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All-scale hierarchical thermoelectrics: MgTe in PbTe
facilitates valence band convergence and suppresses
bipolar thermal transport for high performance†

L. D. Zhao,a H. J. Wu,b S. Q. Hao,c C. I. Wu,d X. Y. Zhou,e K. Biswas,a J. Q. He,*b

T. P. Hogan,d C. Uher,e C. Wolverton,c V. P. Dravidc and M. G. Kanatzidis*a

We report a high ZTof�2.0 at 823 K for 2% Na-doped PbTe with 6%MgTe with excellent thermal stability.

We attribute the high thermoelectric performance to a synergistic combination of enhanced power factor,

reduction of the lattice thermal conductivity and simultaneous suppression of bipolar thermal conductivity.

MgTe inclusion in PbTe owns triple functions: the Mg alloying within the solubility limit in PbTe modifies

the valence band structure by pushing the two valence bands (L and S bands) closer in energy, thereby

facilitating charge carrier injection. When the solubility limit of Mg is exceeded, ubiquitous endotaxial

nanostructures form, which when coupled with mesoscale microstructuring results in a very low (lattice)

thermal conductivity through all-scaled length phonon scattering. Meanwhile, most significantly, the Mg

alloying enlarges the energy gap of conduction band (C band) and light valence band (L band), thereby

suppresses the bipolar thermal conductivity through an increase in band gap.
Environmental impact

Bipolar thermal conductivity contributes signicantly to the total thermal conductivity in bulk thermoelectrics at elevated (operating) temperatures; thereby
compromising the ZT in important thermoelectric materials such as PbTe. Since the band gap in PbTe is only about 0.3 eV, elevated temperatures promote
minority carrier jumps across the band gap and the diffusing electron–hole pair gives rise to this additional thermal conductivity contribution, which limits the
ZT at high temperatures. Any mechanisms to suppress it would signal a new approach to reduce thermal conductivity, thus increase ZT. Indeed, herein we show
that through the addition of Mg alloying on the Pb sites of PbTe moves the light and heavy valence bands closer together. This leads to an enhancement of the
Seebeck coefficient because two bands are contributing. From the homologous group of MgTe, CaTe, SrTe, BaTe, only MgTe has this effect! We explain this
theoretically in our contribution. The combination of Mg alloying on the Pb sites with excess MgTe forming nanostructures in the PbTe matrix leads to a bipolar
thermal conductivity suppression and thermal conductivity reduction. Thus, the enhancement of the Seebeck coefficient, the suppression of bipolar thermal
transport and the reduction of lattice thermal conductivity together help to achieve a ZT value of 2.0 at 823 K.
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Introduction

Thermoelectric power generation technology is a type of solid-
state ‘heat engine’ that is capable of converting heat to elec-
tricity. The efficiency of thermoelectric materials is determined
by the dimensionless gure of merit, ZT ¼ (S2s/k)T, where S, s,
k, and T are the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute temperature, respectively.1,2

The interdependent nature of S, s and k complicates efforts in
developing strategies for improving a material's ZT above 3, a
feat that could revolutionize the eld of energy conversion. In
the past decades, persistent efforts have been made to enhance
ZT through either lowering thermal conductivity (k) or boosting
power factor (S2s). Themost successful route has been to reduce
the thermal conductivity, particularly through nanostructuring.
Typical examples are embedding nanoscale precipitates in
parent materials that scatter heat-carrying phonons.3–9 Alter-
natively, the power factor can be improved by increasing See-
beck coefficients without signicantly diminishing electrical
This journal is ª The Royal Society of Chemistry 2013
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conductivity through modifying band structure by band engi-
neering,10,11 quantum connement designing12 and electron
energy barrier ltering.13

