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Abstract
Thermoelectric technology has immense potential in enabling energy conversion between heat and electricity, and its conversion efficiency is

mainly determined by the wide-temperature thermoelectric performance in a given material. Therefore, it is more meaningful to pursue high ZT
values in a wide temperature range (namely high average ZT) rather than the peak ZT value at a temperature point. Herein, taking lead chalcogen-

ides as paradigm, some rational routes to high average ZT value in thermoelectric materials are introduced, such as bandgap tuning and dynamic

doping. This perspective will emphasize the importance of dynamically optimizing carrier and phonon transport properties to high-ranged ther-

moelectric performance, which could judiciously be extended to other thermoelectric systems.
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 Main text:

Thermoelectric technology has attracted widespread atten-
tions  in  energy  conversion  between  heat  and  electricity  be-
cause of its characteristics of long service life, high reliability,
no noise and pollutant  emission etc.[1–3] However,  its  inferior
conversion  efficiency  badly  restricts  large-scale  practical  ap-
plications.  The  thermoelectric  performance  mainly  depends
on the dimensionless figure of merit, ZT=σS2/κT, where σ, S, κ,
T denote electrical  conductivity,  Seebeck coefficient,  thermal
conductivity, working temperature in Kelvin, respectively. The
thermoelectric  conversion  efficiency  (η)  can  be  evaluated  by
average ZT value (ZTave) in material as follows:[4,5]

η =
TH −TC

TH

√
1+ZTave−1

√
1+ZTave+TC /TH

(1)

ZTave =

w TH

TC
ZTdT

TH −TC
(2)

where  the TH and TC are  the  temperature  at  hot  side  and  cold
side, and the ZTave value means the cover area in temperature-
dependent ZT curve. Obviously, high thermoelectric conversion
efficiency demands large ZTave value and wide working temper-
ature, and it is of great importance to enhance the ZTave value in
thermoelectric  material  at  wide  temperature  range.  However,
previous research mainly focused on the enhancement of peak
ZT value, and many developed strategies only work at a narrow
temperature  range.[6–8] Commonly  used  band  convergency  is
always realized at a narrow temperature range and will diverge
with increasing temperature.[6] Resonant state can enhance the
carrier  effective  mass  but  only  work  at  low  temperature
range.[7,9] Nanostructure is used to reduce thermal conductivity
but  fails  to  intensify  high-frequency  phonon  scattering  espe-

cially  at  high  temperature.[8,10] Although  all-scale  hierarchical
defects are designed to scatter phonon across integrated length
scales, they adversely deteriorate the carrier transport and limit
the  thermoelectric  properties  at  low  temperature  range.[11,12]

Therefore, to achieve high thermoelectric conversion efficiency,
it  is  urgent to develop effective strategies that can fully optim-
ize thermoelectric performance in the whole working temperat-
ure range.

This  perspective  takes  lead  chalcogenides  (PbQ, Q=Te,  Se
and  S)  as  example  to  introduce  some  rational  strategies  for
high ZTave value at wide temperature range. Lead chalcogen-
ide owns cubic crystal structure and high-symmetry electron-
ic  band  structure.  Due  to  its  large  off-center  vibration  of
heavy  Pb  atom  and  intensified  phonon-electron  interaction
with  increasing  temperature,  the  electronic  bandgap  under-
goes a linear increase, from ~ 0.26 eV at 300 K to ~ 0.36 eV at
673 K in PbTe.[13] As the bandgap enlarges in lead chalcogen-
ide, the carrier effective mass (m*) also continuously rises as a
result  of  band  flattening.  From  single  band  conduction,  the
carrier  density  (n)  and  carrier  effective  mass  (m*)  should  fol-
low  intrinsically  proportional  relation  of n ~  (Tm*)3/2 in  order
to maximize power factor (σS2).[14,15] Thermoelectric materials
with lower carrier effective mass require less carrier, and vice
versa, and the optimal carrier density in lead chalcogenide is
supposed  to  dynamically  increase  with  increasing  temperat-
ure.

