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ABSTRACT: Thermoelectric (TE) materials are promising in the
context of renewable power generation as they can directly convert
waste heat into electricity. Although PbTe is the best known TE
material, its use is not encouraged due to concerns of environmental
toxicity of lead. A combination of modified self-propagating high-
temperature synthesis (SHS) and field-assisted sintering technique
(FAST) is employed for the very first time to synthesize a solid solution
of PbTe and SnTe. We show that doping of Pb0.6Sn0.4Te with Mg
breaks crystal mirror symmetry and opens up band gap. This results in
suppression of bipolar diffusion. Also the increase in degeneracy of
valence sub-bands improves Seebeck coefficient. Both these synergisti-
cally leads to remarkable enhancement in figure of merit ZT (∼2 at 840
K) and ZTavg (∼1.2 between 500 and 840 K) rendering it into high-
performance thermoelectric material by successfully engineering
electronic structure. Most importantly, the ZT here is comparable to that of Mg-doped PbTe but has lesser lead content and
hence is more environment friendly. The most probable configuration of Pb0.6Sn0.4Te was also determined for the very first time
using site occupancy disorder (SOD) technique.

■ INTRODUCTION

The ever-increasing demands of energy and exhaustion of
nonrenewable fossil fuel resources at an alarming rate caused by
its abuse has triggered the attention of scientific community to
consider all options of renewable power generation. Thermo-
electric (TE) materials are a class of materials which have the
ability to directly and reversibly convert temperature difference
into electric potential. They can in fact tap very well the vast
resources of mostly underutilized thermal energy and can
contribute to solve the ever increasing energy crisis.1,2 While all
materials have a non-zero thermoelectric effect, in most
materials it is too small to be useful. Hence obviously,
identifying materials with higher thermoelectric efficiency than
available at present is need of the day. This is a challenge due to
the conflicting combination of material traits expected. The
well-known interdependence of Seebeck coefficient (S),
electrical conductivity (σ), and thermal conductivity (κ)
complicates efforts to develop strategies for improving a
material’s average figure of merit ZT (where ZT = σS2T/κ).1,2

In search of new materials with higher efficiency and in an
attempt to improve the efficiency of already known materials,
solid solutions of PbTe and SnTe have been studied. One such
class, PbxSn1−xTe, is found to be topological crystalline
insulator where topological protection is ensured by crystalline
symmetry instead of time reversal symmetry.3−6 The electronic
structure of PbxSn1−xTe has been altered by breaking the crystal
symmetry using techniques like applying electric field,
mechanical straining, and ferroelectric structural distortion

and engineering the thickness of the material,6−9 but most of
these are physical perturbations. Engineering the electronic
structure of PbxSn1−xTe by chemical doping is rarely
reported.10,11

PbTe and its alloys are the best known TE materials,12−18

but due to the toxic effects of lead, use of PbTe-based materials
is limited. SnTe, a homologue of PbTe, has similar rock salt
structure and electronic structure. It is considered safe but
suffers from low ZT due to smaller band gap and higher
separation between the valence sub-bands.19 Hence, developing
environment friendly materials with higher thermoelectric
efficiency than available at present is of utmost importance in
the current global scenario. Pb0.6Sn0.4Te is a well-known TCI
derived from PbTe and SnTe. Compared to PbTe, this is a
better material as far as environmental toxicity is considered,
but it has a negligible band gap which makes its thermoelectric
properties very poor. However, it was recently reported that
doping with group I metals (Na and K) improves the overall
thermoelectric performance of Pb0.6Sn0.4Te, but the figure of
merit achieved was ∼1 which shows that there is a large scope
for improvement.10,11

We thought it is worth investigating the effect of doping
Pb0.6Sn0.4Te with divalent group II metals. Accordingly, we
report here the effect of Mg doping on the electronic structure
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and thermoelectric properties of Pb0.6Sn0.4Te employing first-
principles calculations. Most importantly, we also determined
the most probable configuration of Pb0.6Sn0.4Te for the very
first time using site occupancy disorder (SOD) technique.20 In
light of the theoretical predictions, synthesis of the material was
carried out, and its properties were determined. A combination
of modified self-propagating high-temperature synthesis (SHS)
and field-assisted sintering technique (FAST) is employed for
the synthesis. The theoretical results confirmed by experiments
show that Mg breaks the crystal mirror symmetry of
Pb0.6Sn0.4Te and opens up the band gap which causes the
suppression of thermal conduction due to bipolar diffusion.
Alloying Mg with Pb0.6Sn0.4Te decreases the energy separation
between light and heavy hole valence sub-bands and hence
increases the contribution of the latter leading to improvement
in the Seebeck coefficient. These effects put together cause
remarkable improvement in the ZT (∼2 at 840 K) of the Mg-
alloyed Pb0.6Sn0.4Te.