Among the materials suitable for power generation applica-
tions, PbTe has an exceptional base thermoelectric perfor-
mance. Great progress has recently been made to obtain high
ZT in PbTe-based materials using nanostructuring group II
tellurides (MgTe, CaTe, SrTe and BaTe). These nanostructured
precipitates facilitate broad-based phonon scattering while
allowing good carrier transport between the endotaxially
aligned components, thus minimizing signicant deterioration
of the hole mobility.3,14–16 In heavily doped p-type PbTe, the
contributions from valence bands (L and S bands) enhance the
Seebeck coefficient and the power factor.11,17 We propose that
alloying of the PbTe matrix may result in tuning of the relative
energies of the L and S bands to accomplish amore controllable
convergence with respect to temperature; for example, Mg
alloying in PbTe may make the energy difference between L and
S bands to decrease with respect to the alloying fractions.18,19 In
contrast to the endotaxial CaTe, SrTe and BaTe nanoparticles
which have very small solubility and mainly form secondary
phases in PbTe, MgTe was found to be the only group II telluride
with substantial solid-state solubility in PbTe matrix.19 Ohta
et al.16 and Pei et al.18 reported excellent performance in PbTe
system ZT � 1.6 peaks at 780 K and ZT � 1.7 peaks at 750 K
using MgTe, respectively. However, both these studies reported
MgTe solubility fractions only up to 3%, below the expected
solubility limit of MgTe in PbTe.19

Here we report that when larger fractions of MgTe are added
in the PbTe matrix signicantly higher thermoelectric perfor-
mance can be achieved. This happens because (a) the Seebeck
coefficients are enhanced by decreasing the energy difference of
the two valence bands (L and S bands). The other congeners
CaTe, SrTe and BaTe do not exhibit this effect. MgTe alloying
does so by pushing the two bands closer together within the
solubility limit (�4%); (b) an additional thermal conductivity
reducing mechanism appears; that of suppression of the
bipolar thermal conductivity, which boosts the ZT to �2.0 at
823 K. Our results further show that band structure tailoring to
enhance the Seebeck coefficient is independent of mechanisms
for phonon scattering, implying that power factor enhancement
and reduction in thermal conductivity can work with remark-
able synergy.
Experimental

Starting materials are Pb wire (99.99%, American Elements, US),
Te shot (99.999%, 5 N Plus, Canada), Mg (99.98%, Sigma-Aldrich,
US) and Na chunk (99.999%, Sigma-Aldrich, US). Ingots (�20 g)
with nominal compositions of Pb1�xMgxTe (x ¼ 0, 0.01, 0.02,
0.04, 0.05, 0.06 and 0.08) and with 2.0% Na dopant (mol fraction
in the text) were synthesized by mixing appreciated ratios of high
purity starting materials in Ø� 8 mm carbon coating silica tubes
of under an N2-lled glove box. The tubes were then evacuated to
a pressure of �10�4 torr, ame-sealed, slowly heated to 723 K in
12 h, then to 1423 K in 7 h, soaked at this temperature for 6 h and
subsequently air quenched to room temperature. The obtained
This journal is ª The Royal Society of Chemistry 2013
ingots were crushed into powders and then densied by spark
plasma sintering (SPS) method (SPS-10-4, Thermal Technology
LLC), highly dense samples can achieve >97% of theoretical
density. The experimental details for SPS processing, annealing
treatments, density of samples included in the study, thermo-
electric properties measurements, band gap measurements, Hall
measurements, electron microscopy, X-ray diffraction, calcula-
tion of the relaxation time of phonon scattering and band
structure calculations can be found in ESI.†
Results and discussion
Solid solution limit of MgTe in PbTe

Powder XRD patterns of Pb0.98Na0.02Te + x% MgTe samples
show a single phase that can be indexed to the NaCl structure
type up to 8% MgTe, Fig. 1(a). No MgTe or other phases were
observed within the detection limits of the measurements. A
control sample Pb0.98Na0.02Te was also prepared for compar-
ison. As shown in Fig. 1(b), the lattice parameter decreases with
increasing Mg fraction, consistent with the smaller radius of
Mg2+ (�0.86 Å) compared to that of Pb2+ (�1.19 Å). The lattice
parameter decreases signicantly up to 4% MgTe and beyond
that shows a negligible change (see deviation from Vegard's law
type behavior, dashed line in Fig. 1(b)) as the content reaches
8%. With increasing MgTe fraction the electronic absorption
spectra of the PbTe samples (without Na doping) show a shi of
the absorption edge towards higher energy, Fig. 1(c). The band
gaps derived from the plots show an increase from �0.30 eV to
�0.40 eV in going from 1% to 4% MgTe in PbTe. Beyond this
fraction the band gaps show negligible changes as the MgTe
fraction reaches 8%. Generally, if MgTe were forming solid
solution with PbTe, one would expect a sustained Vegard's law
type behavior, showing systematic increase in band gap with
MgTe amount (Eg,MgTe � 3–5 eV), Fig. 1(d). The increase in the
band gap is observed only up to 4% fraction. It suggests that at
>4% MgTe is excluded from the PbTe matrix. Collectively, both
the lattice parameter and band gap variations suggest that the
solubility limit is somewhere around 4% MgTe.
Thermoelectric transport properties

