing temperature, showing a typical conduction behavior
of heavily doped degenerate semiconductor.

The carrier concentration of Pb;_,Mg TeqgSey, doped
with 2% Na ranges from 9 x 10" cm™ to 1.2 x 10*® cm™>
(Table 1), which is in good agreement with the previous work,
such as 2.5 x 10®° cm 3 of PbTe, _,Se, with 2% Na doped [5],
and 7.8 x 10" ecm 2 of Mg 03Pbg o7 Te with 2% Na doped
[22]. Alloying with Mg affects the electrical conductivity as
the carrier concentration and carrier mobility are related to the
Mg content in matrix PbTeq gSep,. The competition between
Mg and Na to substitute Pb sites leads to a slight deviation
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Fig. 1. XRD patterns for Pb; Mg, Te gSep, (x = 0—0.08) samples.

from the nominal doping level. At room temperature, a high
electrical conductivity of ~1.88 x 10° S m~' for the Mg-free
sample is obtained, which reduces to ~2.7 x 10* S m~ ! at
820 K. In Fig. 2(a), the electrical conductivities of PbTe
(pH_75 X 1019 Cm_3) [26] and Pb0A94Mg0A06TC
(pu—8.7 x 10" ecm™) [10] are plotted for comparison. The
electrical conductivity of the quaternary alloying system is
lower than that of PbTe in the whole temperature range,
because the carrier mobility of solid solutions is much lower
than that in the PbTe compound due to the alloy scattering on
the carriers. Alloy scattering greatly reduce the mobility at
room temperature and the scattering effect decreases with the
increase of temperature. It can be found that the electrical
conductivity of all the samples tends to be close at high
temperatures (700—800 K). The temperature dependence of
mobility relies on both scattering mechanism and the effective
mass m". In p-type PbTe-based materials, m" increases with
temperature, resulting from the band convergence [5,27,28].
Therefore, at high temperature a faster decrease of electrical
conductivity with temperature can be expected. Fig. 2(b) is the
plot of Igg—1/T and two slopes in the curves of the electrical
conductivity against temperature can be observed, where a
faster reduction at higher temperatures is shown by larger
slope due to the effect of the band convergence and the
possible intervalley scattering.

The positive Seebeck coefficient of all samples indicates
the p-type conduction due to the sodium doping, shown in
Fig. 2(c). The peak value of Seebeck coefficient can be viewed
as a sign of bipolar conduction. Since there are opposite ef-
fects on the Seebeck coefficient from electrons (minority
carriers) and holes (majority carriers), suppressing the bipolar
excitation is a key issue to improving z7 at high temperatures.
The common solution is to either increase majority carrier
concentration or widen the band gap at high temperatures.

For PbTe,_,Se, systems, the band gap between the L band
at low temperature (X band at high temperature) and the
conduction band (C band) is both temperature and compo-
sition dependent. Substitution of Se for Te can increase the
energy of L band while reduce the energy of X band, resulting

24
o x=0.00 #* x=0.06
a
20h © x=0.01 + x=0.08
g & x=0.02 — Pbo.gAMgo osT€!"
16p ‘
= (28]
Y.E . m— PhTe
wn
vo 12p
I3
o gh
4p
0 N n N M N N n
300 400 500 600 700 800 900 1000
1.4
1.2p
1.0p

Ig[o (x10%s-m")]
o
[er]

3.6

240p

200p

160p

alHVIK)

¥ x=0.03

120p

95000 © x=0.04

80P

0 x=0.01 % x=0.06

40p A x=0.02 + x=0.08

] A ] A ] A
300 400 500 600 700 800 900
T(K)

Fig. 2. Temperature dependences of electrical conductivity (a) (b) and Seebeck
coefficient (c) for all Pb,_,Mg,TeogSep, samples with 2% Na doped. In
Fig. 2(a), the solid lines are the electrical conductivities of PbTe (Ref. [28])
and Pbg 94Mgg o6 Te (Ref. [10]). Fig. 2(b) is the plot of 1gg—1/7, indicating two
slopes in the variation of the electrical conductivity against temperature.

in a wider band offset between heavy hole band and con-
duction band Ec_x at high temperatures, when the L band is
lower than the X band. The widened band gap is expected to
effectively suppress the bipolar diffusion [5]. This effect can
be enhanced by further alloying with Mg as MgTe has a
larger band gap (~3.5 eV at 300 K) [29]. However, Mg and Se
have opposite effects on the band offset between the light
valence band and the conduction band AE.; as Mg can
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Table 1
Thermoelectric properties of Pb;_ Mg, Te, gSeq» doped with 2% Na at 300 K.