■ METHODS
Computational Details. The electronic structure of

pristine and Mg-alloyed Pb10Sn6Te16 were determined by
density functional theoretical (DFT) calculations using
Quantum Espresso package.21 To account for the effect of
spin orbit coupling, relativistic effect cannot be neglected
during the elucidation of realistic electronic structure. Since Pb,
Sn, and Te have high atomic numbers, fully relativistic ultrasoft
pseudopotentials were used for the calculations. 5d106s26p2,
4d105s25p2, 4d105s25p4, and 3s2 were considered as valence
electrons of Pb, Sn, Te, and Mg respectively and included in the
calculations through the use of pseudopotentials. The
exchange-correlation energy functional was approximated with
a Generalized Gradient Approximation (GGA) with para-
metrized functional of Perdew, Burke, and Erzenhoff (PBE).22

PbTe and SnTe crystallize in the rocksalt structure with two
atoms per unit cell and Fm3m space group symmetry. To
simulate substitutional doping, a 2 × 2 × 1 supercell containing
32 atoms were used. A 10 × 10 × 20 uniform grid of k-points
was used to sample integrations over the Brillouin-zone of the
supercell. An energy cutoff of 50 Ry and charge density cutoff
of 400 Ry was used to truncate the plane wave basis

representing wave functions. The discontinuity in occupation
numbers of electronic states was smeared using Gaussian
smearing with a width of 0.01 eV. Electronic structure of
Pb9Sn6MgTe16 (∼6.25% Mg-doped) was determined along
high symmetry lines (Γ−Z−R−A) in the Brillouin zone.

Synthesis. High-purity (+99.99%) tin, tellurium, lead, and
magnesium were procured from Alfa Aesar and were used for
synthesis without further purification. High-quality crystalline
ingots of Pb0.6−xSn0.4MgxTe (x = 0.0, 0.02, 0.04, 0.06, and 0.08)
were synthesized by mixing high-purity Sn, Te, Pb, and Mg in
appropriate ratios using a mortar and pestle. The mixture was
then cold-pressed into a pellet in a dye under 5 MPa pressure.
The pellet was then sealed under vacuum (10−5 Torr) in
carbon-coated quartz tube. The pellet was ignited using a hand
torch to initiate SHS process. The combustion wave passed
through the pellet within seconds. The thus-obtained product
was again ground using mortar and pestle and was later
densified using FAST technique (SPS-211LX, Fuji Electronic
Industrial Co., Ltd.) at 773 K in a graphite dye in vacuum. The
resulting sample was further subjected to annealing treatment at
1173 K for 24 h.

X-ray Diffraction. Powder X-ray diffraction (pXRD) of all
the samples were recorded on Bruker D8 diffractometer using a
Cu Kα (λ = 1.5406 Å) radiation.

Band Gap Measurement. Finely ground sample was used
to measure the optical band gap at room temperature using
FTIR Bruker IFS 66 V/S spectrometer with 2 cm−1 resolution
and 50 scans. Kubelka−Munk equations were used to calculate
absorption data from the reflectance data. The energy band
gaps were derived from absorption versus energy (in eV) plot.