Fig. 2 shows the thermoelectric properties as a function of
temperature for Pb0.98Na0.02Te + x% MgTe. The electrical
conductivities decrease with increasing temperature, Fig. 2(a),
and are lower for increasing amounts of MgTe over the entire
temperature range. Specically, the room temperature electrical
conductivity signicantly decreases from �2406 S cm�1 for
Pb0.98Na0.02Te to �984 S cm�1 for the sample with 8% MgTe.
From 0 to 4% MgTe the hole mobility diminishes only slightly,
but above this fraction and up to 8% MgTe the mobility falls
signicantly, Table 1. Interestingly, the same trend is also
observed in the carrier concentration dependence on MgTe
fractions. As shown in Fig. 2(b), the Seebeck coefficients are
positive, and show an increasing trend with increasing temper-
ature. It is worth noting that Seebeck coefficients at room
temperature also show an increasing trend with increasingMgTe
fractions. It is readily seen that the Seebeck coefficient reaches a
Energy Environ. Sci., 2013, 6, 3346–3355 | 3347
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Fig. 1 The solubility limit of MgTe in PbTe. (a) Powder XRD patterns and (b) Lattice parameter (the inset shows the enlarged XRD peaks shifting) for Pb0.98Na0.02Te + x
%MgTe. (c) Electronic absorption spectra and (d) band gap variation for PbTe + x%MgTe. The behaviors for both lattice parameter and band gap deviate from Vegard's
law dotted lines in (b) and (d) indicate a �4% Mg solubility limit in PbTe.
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maximum at around 750 K for Pb0.98Na0.02Te. The Seebeck
coefficient peak (with temperature) is a sign of an onset of bipolar
diffusion as intrinsic carriers are excited across the energy gaps of
PbTe. This onset is also reected in the thermal conductivity
(discussed later). The bipolar diffusion adversely affects the
Seebeck coefficient due to a rising contribution of minority
carriers and an increased activation energy at elevated tempera-
tures. For samples with up to 4% MgTe, the widened band gap
from �0.30 to �0.40 eV can suppress bipolar diffusion. For all
MgTe containing samples, the Seebeck coefficient maxima shi
to higher temperature with risingMgTe fractions, but no Seebeck
coefficient saturation (onset of bipolar diffusion) was observed at
>4% MgTe up to 923 K. This observation is consistent with the
relationships of band gap (Eg), the maximum Seebeck coefficient
(Smax) and the temperature Tmax at which the Smax occurs: Eg ¼
2eSmaxTmax, where e is the electron charge.20 The power factor of
the control sample Pb0.98Na0.02Te sample peaks at�28 mW cm�1

K�2 around 600 K falling to�20 mW cm�1 K�2 at 923 K, Fig. 2(c).
It is readily seen that the power factors at 923 K have been
enhanced by introducing MgTe, ranging from�20 mW cm�1 K�2

for Pb0.98Na0.02Te sample to �25 mW cm�1 K�2 for 2% MgTe
containing sample.

The total thermal conductivity (ktot) shows a signicant
decrease with increasing MgTe, Fig. 2(d). ktot is the sum of the
3348 | Energy Environ. Sci., 2013, 6, 3346–3355
electronic (kele) and lattice thermal conductivity (klat). kele is
proportional to the electrical conductivity (s) through the
Wiedemann–Franz relation, kele ¼ LsT, where L is the Lorenz
number. Due to the complexity and the non-parabolicity of the
valence band structure around the Fermi level for p-type PbTe,
accurate determination of the L is difficult. An estimation of
L can be made using a single parabolic band (SPB) model with
acoustic phonon scattering6,7,21 resulting in an L with a devia-
tion of less than 10% as compared with a more rigorous single
non-parabolic band and multiple band models calculation.22