Samples P (10%° cm™?) pi (cm?V™! sl ZT max
x=0 1.1 106.8 1.8
x =0.01 1.2 82.3 2.0
x =0.02 1.1 88.1 2.0
x=10.03 1.0 83.1 1.9
x = 0.04 0.9 103.9 1.8
x = 0.06 0.9 129.3 2.1
x =0.08 1.2 94.3 22

widen the band gap while Se substitution narrows the band
gap around room temperature. As a result, the PbTeq gSeq »
samples alloyed with Mg will have a smaller band offset
between the two valence bands AE;_ s, which is illustrated
clearly in Fig. 3. It means the heavy valence band will
contribute more to transport properties at low temperature.
Thus, a faster increase of the Seebeck coefficient (a larger
slope) at low temperatures (300—550 K) can be observed for
the Mg alloying samples than the Mg-free sample, as shown
in Fig. 2(c). Benefiting from multi-alloying with Mg and Se,
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Fig. 3. Schematic band structures for PbTe with Mg alloyed at different
temperatures.
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the Seebeck coefficient reaches ~300 wV K™ for the samples
x = 0.06 and x = 0.08 at 820 K, showing no sign of bipolar
diffusion as a result of the widened band gap AEc.s.
Alloying with Mg is more helpful than alloying with Se in
maintaining a wider band gap as MgTe has a larger band gap
than PbSe. However, the solubility limit of MgTe in PbTe
matrix is quite small (~6% for T > 525 K) [22,30]. In this case,
the solubility can be enhanced in Mg alloyed PbTe,_,Se,
system, which can be confirmed by the electrical property
difference between x = 0.06 and x = 0.08 samples.

3.2. Thermal transport properties

The temperature dependence of total and lattice thermal
conductivity is shown in Fig. 4. The decrease in thermal
conductivity with increasing temperature is expected for
heavily doped semiconductors due to the phonon—phonon
Umklapp scattering. The lattice thermal conductivity was
calculated by subtracting the electronic contribution from the
total thermal conductivity K = KiK. According to the
Wiedemann-Franz Law, the «. is proportional to the electrical
conductivity, k. = LaT. Lorenz number L was calculated using
the single parabolic band (SPB) model, which results in a
difference less than 10% compared with a rigorous single non-
parabolic band model or multiple band model calculation
[31].The calculated L values decrease with increasing tem-
perature for all the samples. The room temperature L values
vary from 2.05 to 2.35 x 10~ WQK 2.

Alloying with Mg or Se can reduce the lattice thermal
conductivity of PbTe, as shown in Fig. 4(b). The room
temperature  kp  is  significantly  reduced  from
~2.85 Wm' K' for PbTe to ~1.78 Wm™' K" for
Pbo.osMgoosTe and ~1.42 Wm~' K~' for PbTeqsSe-
(x = 0). Multiple alloying with Mg and Se can strengthen the
effect of alloy scattering in reducing the «; as the atomic
disorders induced from point defects can strongly scatter the
high frequency phonons. The room temperature k. can be
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Fig. 4. Temperature dependence of (a) total and (b) lattice thermal conductivity for Pb; _ Mg, Te, gSe(» samples doped with 2% Na. The blue and pink solid lines in
(b) are for PbTe and PbyosMg gsTe in previous work (Ref. [10]). The green line is the calculated lattice thermal conductivity for Pby 94Mgg 06 Te0 8S€o 2> by using the

Callaway model.
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further reduced to ~0.96 Wm ™' K~' for the sample x = 0.06.
The calculated theoretical ky for PbgosMgg osTeo gSeq» by
the modified Callaway model is in good agreement with the
experimental data. The details of the modified Callaway
model can be found in previous literature [10,32].

TEM observation was carried out on the sample
Pbg.o4sMgg 05 Teo.85€g > (x = 0.06). Although all samples show
no evidence of MgTe phase in the XRD patterns, Fig. 5(a)
shows the typical medium magnification bright field image
with platelet-like nanostructures as dark contrast embedded

in the matrix, which can be seen along <100> axis group
merely. The sizes of the nanostructures range from 2 to
10 nm. In Fig. 5(d) and (e), the spherical or elliptical
nanostructures, general in PbTe-based TE materials, show a
lower density and a smaller size than those PbTe-based
materials which were reported with a good TE performance
before [10,11,33]. The disarranged nanostructures will
scatter the heat-carrying phonons with short and medium free
mean paths (3—100 nm), resulting in a reduction in lattice
thermal conductivity.

Fig. 5. TEM images of nanostructures in the sample Pbg 94Mgo.0sT€085€p» (x = 0.06) doped with 2% Na. (a) Low-magnification, (b) mid-magnification and (c)
high-magnification TEM images along [001] zone axis show presence of platelet-like nanostructure. Fig. 5(d) and (e) show presence of spherical or elliptical
nanostructures along [110] zone axis and [210] zone axis respectively. The electron diffraction patterns of the selected area are inserted.