Transport Properties. ULVAC-RIKO ZEM-3 instrument
system was used to determine electrical conductivity and
Seebeck coefficient from 300 to 840 K under helium
atmosphere. The sample was cut in parallelepiped shape with
dimensions ∼2 × 2 × 8 mm3 and the thermal conductivity was
measured in the longer direction. Carrier concentrations were
determined with a PPMS system using Hall coefficient
measurements at 300 K using four-contact Hall-bar geometry.
The carrier concentration, n, was estimated from the formula: n
= (eRH)

−1, where e is the electronic charge. Thermal diffusivity
was measured using laser flash diffusivity method in a Netzsch

Figure 1. (a) Crystal structures P-I and P-II showing the most stable configurations of Pb10Sn6Te16. (b) Electronic structures of P-I (black) and P-II
(purple) configurations of Pb0.6Sn0.4Te simulated using a 2 × 2 × 1 supercell.
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LFA-457 in the temperature range from 300 to 840 K. The
sample was cut in the shape of coins with ∼8 mm diameter and
∼2 mm thickness. The total thermal conductivity was
calculated using the formula, κtotal = DCpρ, where D is thermal
diffusivity, Cp is temperature-dependent heat capacity (derived
using standard sample (pyroceram) in LFA-457), and ρ is the
density of the sample, measured using the sample dimension
and mass.

■ RESULTS AND DISCUSSION
Pb0.6Sn0.4Te, a TCI with almost zero band gap, possesses very
poor thermoelectric properties. However, recently it is reported
that Na and K doping in Pb0.6Sn0.4Te improves its overall
thermoelectric performance.10,11 It is also understood that a
solid solution alloying of MgTe has significant effect on the
thermoelectric properties of both PbTe as well as SnTe.12−14,23

In view of these facts, first-principles analysis of electronic
structure of Mg alloyed Pb0.6Sn0.4Te was carried out.
Experimental verification of theoretical output was done by
synthesis of the material and study of its properties.
To simulate Pb0.6Sn0.4Te, a 2 × 2 × 1 supercell was

constructed containing 32 atoms, based on the rock salt
structure of parent PbTe and SnTe. However, it may be noted
that the determination of most probable structure here is
complicated due to the innumerable probabilities that exist for
occupation of Sn and Mg atoms at the Pb atom sites of the host
structure leading to several configuration of chemical ordering.
In earlier reports on Pb0.6Sn0.4Te, the configuration was
randomly chosen for simulation.10,11 Recently, we have
shown that the site occupied by the atom in a crystal has
immense effect on its electronic structure and properties.24

Hence, we employed the SOD technique to determine the
symmetry inequivalent configurations in the supercell.20 The
SOD technique, which is used to model site-disordered solids,
takes advantage of crystal symmetry of the lattice to reduce the
number of site-occupancy configurations. In Pb10Sn6Te16
supercell, there are 8008 configurations corresponding to the

occupation of Sn at Pb sites. SOD technique reduces them to
101 symmetry-inequivalent configurations. The total energies
of all the 101 configurations were determined. It was found that
two of the configurations (labeled P-I and P-II in Figure 1a)
had similar energies and were also the lowest energy states. The
electronic structures (Figure 1b) of these two configurations
revealed that the band gap of Pb10Sn6Te16 is nearly zero
consistent with the earlier reports.10,11 The valence band
maxima and the conduction band minima occurring at L point
and the heavy hole valence band occurring at Σ point in the
Brillouin zone of the rock salt structure of PbTe/SnTe fold on
to Z point and R+Δ point, respectively in the present 2 × 2 × 1
supercell calculation due to periodicity of the reciprocal space.
The electronic structures of P-I and P-II configurations are
similar with valence band peaking slightly away from the Z
point giving it a holelike character, and the conduction band
touching the Fermi level giving it an electron-like character.10,11

As it is known that breaking of the inversion symmetry leads
to opening of band gap, Mg-doped Pb10Sn6Te16 was simulated
in such a way that substitution of Mg breaks the inversion
symmetry of the crystal in the case of both P-1 and P-II
configurations (doped samples denoted as D-I and D-II in the
case of P-I and P-II, respectively; Figure 2a).10,11 Electronic
structure of Pb9Sn6MgTe16 (Figure 2b,c) reveals that
incorporation of Mg into the pristine sample opens up the
band gap as expected. Visualization of wave functions at Z point
reveals that though the contribution of Mg states are seen in
higher energy conduction bands the presence of Mg causes
reshuffling and mixing of states causing the band gap to open
up. While the contribution of Te (p) orbitals to the valence
band is undisturbed, the contribution of p orbitals of Pb and Sn
atoms to the conduction band are reversed, in agreement with
the previous report.10,11 The electronic structure of D-I
configuration shows uneven opening up of the band gap with
values of ∼0.035, ∼0.154, and ∼0.128 eV at Z − δ, Z, and Z +
δ′ points, respectively, in the Brillouin zone. This observation is
similar to the pattern obtained in the case of Na and K doping