Heat capacity, thermal diffusivity, Lorenz number and elec-
tronic thermal conductivity for Pb0.98Na0.02Te + x% MgTe are
shown in Fig. S1.†

The total thermal conductivity shows a signicant decrease
with increasing MgTe, and this trend is also observed in the
lattice thermal conductivity, Fig. 2(e). This reduction in lattice
thermal conductivity indicates that the well-dispersed nano-
structured MgTe is highly effective in phonon scattering. At
room temperature the lattice thermal conductivity decreases
from �2.83 W m�1 K�1 for Pb0.98Na0.02Te to �1.50 W m�1 K�1

for the Pb0.98Na0.02Te + 8% MgTe. Correspondingly, the lattice
thermal conductivity at 923 K decreases from �1.38 W m�1 K�1

for Pb0.98Na0.02Te to �0.53 W m�1 K�1 for 8% MgTe sample. In
Fig. 2(e), the lattice thermal conductivity for Pb0.98Na0.02Te + 6%
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Thermoelectric properties as a function of temperature for Pb0.98Na0.02Te + x% MgTe. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor. (d)
Total thermal conductivity. (e) Lattice thermal conductivity and the calculation for Pb0.98Na0.02Te + 6% MgTe. (f) Figure of merit, ZT, the combined uncertainty for all
measurements involved in the calculation of ZT is less than 15%.
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MgTe has been calculated based on the modied Callaway
model (details in ESI†), which shows good agreement with
experimental values. While both experiments and calculations
Table 1 Transport properties of Pb0.98Na0.02Te + x% MgTea

Samples
nH
(1020 cm�3) rH

mH
(cm2 V�1 s�1)

S
(mV

Pb0.98Na0.02Te 1.21 1.05 95 74
Pb0.98Na0.02Te + 1% MgTe 1.11 1.06 93 80
Pb0.98Na0.02Te + 2% MgTe 1.02 1.06 90 88
Pb0.98Na0.02Te + 4% MgTe 1.01 1.06 91 95
Pb0.98Na0.02Te + 5% MgTe 0.92 1.07 86 100
Pb0.98Na0.02Te + 6% MgTe 0.87 1.09 82 111
Pb0.98Na0.02Te + 8% MgTe 0.88 1.09 70 120

a nH, carrier concentration; rH, Hall factor; mH, carrier mobility; S, Seebeck c
thermal conductivity; ZT, the dimensionless gure of merit.

This journal is ª The Royal Society of Chemistry 2013
indicate that the nanoscale precipitates play a dominant role in
reducing the lattice thermal conductivity, point defects and
mesoscale grain boundaries can further reduce the lattice
K�1)
s

(S cm�1) m*(me)
kL (RT)
(W m�1 K�1)

kL (923 K)
(W m�1 K�1) ZTmax

2406 0.85 2.83 1.38 1.1
1981 0.98 2.62 1.05 1.4
1785 1.15 2.51 0.78 1.6
1477 1.20 2.27 0.68 1.7
1267 1.19 1.90 0.61 1.8
1142 1.18 1.74 0.54 2.0
984 1.21 1.50 0.53 1.9

oefficient; s, electrical conductivity;m*(me), the effective mass; kL, lattice

Energy Environ. Sci., 2013, 6, 3346–3355 | 3349
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thermal conductivity. As shown in Fig. 2(f), the ZT value of �2.0
at 823 K is reached for the Pb0.98Na0.02Te + 6% MgTe sample.
This high performance also shows a good experimental
repeatability and thermal stability, Fig. S2 and S3.†
Role of Mg in enhancement of Seebeck coefficients via heavy
valence band convergence

The carriers in heavily doped p-type PbTe are distributed into
two different valence bands, which occur at the L point (L band)
and along the S line (S band) in the Brillouin zone,17,23 having
an energy offset at low temperature. As the temperature
increases, the L band gradually lowers its energy and passes the
S band edge at a specic temperature point which is dependent
on the energy offsets between L and S bands. When the two
valence bands convergence, the Seebeck coefficient can be
enhanced by increasing the effective mass m* by a factor of
Nv

2/3, Nv is the number of degeneracy valleys, Nv is 4 for L band
and increases to 12 for the S band.11,17 Specically, m* ¼ Nv

2/3m*
b,

where m*
b is the average (single valley) effective mass of the

degenerate valleys. Mg alloying in PbTe can have a similar effect
of altering the energies of both L and S bands.