Fig. 6. TEM images of arranged dislocation at low-angle (low-energy) grain boundary in the sample Pbg 94Mgg 06 Te0 8502 (x = 0.06) doped with 2% Na. Fig. 6(a)
low-magnification TEM image depicts presence of densely arranged dislocation. Fig. 6(b) HRTEM image further shows that there are four dislocations at grain
boundary whose FFT image is shown in Fig. 6(c). HRTEM image Fig. 6(d) and corresponding IFFT image Fig. 6(e) can also show dislocations apparently.

Fig. 6 shows the details of arranged dislocations at low-
angle (low-energy) grain boundary. Densely arranged dislo-
cations at grain boundary are displayed in Fig. 6(a) and (b),
and the FFT image in Fig. 6(c) shows that these two close
grains with the interfacial layer have almost the same direction
with only two degrees orientation deviation. Arranged dislo-
cation at low-angle grain boundary will scatter phonons
effectively but affect electrons slightly. The misfit of the ma-
trix and the nanostructures show the semi-coherent nature of
the interface, which is also helpful in reducing the lattice
thermal conductivity.

Temperature dependence of figures of merit z7for all
samples is shown in Fig. 7 zT of ~1.8 can be obtained at
820 K for the sample x = 0 and its value is further improved
to 2.2 by multi-alloying with Mg and Se as a result of
modifying band structures and reducing the lattice thermal
conductivity. Further alloying with Mg in the PbTe gSeq
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Fig. 7. Temperature dependence of z7 for Pb;_ Mg, Teq sSeq» doped with 2%
Na samples.
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Fig. 8. Two heating—cooling cycles of (a) electrical conductivity and (b) Seebeck coefficient for the optimum composition Pb,_,Mg,Se,,Tep s (x = 0.08).

systems widens the band gap, which effectively suppresses
the bipolar diffusion at high temperatures. The nano-
structures semi-coherent with the matrix also play a signifi-
cant role in reducing the «p, synergistically resulting in a
promising high zT.

Additionally, the electrical properties of the sample with
optimum composition (x = 0.08) were tested repeatedly and
the data of heating—cooling cycles are provided in Fig. 8§,
indicating that the material has a good thermal stability in the
present conditions.

3.3. Large size bulk materials and TE performance

To develop TE devices for the large-scale commercial
application, large-dimensional and homogeneous samples are
needed. We fabricated a large size sample with a dimension
of ~®@42 mm x 18 mm (~200 g, relative density > 97%) as
shown in Fig. 9(a). Considering that Mg is highly reactive
and easy to vaporize during the melting process, synthesizing
such a large dimension sample (~200 g) may bring much
difficulty in preparation and cause insecurity problems.
Besides, the sample with 1% MgTe also has a high peak zT
of ~2.0. Thus, by comprehensively considering the TE

Radial (R)

performance and preparation feasibility and security, we
fabricated the large dimension sample with the Mg content of
1% (x = 0.01). In order to check the homogeneity of the large
bulk and the repeatability of the TE performance, we cut
some small pellets from the large bulk to measure their
properties, as shown in Fig. 9(b). Three cylinders were cut off
by wire cutting, among which two cylinders are parallel to
the axis (labeled as AB: Axis Boundary and AC: Axis Cen-
ter), while the third one is along the radial direction (labeled
as R: Radial). The cylinders were then cut into several pellets
for thermal conductivity measurement. And the pellets were
cut into bars for the electrical properties measurement, as
shown in Fig. 9(b).

Fig. 10 shows the TE properties as a function of tempera-
ture for the samples labeled as AB-1, AB-2, AB-3 and AB-4.
The electrical conductivity, the Seebeck coefficient and total
thermal conductivity do not show big deviations among all
samples, and even all the z7 values range from ~1.8 to ~2.2.
The deviation of zT is the result of comprehensive roles of
various factors, including the inhomogeneous compositions
and measurement uncertainties. As shown in Fig. 11, it can be
concluded that relatively homogeneous distribution of high z7s
can be achieved in such a large sample.

b e
e
AB-3
AC-7
AB-4
/Ac-a
AG-5 /
AC-6
R-5

R-3 R-2

Fig. 9. (a) Pictures and (b) schematic drawing of the large size sample.
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Fig. 10. Temperature dependences of (a) electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity and (d) figure of merit z7 of pellets labeled as AB.
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Fig. 11. Distribution of maximum of z7 for all pellets cut from the large size
sample.

4. Conclusions

We synthesized Pb,_,Mg,TeygSep, solid solutions and
investigated their electrical and thermal transport properties.
The TE properties of PbTe,_,Se, systems could be further
enhanced with multi-alloying with Mg, due to the band
structure optimization and reduced lattice thermal conductivity.

A maximum T of ~2.2 was reached at 820 K. The high zTs
of ~1.8—2.2 were also achieved in a large size sample
(~200 g), which demonstrates the realistic prospect of large-
scale commercial fabrication of high performance PbTe-
based TE materials.
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