Figure 2. (a) Crystal structures of Pb9Sn6MgTe16 with D-I and D-II configurations with Mg in rock salt site substituted for Pb. Electronic structures
of Pb9Sn6MgTe16 with (b) D-I and (c) D-II configurations determined using first-principles calculations showing the opening up of band gap.
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of Pb0.6Sn0.4Te.
10,11 In contrast, for D-II configuration, the

extent of band gap opening is slightly higher. The values are
∼0.126, ∼0.157, and ∼0.111 eV at Z − δ, Z, and Z + δ′ points
in the Brillouin zone, respectively. Since this coincides with the
experimental increase in the band gap discussed in later section,
it may be safely assumed that the crystal structure of the sample
corresponds to the D-II configuration keeping in mind the
typical underestimation of band gap by DFT calculations.
In addition to the opening up of the band gap, introduction

of Mg into Pb10Sn6Te16 causes the convergence of light hole
and heavy hole valence sub-bands (see Figures 1 and 2) as in
the case of parent material PbTe and SnTe.12,23 The energy
difference between the two valence sub-bands decreases from
∼0.331 to ∼0.280 eV for ∼6 mol % doping of Mg (D-II
configuration) as opposed to a decrease of ∼0.375 to ∼0.370
eV in the case of Mg-doped SnTe for the same concentration of
doping.23 Since MgTe is known to crystallize in zinc blende
structure in addition to rock salt structure, Mg was substituted
in zinc blende site in D-II configuration, and simulation was
carried out. Even in this case we see that the band gap opens up
to about ∼0.063 eV at Z − δ and Z + δ′ points and ∼0.1 eV at
Z point in the Brillouin zone. The energy difference between
the light and heavy hole valence bands drastically reduces to
∼0.231 eV (Figure S1). This convergence results in increase in
the density of states asymmetrically near the Fermi level. Thus,
an increase in the degeneracy of the valence bands makes both
the bands to contribute toward the Seebeck coefficient. In the
case of D-I configuration, the energy difference between the
light hole and heavy hole valence bands increases to ∼0.383 eV,
further confirming that Pb9Sn6MgTe16 has D-II configuration
and not D-I.
Also, in order to compare the effect of Mg on Pb10Sn6Te16

for the configuration reported earlier by Roychowdhury et
al.,10,11 the simulations were carried out with the same set of
parameters as in the present work but with the configuration
and supercell reported in the earlier papers. The electronic
structure of Pb9Sn6MgTe16 determined using √2 × √2 × 2
supercell reveals the opening up of band gap (∼0.046 eV),

when the inversion symmetry is broken with the introduction
of Mg into Pb10Sn6Te16 crystal (Figure S2). This value is larger
than that in the cases of Na (∼0.037 eV) and K (∼0.034 eV)
doped samples.10,11

Optimizing the thermoelectric properties of bulk materials
via doping largely depends on the solubility of the dopant in the
parent matrix, hence increasing the solubility of the added
dopant is highly essential.1,24 In conventional solid solution
alloying techniques like sealed tube melting reactions, the
solubility is limited by equilibrium phase diagram, but in case of
SHS higher solid solubility can be attained at room temperature
by nonequilibrium process.24,25 The intense heat released
during the exothermic reaction makes the reaction self-
propagating.25 The method is rapid, facile, cost-effective, and
scalable for large scale production. The obtained sample was
subjected to powder processing and later densified in a graphite
dye in vacuum using FAST technique, wherein a pulsed dc
current directly passes through the dye. A temperature of 773 K
was maintained outside the pressing tool system to minimize
the thermal gradients, allowing enhanced heating rates at
simultaneously optimized homogenity. The density of the
pellets obtained (after cutting and polishing the ingots) was in
the range ∼98% of the theoretical density.
Pb0.6−xSn0.4MgxTe (x = 0.0, 0.02, 0.04, 0.06, and 0.08) ingots