We use density functional theory (DFT) calculations to
investigate the effect of MgTe alloying in PbTe on the conduc-
tion and valence bands (L and S bands). We use rock salt
supercells of PbTe and different dilute concentrations of Mg
Fig. 3 Band engineering of Mg alloyed PbTe. (a) Conduction band (C band) and va
fractions in PbTe. (c) Hall coefficients as a function of temperature for Pb0.98Na0.02Te
Pisarenko line that takes into account the valence band structure of PbTe. Mg alloyin
L and S bands, pushed the Hall coefficient maxima shifting to lower temperature, res

3350 | Energy Environ. Sci., 2013, 6, 3346–3355
additions at �1.0% (Pb124Mg1Te125) and �4.0% (Pb26Mg1Te27).
The calculations were performed using the generalized gradient
approximation Perdew–Burke–Ernzerhof (PBE) exchange func-
tion24 with projector augmented-wave (PAW) potentials25 as
implemented in VASP (Vienna Ab-initio Simulation Package).26

Aer relaxation, the energy level of L-point and S-line and cor-
responding energy differences are calculated. The actual DFT
calculation band structures for PbTe, Pb0.99Mg0.01Te and
Pb0.96Mg0.04Te are shown in Fig. S4.† As shown in Fig. 3(a),
schematically, the conduction band (C) shows negligible energy
change with Mg fraction, however, the valence bands (L and S)
drop in energy relative to the conduction band. The addition of
Mg results in decreasing energy offsets between L and S bands,
Fig. 3(b). These changes in the calculated band structure with
alloying are also experimentally conrmed by Hall measure-
ments, Fig. 3(c). A maximum RH is a sign of convergence of the
two valence bands (L and S bands).

The well-established Pisarenko relation between the Seebeck
coefficient and carrier concentration10 gives a good description
of the experimental data, Fig. 3(d). The black solid line is the
theoretical Pisarenko line corresponding to a single parabolic
band with the assumption of acoustic phonon scattering.10,18–21

Alloying with increasing concentration of Mg increases the
band-gap energy between L and C bands (DEC–L), which is
consistent with the band gap measurements. Meanwhile, the
energy of the S band remains roughly constant with respect to
lence bands (L and S bands) and (b) their energy differences as a function of Mg
+ x% MgTe and (d) Pisarenko plots at 300 K, the black solid line is the theoretical
g in PbTe increased the valence bands energy, lowered the energy offsets between
ulting in enhancement of Seebeck coefficients which are above the Pisarenko line.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Microstructures of Pb0.98Na0.02Te + 6% MgTe. (a) Low-magnification TEM image reveals mesoscale grains. (b) Grain size distribution histogram. (c) Medium-
magnification TEM image shows presence of platelet-like and spherical/ellipsoidal nanoscale precipitates. (d) Precipitate size distribution histogram. The inset electron
diffraction pattern in (c) confirms the crystallographic alignment of MgTe in the PbTe.
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the C band. It can be noticed that Mg alloying brings the two
valence bands L and S closer in energy (DEL–S) which decreases
the convergence temperature for L and S bands, resulting in an
increase of effective mass at a lower temperature than that
in the absence of MgTe (Table 1). Essentially, this amounts to an
increase in the density of state (DOS) near the Fermi energy and
can account for the enhanced Seebeck coefficient lying well
above the Pisarenko line.
All length-scale hierarchical structuring

In this section, we describe the detailed microstructure of the
Pb0.98Na0.02Te + 6% MgTe sample, studied by means of trans-
mission electron microscopy (TEM). The presence of mesoscale
grains around 1.8 mm (0.1–4.0 mm in size) is evident in Fig. 4(a)
and (b). Nanoscale precipitates around 5 nm (1–8 nm in size)
appearing as platelet-like and spherical/ellipsoidal are shown in
Fig. 4(c) and (d). The inset electron diffraction pattern with the
electron beam along the [001] zone axis shown in Fig. 4(c)
conrms the endotaxial crystallographic alignment of MgTe
precipitates with the PbTe matrix. The projection traces of the
nanoscale precipitates direct along [100] and [010], Fig. 4(c).
The precipitates growing in the preferred direction reect
anisotropic morphology. Smaller precipitates with platelet-like
shape are typically coherently strained, reecting elastic
accommodation of an interfacial mist, while larger precipi-
tates with spherical or ellipsoidal shape exhibit interfacial
mist dislocations due to excess coherency strain.3,15,27

