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Abstract:  The opportunity to use solid-state thermoe-

lectrics for waste heat recovery has reinvigorated the field of 
thermoelectricity to tackle the challenges of energy sustaina-
bility. While thermoelectric generators have decades of prov-
en reliability in space from the 1960’s to the present, terres-
trial uses have so far been limited to niche applications on 
Earth because of relatively low material efficiency. Lead 
telluride alloys were some of the first materials investigated 
and commercialized for generators but their full potential for 
thermoelectrics has only recently been revealed to be far 
greater than commonly believed. By reviewing some of the 
past and present successes of PbTe as a thermoelectric mate-
rial we identify the issues for achieving maximum perfor-
mance and successful band structure engineering strategies 
for further improvements that can be applied to other ther-
moelectric materials systems. 

Introduction: To date, the widely believed peak zT for 
single phase PbTe-based material, which has been success-
fully used for several NASA space missions since the 1960s, 
has been ~ 0.8 [1]. Recent studies including precise composi-
tional control and modern characterization has revealed that 
maximum zT values of ~ 1.4 are, in fact, intrinsic to this 
material for both n- and p-type materials[2, 3]. Further en-
hancement of the figure of merit has been achieved in alloys 
where zT reaches a value approaching ~ 1.8 for homogene-
ous PbTe-PbSe material [4]. These recent findings from 
PbTe-based alloys have shed new light on this classic ther-
moelectric material and provide generous encouragement for 
further development of thermoelectric technologies on Earth. 

Thermal conductivity and doping optimization:  
By using the now commonplace flash thermal diffusivity 
measurement technique the thermal conductivity of the mate-
rial can be accurately determined if the specific heat capacity 
and density are known. Because the largest source of error 
with this method is the measurement of specific heat capaci-
ty, published values measured by drop-calorimetry are likely 
to be the most accurate. The recent findings shown in Figure 
1 and Figure 2 reveal that, in fact, the zT value of the historic 
n-type PbTe material is ~ 1.4 for several sample composi-
tions over a temperature range of 150 degrees (700 – 850K) 
[2]. The electronic transport properties (ρ and S) were found 
to be in excellent agreement with numerous previously re-
ported studies on the same compositions, allowing the in-
crease in zT to be almost entirely attributed to the difference 
in thermal conductivity determined for the material. These 
results have revealed the inherent properties of PbTe and 
provide new motivation to continue research and develop-
ment of this highly functional thermoelectric material. 

Doping Optimization: A similar oversight in thermal 
characterization also exists for p-type PbTe doped with sodi-
um, significantly contributing to an underestimated zT value 

[3]. The value found recently is nearly double the value of 
Fritts that is commonly reported showing p-type PbTe with a 
maximum zT value of 0.7, Figure 2. However, in this case, 
the accurately measured thermal conductivity is only partial-
ly responsible for the large discrepancy in the figure of merit. 
Additionally contributing to the larger zT value is an im-
provement of the electronic transport properties, which are 
attributed to two-band conduction behavior in heavily doped 
p-type PbTe. 

Band Structure Engineering: Incorporating addi-
tional elements into PbTe opens new dimensions for tuning 
the electronic transport properties through band structure 
engineering as well as providing a route to kL reductions. The 
reduction of lattice thermal conductivity by alloying (such as 
PbTe1-xSex) due to the scattering of phonons by point defects 
is well known.  The substitution of Te with Se reduces kL by 
~35% at 300K for x = 0.15, but greater amounts of Se present 
in the material result in a detrimental net effect due to the 
simultaneous reduction of the carrier mobility caused by 
scattering of carriers by the additional Se atoms. 

Perhaps the most dramatic demonstration of band struc-
ture engineering, to date, has been in p-type PbTe1-xSex al-
loys where the alloying allows small, controlled manipula-
tion of the band energies [4]. The relative  band energies in 
PbTe are temperature dependent and as the temperature in-
creases the band energies converge to improve electronic 
transport. The contributions from the individual band, as well 
as when the effects are combined, can be seen in Figure 3. As 
Se is added to PbTe the energy difference between the bands 
increases, raises the temperature at which the band conver-
gence occurs, and makes the convergence effect more no-
ticeable as the peak zT approaches ~1.8 in bulk PbTe1-xSex 

[4]. 
Summary: Simple binary lead telluride alloy thermoe-

lectric materials have demonstrated exceptional thermoelec-
tric performance, with optimized peak zT of ~1.4, far exceed-
ing the values commonly reported since 1960. Two key as-
pects for high performance n- and p-type PbTe are the use of 
modern thermal diffusivity measurements for thermal con-
ductivity characterization and optimal dopant concentration.  

 Additionally, the concept of band structure engi-
neering to achieve band convergence is demonstrated with 
the exceptional peak zT of ~1.8 in PbTe1-xSex alloys. Such 
small modification of the band structure through alloying 
promises to be a fruitful route to tune other band parameters 
as well. 
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Even though PbTe is one of the oldest and most studied 
thermoelectric materials for power generation, the recent 
work demonstrates several new possibilities to be explored 
for ensuring a bright future for further development as well 
as use of PbTe-based thermoelectric materials. 
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Figure 1. Overview of zT values for various n-type 
thermoelectric materials including the historically 
reported n-type values for PbTe by Fritts (1960) 
and recent results on n-type PbTe1-xIx (x=0.0012). 

 

 
Figure 2. Overview of zT values for p-type materials 
including the historically reported p-type values for 
PbTe by Fritts (1960) and recent results on similar 
material, NaxPb1-xTe (x=0.01). 
 
 

 
Figure 3. The calculated zT value as a function of 
carrier concentration for p-PbTe comparing the 
result of transport from the L or Σ  band alone (as if 
the other band did not exist). It is seen that when 
the interaction between the two bands is modeled, 
“Σ+L “, the result is a significant increase of peak 
zT, which can only be realized at carrier concentra-
tions twice that reported by Fritts. 
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