were synthesized and characterized by pXRD. Figure 3a reveals
that the diffraction pattern could be indexed to cubic NaCl
structure with space group Fm3m. The formation of single
phase was confirmed, as no other peaks of impurity were
observed within the detection limits. Thus, SHS process can be
successfully used for rapid preparation of single-phase materials
with lower energy consumption and easier fabrication. The
band gap of Pb0.6−xSn0.4MgxTe was resolved by using diffuse
reflectance IR spectroscopy. The electronic absorption spectra
showed a shift of absorption edge toward higher energy with
increase in concentration of Mg up to 6 mol %. It is observed
that the band gap increases from ∼0 to ∼0.4 eV while going
from x = 0 to x = 0.06 in Pb0.6−xSn0.4MgxTe (Figure 3b).
Replacement of Pb by Mg breaks the crystal mirror symmetry

Figure 3. (a) pXRD pattern of Pb0.6−xSn0.4MgxTe. Variation of (b) band gap and (c) lattice parameter with concentration of Mg in
Pb0.6−xSn0.4MgxTe.
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locally and opens up the band gap as the protection of metallic
states become void. Beyond 6 mol %, there is negligible change
in the band gap (∼0.405 eV for 8 mol %) suggesting the
exclusion of dopant from the matrix, hence deviation from
Vegards law.12 This fact is further supported by the lattice
constant measurements from XRD data. We know that the
lattice constant of rock salt PbTe is ∼6.46 Å, while that of SnTe
is ∼6.32 Å. Our experimental lattice constant for
Pb0.6−xSn0.4MgxTe for x = 0 is ∼6.408 Å, while for x = 0.06
is ∼6.403 Å. Variation of lattice constant as a function of
concentration of Mg is given in Figure 3c. The introduction of
Sn into PbTe reduces the lattice parameter as size of Sn atom is
smaller than Pb atom. Further introduction of Mg in place of
Pb should have decreased the lattice constant largely as size of
Mg is smaller compared to Pb. Here the observed difference is
not much, further supporting the fact that Mg goes into zinc
blende site. The lattice parameter of MgTe zinc blende form is
∼6.45 Å, while rock salt structure is ∼5.92 Å.13 If Mg
substituted Pb in the rock salt site, then we would have
observed a further decrease in lattice constant with increase in
Mg content. This result is in line with the theoretical results
explained in previous section and is on par with the results of
Mg−In codoped SnTe previously reported.24 Beyond 6 mol %
doping, we see negligible change in the lattice constant
indicating the solubility limit to be 6 mol %. The experimental
observation supported by theoretical study of occupation of
zinc blende site by Mg may be an answer to solve the
contradicting results observed by Ohta et al.13 and Zhao et al.12

for the lattice parameter variation with Mg content in PbTe and
also the solubility limit of Mg in PbTe.
Thermoelectric transport properties as a function of

temperature in the range of 300−840 K are shown in Figure
4. It is observed that the electrical conductivity values decrease
with increase in concentration of Mg and with temperature
throughout the range of measurement (Figure 4a). The
decrease in the electrical conductivity with increase in
temperature points to the degenerate semiconducting nature

of the materials. However, in the case of Mg-doped samples,
the electrical conductivity is lower compared to the pristine
sample as opposed to the case of Na- and K-doped samples
wherein the trend is reversed.10−12,23 The room-temperature
electrical conductivity decreases from 4000 S cm−1 to 1000 S
cm−1 as x increases from 0 to 8 mol % in Pb0.6−xSn0.4MgxTe.
The carrier concentration is also seen to increase slightly from
9.51 × 1019 cm−3 to 1.7 × 1020 cm−3 as x increases from 0 to 8
mol %.
Figure 4b reveals that the Seebeck coefficients have positive