Scanning TEM (STEM) in combination with energy disper-
sive X-ray spectroscopy (EDS) can be used to compare the Mg
concentration in the precipitates with that in the matrix of
Pb0.98Na0.02Te + 6% MgTe. Although it is complicated to
quantitatively determine the exact compositions of individual
precipitates because of their overlap with the matrix, Fig. 5(a),
EDS can still qualitatively indicate a large increase in the Mg
signal from the precipitates (blue areas in the inset STEM
This journal is ª The Royal Society of Chemistry 2013
image) compared with matrix regions (red areas in the inset
STEM image), which suggests that the precipitates are mainly
MgTe. Fig. 5(b) shows a representative high-resolution TEM
(HRTEM) image of platelet-like precipitates obtained with the
electron beam along the [001] zone axis for Pb0.98Na0.02Te + 6%
MgTe. The inset Fast Fourier Transform (FFT) image in the inset
conrms the endotaxial alignment of the MgTe precipitates
with the PbTe matrix. All platelet-like precipitates are organized
perpendicular or parallel to each other, consistent with two of
three possible crystallographic directions.3

To analyze the possible strain around the platelet-like
precipitates, the high-quality HRTEM images were analyzed by
geometric phase analysis (GPA),28,29 which is a semi-quantitative
lattice image-processing approach for revealing spatial distri-
bution of relative elastic strain. Fig. 5(c) shows an enlarged
image and its analyzed GPA results, namely the component 3xx
and 3yy of the strain. The image shows one platelet-like
precipitate enclosed by dotted lines, and its plate plane is
parallel with the direction of electron beam. GPA images indi-
cate that there is elastic strain only along the plate plane (3yy).
The strain distribution in platelet-like precipitates is aniso-
tropic, in contrast to spherical/ellipsoidal precipitates, which
have isotropic strain distributions.3,15

Fig. 5(d) shows a lattice image of two neighboring grains and
their interfacial region. The corresponding low-magnication
image of Fig. 5(d) is shown in Fig. S5.† To investigate the
interfacial region, secondary phases or overlapping of grain
boundaries, we analyze the crystallographic relationship of
such boundary with upper and lower grains. The FFT image-
processing was carried out to identify the observation direction
of selected upper grain area and lower grain area as [001] and
[012] zone axis, respectively. The interfacial area shows two sets
of the crystallographic orientations with a relationship of
220[001]//200[012] which means this region probably involves the
overlapping of two grains. Fig. 5(e) shows a high magnication
image with overlapped grain boundary between [001] and [012]
Energy Environ. Sci., 2013, 6, 3346–3355 | 3351
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Fig. 5 Compositional analysis and nanostructures of Pb0.98Na0.02Te + 6% MgTe. (a) EDS spectra for typical precipitate (blue) and matrix (red) in the sample (STEM
image, insert). (b) Lattice image depicts plate-like precipitates, an inset schematic of the corresponding precipitate morphology in 3 dimensional space reflects two
plate-like precipitates perpendicular to each other, and the arrowhead indicates the direction of the TEM observations. (c) Lattice image and strain maps shows elastic
strain (color scale) along the direction of platelet-like precipitate. (d) Lattice image shows two grains with interfacial layer, the inset FFT images show the observation
directions. (e) Lattice image depicts the [001] grain and the interfacial layer sharing (200) and (220) planes (red dashed lines), inset enlarged lattice image of interfacial
layer (blue dashed lines) and inset corresponding simulated lattice image (yellow dashed lines) based on atomic model in (f). (f) The corresponding atomic structural
model of the interfacial layer.
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grains. The shared planes between the overlapped (upper) area
and lower area are along (220) and (200) marked with white
dashed lines. In order to further identify the overlapping region,
we use Crystalkit soware to establish a modeling of the over-
lapping boundary of two grains with a relationship of 220[001]//
200[012], and then use Mactempas to simulate the high-magni-
cation lattice image (inset image marked with yellow dashed
lines) based on the atomic structural model of the interfacial
3352 | Energy Environ. Sci., 2013, 6, 3346–3355
layer, Fig. 5(f). The experimental (marked with blue dashed
lines in Fig. 5(e)) and simulated images are in agreement with
each other. The above analysis can exclude the argument of
second phase. In addition, the [001]/[012] grain boundary is
widespread in Pb0.98Na0.02Te + 6% MgTe, that means preferred
grain growth. Considering the above three main mechanisms
revealed by TEM, the lattice thermal conductivity of
Pb0.98Na0.02Te + 6% MgTe based on modied Callaway model
This journal is ª The Royal Society of Chemistry 2013
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was calculated (details in ESI†). The results are shown in
Fig. 2(e), under the margin of error 10%, match the experi-
mental data reasonably well for temperatures between 300 and
900 K.
Suppression of bipolar thermal conductivity

In the intrinsic conduction region for narrow-band-gap semi-
conductors, such as Bi2Te3 system,21 a considerable contribu-
tion to the thermal conductivity is made by the component due
to the ambipolar diffusion of electrons and holes. This signi-
cant component to the total thermal conductivity is the
so-called bipolar thermal conductivity. Besides the contribution
to total thermal conductivity, bipolar effects also degrade See-
beck coefficients, because minority carriers, thermally excited
across the band gap, have Seebeck coefficients with the opposite
sign, and will offset that of the majority ones. Therefore, bipolar
effects will limit the ZT at higher temperatures. The bipolar
effect happens even at 300 K in Bi2Te3 system due to small band
gap of 0.13 eV.21 In the Bi2Te3 system, the bipolar effects can be
suppressed by either increasing majority carrier concentrations
through heavy doping30 or building up energy barrier lters
through nanosized grains.31

Since the band gap in PbTe is about 0.30 eV, a rising
temperature promotes minority carrier jumps across the band
Fig. 6 Bipolar thermal conductivity and ZT. (a) The difference of total and electronic
solid line is linearly fitting to the lattice thermal conductivity at temperature range
significant bipolar thermal conductivity. (b) Bipolar thermal conductivity as a functio
Pb0.98Na0.02Te to derive the bipolar diffusion energy. (d) Figure of merit (ZT) comp
shifting to high temperature. PbTe0.9988I0.0012 (black square),36 Pb0.98Na0.02Te (red c
2% SrTe (dark green downwards triangle),15 and Pb0.98Na0.02Te + 4% SrTe (pink do

This journal is ª The Royal Society of Chemistry 2013
gap and the diffusing electron–hole pair gives rise to an addi-
tional thermal conductivity contribution. In this paper we
present an effective way to suppress the bipolar thermal
conductivity by increasing the band gap from 0.30 eV to 0.40 eV
through Mg alloying in PbTe. This is in stark contrast to the SrTe
system where is due to the very low solubility in PbTe exhibits no
energy gap widening and no substantial bipolar suppression. If
bipolar diffusion takes place, the lattice thermal conductivity klat
can be overestimated since an extra term (bipolar thermal
conductivity, kbi) contributes to the total thermal conductivity. At
high temperature the minority carriers generated in intrinsic
excitations not only decrease the Seebeck coefficient, but also
increase the thermal conductivity due to the bipolar diffusion.
Therefore, the total thermal conductivity ktot is given by:32

ktot ¼ klat + kele + kbi (1)

In order to clarify the contribution of bipolar thermal
conductivity kbi at high temperature, the kbi is separated from the
ktot according to the proposed method.33,34 The difference, ktot �
kele, as a function of T�1 for the lead chalcogenides is shown in
Fig. 6(a). Since the acoustic phonon scattering is predominant at
low temperatures before bipolar diffusion is signicant,17 ktot �
kele equals to klat, which is proportional to T�1. The lattice thermal
conductivity can be approximately given:32
thermal conductivity (ktot � kele) as a function of temperature for PbTe system, the
s from room temperature to 923 K, deviation of thermal conductivity indicates a
n of temperature for Pb0.98Na0.02Te + x% MgTe. (c) Plot of ln(kbi) vs. 1/(2kBT) for
arisons. Mg alloying in PbTe suppressed the bipolar diffusion and pushed the ZT
ircle),35 (Pb0.99La0.01Te)0.945(Ag2Te)0.055 (blue upwards triangle),37 Pb0.98Na0.02Te +
tted line)3 are listed for comparison.