values and show increasing trend with increase in temperature
and Mg concentration. The positive value of Seebeck
coefficient indicates the p-type conduction. The pristine sample
shows a maximum value of Seebeck coefficient around 570 K,
and there onward is a decrease in the value. This behavior
clearly indicates the onset of bipolar diffusion. The intrinsic
carriers get excited across the band gap, which adversely affects
the Seebeck value because the minority carriers have Seebeck
coefficients of opposite signs and hence will offset the effect of
majority carriers.1 Also, the contribution of minority carriers
increases at higher temperatures.12 In the case of Mg-doped
samples, it is observed that the onset of bipolar diffusion shifts
to higher temperature and goes beyond 840 K. The maximum
Seebeck value of ∼300 μV K−1 achieved for x = 0.06 at 840 K is
comparable to the Seebeck coefficient obtained in the case of
MgTe-doped PbTe reported earlier.12 This indicates the
efficiency of the employed synthetic technique to produce
samples with better transport properties with lesser lead
content. For higher concentrations of Mg, Seebeck coefficient
values did not decline with temperature in the temperature
range studied here. This is due to the opening up of the band
gap in the presence of Mg as band gap is directly proportional
to the Smax and Tmax apart from the fact that heavy doping
causes an increase in the majority carriers which in turn
suppress the bipolar effect.12 The enhancement of Seebeck
coefficient observed in the case of Mg-doped samples can also
be attributed to the decrease in the energy separation between

Figure 4. Thermoelectric properties of Pb0.6−xSn0.4MgxTe. Variation of (a) electrical conductivity, (b) Seebeck coefficient, (c) total thermal
conductivity, and (d) ZT with temperature.
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the valence sub-bands causing the heavy hole band to
contribute to a greater extent along with the light hole valence
band and thus increasing the density of states effective mass
(m*), and in turn, the value of Seebeck coefficient as S is
directly proportional to m*. Hence, it is observed that with
increase in the concentration of Mg doping the Seebeck
coefficient also increases due to higher extent of convergence of
the two valence sub-bands.12,23

Temperature dependence of the total thermal conductivity is
as shown in Figure 4c. The thermal conductivity (total)
contains contribution of lattice thermal conductivity, electronic
thermal conductivity, and the bipolar thermal conductivities.12

For Pb0.6Sn0.4Te sample, the total thermal conductivity
decreases initially, and beyond 525 K, it starts increasing.10,11

The total thermal conductivity of the Mg-doped sample
decreases with increase in percentage of doping as well as the
temperature. The pristine sample shows very high contribution
from bipolar thermal conductivity at higher temperatures as the
material has almost zero band gap.10,11 The bipolar component
is due to the ambipolar diffusion of electrons and holes. At
higher temperatures, the minority carriers not only decreases
the value of Seebeck coefficient due to bipolar diffusion but also
increases the thermal conductivity values as the diffusing
electron hole pairs become an additional component. On the
contrary, the contribution of bipolar thermal conductivity to
the total thermal conductivity value decreases significantly as
the concentration of Mg increases in the doped samples owing
to opening up of the band gap and suppression of bipolar
diffusion.
Usually the electronic thermal conductivity is determined

using Wiedemann−Franz law (Electronic thermal conductivity
= LσT, where L is Lorenz number, σ is electrical conductivity,
and T is absolute temperature). The lattice thermal
conductivity in turn is determined by subtracting the electronic
part from the total thermal conductivity,23 but recent reports
suggest that when multiple bands coexist at the Fermi level, the
carriers move from one valley into another by means of a
complex intervalley scattering.24,25 This causes large amount of
heat to transfer which cannot be determined by L value. In our
present work, since there exists convergence of valence bands
there is a possibility of intervalley scattering. Hence, we have
not determined the lattice thermal conductivity, but it is safe to
assume that the decrease in the total thermal conductivity with
increase in doping concentration is due to two reasons: (i)
decrease in the electronic component of total thermal
conductivity caused due to decrease in electrical conductivity
and (ii) decrease in lattice thermal conductivity due to the
increase in the atomic point defects due to elemental
substitution. The reduction in lattice thermal conductivity
depends on the scattering parameter which is directly
proportional to the doping fraction. The solid solution alloy
of PbTe and SnTe has a lower thermal conductivity to begin
with due to differences in atomic masses and radii of Pb and Sn
which scatters the phonon. In addition to this, the added Mg
dopant increases the scattering of the heat carrying phonons
and hence causes further reduction in the lattice thermal
conductivity.1,2