Energy Environ. Sci., 2013, 6, 3346–3355 | 3353
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klat ¼ 3:5

�
kB

h

�3
MV 1=3qD

3

g2T
(2)

where the kB is the Boltzmann's constant, h the Planck constant,
M the average mass per atom, V the average atomic volume, qD
the Debye temperature, and g the Grüneisen parameter. As
shown in Fig. 6(a), as the temperature is increased to �650 K,
the ktot � kele starts to gradually deviate from a linear relation-
ship between klat and T�1 because the bipolar diffusion starts to
contribute to the thermal conductivity. The kbi at high
temperatures was estimated by extrapolating the linear rela-
tionship between klat and T�1, as indicated by the solid line in
Fig. 6(a). For example, kbi can be observed in Pb0.98Na0.02Te,35

PbTe0.9988I0.0012,36 (Pb0.99La0.01Te)0.945(Ag2Te)0.055,37 and
Pb0.98Na0.02Te + 2% SrTe.15 However, for the Pb0.98Na0.02Te + 6%
MgTe sample, we observe no departure from the linear depen-
dence at high temperature in Fig. 6(a). This is due to the
increased band gap and therefore the diminished bipolar
contribution with increasing Mg alloying fractions in PbTe,
Fig. 6(b).

For a narrow-band-gap semiconductor, the energy required
for bipolar diffusion should be higher than the band gap. The
energy for bipolar diffusion can be roughly estimated from the
relationship:38

kbi ¼ A exp

 
�E*

g

2kBT

!
(3)

where A is a constant, E*g is the band gap for the bipolar diffu-
sion. Here, we make a plot of ln(kbi) vs. 1/(2kBT) for
Pb0.98Na0.02Te without Mg alloying, along with a t to the above
equation that yields a energy of E*g � 0.44 eV, as shown in
Fig. 6(c). This means that the bipolar diffusion happens at�650
K, the energy is required to be more than 0.44 eV, which is
comparable to the band gap of PbTe at �650 K. In other words,
the band gap of PbTe increases from 0.30 eV at 300 K to 0.44 eV
at 650 K. The band gap of Pb0.98Na0.02Te + 6% MgTe at 650 K is
estimated at �0.54 eV; this energy is higher than that required
for bipolar diffusion at this temperature. Hence, the suppres-
sion of bipolar diffusion signicantly contributes to the higher
ZT for Pb0.98Na0.02Te + 6% MgTe sample compared to other
PbTe systems,15,35–37 see Fig. 6(d). In the MgTe case we observe a
slightly lower power factor than the SrTe case,3 namely, the
power factor at 910 K is �25 mW cm�1 K�2 for Pb0.98Na0.02Te +
4% SrTe vs. �22 mW cm�1 K�2 for Pb0.98Na0.02Te + 6% MgTe.
The valence band alignment in the case of MgTe is not as good
as that in the SrTe system as suggested by the lower hole
mobilities (86 vs. 99 cm2 V�1 s�1 respectively).15 This results in a
ZT � 2.0 for Pb0.98Na0.02Te + 6% MgTe vs. 2.2 for Pb0.98Na0.02Te
+ 4% SrTe at 923 K but the MgTe system outperforms the SrTe
system in the temperature range from 300 to 823 K.

Concluding remarks

Mg alloying has three main effects on PbTe: (a) brings the two
valence bands (L and S) closer in energy (DEL–S) by lowering both
energies which contributes to the enhancement of the Seebeck
coefficient; (b) increases the PbTe band gap which suppresses the
3354 | Energy Environ. Sci., 2013, 6, 3346–3355
bipolar thermal conductivity at high temperature; (c) produces
ubiquitous nanostructuring that appears as Mg exceeds the
solubility limit. Meanwhile, favorable microscaled grain struc-
tures are obtained through spark plasma sintering completing
the all length-scale hierarchical structuring which signicantly
reduces the lattice thermal conductivity. The integration of these
effects in a single material pushes ZT to 2.0 at 823 K.
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