It is observed that the power factors obtained in the case of
Mg-doped samples are higher compared to those of the pristine
ones. The dependence of power factor on the temperature is
shown in Figure S3. The increase in the value of Seebeck with
the increase in Mg concentration is responsible for the increase
in the power factor, but due to decrease in the electrical

conductivity with increase in the concentration of Mg doping,
the variation of power factor with temperature is not a smooth
curve among the investigated compositions. The ZT value of
Pb0.6Sn0.4Te sample shows a gradual increase in value until 525
K (∼0.12), and from there onward, it shows a decrease due to
decrease in the power factor as well as the increase in the total
thermal conductivity due to bipolar diffusion. The ZT values
increased with an increase in Mg concentration (from x = 0.00
to x = 0.06), and a maximum ZT of ∼2 at 840 K and ZTavg
(∼1.2 between 500 and 840 K) were obtained for x = 0.06 in
Pb0.6−xSn0.4MgxTe (Figure 4d). For x = 0.08, the ZT value
decreases slightly to ∼1.8, indicating x = 0.06 to be the
optimum doping concentration. This ZT value of ∼2 is the
highest reported ZT value obtained for Pb0.6−xSn0.4MxTe
systems reported so far and is almost twice that of ZT
obtained from doping monovalent group I elements.10,11 The
ZTavg of ∼1.2 is the highest reported average ZT among PbTe
and SnTe class of materials to the best of our knowledge.26 The
ZT value is comparable to that of MgTe-doped PbTe (∼2 at
823 K)12 but is lower than that of SrTe-doped PbTe (∼2.2 at
915 K, ∼2.5 at 923 K)15,16 and higher than those of MgTe-
doped PbTe (∼1.8 at 810 K, ∼1.6 at 780 K),13,14 HgTe-doped
PbTe (∼1.64 at 770 K),17 CdTe-doped PbTe (∼1.37 at 820
K),17 CaTe-doped PbTe (∼1.5 at 765 K),18 and BaTe-doped
PbTe (∼1.3 at 760 K).18 The ZT in the present work is also
superior to those of Mg-doped SnTe (∼1.2 at 856 K),23 In-
doped SnTe (∼0.92 at 920 K),25 HgTe-doped SnTe (∼1.35 at
910 K),27 CdTe-doped SnTe (∼1.3 at 873 K),28 CaTe-doped
SnTe (∼1.35 at 873 K),29 MnTe-doped SnTe (∼1.3 at 900 K,
∼1.25 at 920 K),30,31 and Ga-doped SnTe (∼1 at 873 K).32

The ZT in the present work for the singly Mg-doped sample is
higher than those of Cd−In codoped SnTe (∼1.4 at 923 K),26

Ag−In codoped SnTe (∼1 at 856 K),33 Mg−In codoped SnTe
(∼1.5 at 840 K),24 and Mg−In codoped Sn0.7Pb0.3Te (∼1 at
710 K).34 These findings establish that doped Pb0.6Sn0.4Te is a
highly potential candidate for thermoelectric applications apart
from giving scope for further investigation.

■ CONCLUSIONS

We have successfully demonstrated that doping of Mg can
efficiently engineer the electronic structure and open up the
band gap to render Pb0.6Sn0.4Te into a high-performance
thermoelectric material. In particular, the effect of Mg on
Pb0.6Sn0.4Te was studied both theoretically and experimentally.
A combination of modified SHS and FAST technique was
employed for the very first time in synthesis of solid solution of
PbTe and SnTe. The most probable configuration of
Pb0.6Sn0.4Te was determined for the very first time using
SOD technique. Both theoretical and experimental results show
that Mg breaks the crystal mirror symmetry of Pb0.6Sn0.4Te and
opens up the band gap. This causes suppression of bipolar
thermal conduction. Also, the presence of Mg decreases the
energy separation between light- and heavy-hole valence sub-
bands. Thus, an increase in contribution of heavy-hole valence
band due to increase in valence band degeneracy causes
improvement in the Seebeck coefficient. Both these synergistic
effects lead to remarkable improvement in the ZT (∼2 at 840
K) and ZTavg (∼1.2 between 500 and 840 K) of the Mg-alloyed
Pb0.6Sn0.4Te. This value of average ZT is highest one for this
class of materials by far. The results indicate that chemical
doping using group II elements can remarkably improve the ZT
of Pb0.6Sn0.4Te and opens a new avenue to create thermo-
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electric materials with high ZT using chemical doping with
elements which can behave similar to Mg.
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