In  practical  terms,  the  thermoelectric  performance  in  lead
chalcogenide  is  commonly  tuned  by  heavily  static  doping
with  donor  or  acceptor  dopant.  In  static  doping  sample  (n-
type lead chalcogenide), the carrier density always maintains
at  a  constant  with  increasing  temperature.  The  optimal  rela-
tion of n ~ (Tm*)3/2 between carrier density and carrier effect-
ive mass can only be obtained at narrow temperature range,
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which  can  lead  to  a  peak ZT value  but  limit  the  thermoelec-
tric performance at low temperature. To optimize its thermo-
electric  performance  in  the  whole  working  temperature
range,  the  bandgap  is  firstly  narrowed  to  facilitate  electrical
transport properties near room temperature. It is proved that
Sn  alloying  in  lead  chalcogenide  can  cause  a  band  sharpen-
ing at low Sn content, and large Sn alloying content will cause
band  inversion  between  conduction  band  and  valence
band.[16,17] In  the  process  of  band  sharpening,  the  carrier  ef-
fective  mass  in  Sn-alloyed  lead  chalcogenide  will  continu-
ously  decrease,  which  can  benefit  high  carrier  mobility.  Fur-
thermore,  heavily  Sn  alloying  in  lead  chalcogenide  will  im-
port  massive  point  defects  and  favorably  intensify  phonon
scattering  to  reduce  lattice  thermal  conductivity.  Although
these Sn atomic defects will  also cause carrier scattering, the
reduced  carrier  effective  mass  in  Sn-alloyed  lead  chalcogen-
ide will compensate the carrier mobility, and finally maintains
high electrical transport properties.

After  bandgap  tuning  in  lead  chalcogenide,  the  carrier
density should be re-optimized and dynamic doping is neces-
sary  to  make  the  carrier  density  well  match  its  temperature-
dependent carrier effective mass. This dynamically optimized
relation  between n and m* can  further  contribute  to  high
temperature-dependent  carrier  mobility  and  power  factor  in
the whole working temperature range. From previous results,
dynamic  doping  can  be  achieved  by  importing  small-size
atoms (such as Cu[18,19], Ag[20] or Zn[21]) into interstitial sites in
cubic  lead  chalcogenide,  which  can  work  as  donor  dopant
and provide extra electron in n-type lead chalcogenide. When
temperature increases, the solubility of these small-size atoms
in  lead  chalcogenide  rises  owning  to  lattice  expansion,  thus
causing an increasing temperature-dependent carrier density
in n-type  lead  chalcogenide.  Besides  small-size  interstitial
doping,  mixed  valence  states  elements  (such  as  Ga[22] and

In[23,24])  can  also  be  used  to  realize  dynamic  carrier  density
manipulation in n-type lead chalcogenide. These amphoteric
Ga/In elements present mixed valence states (+1 and +3) and
can form defect  level  in  matrix  to work as  electron reservoir.
With  temperature  increasing,  low  valence  state  (+1)  will  be
thermally activated into high valence state (+3), and simultan-
eously  release  two  free  electrons  from  defect  level  into  con-
duction  band,  thus  dynamically  optimize  the  carrier  density.
Notably, the dynamic doping behavior is only found in n-type
lead  chalcogenide,  therefore  it  is  important  to  explore  new
methods  to  realize  similar  dynamic  doping  in p-type  lead
chalcogenide.

With these successive strategies above, from static doping,
bandgap  tuning  to  dynamic  doping  (Figure 1a),  the  temper-
ature-dependent ZT value in lead chalcogenide is firstly amp-
lified  near  room  temperature  and  then  largely  enhanced  in
the  whole  working  temperature  range  (Figure 1b).  This  case
in lead chalcogenide clarifies the impacts of dynamic optimiz-
ation  between  carrier  effective  mass  and  carrier  density  on
enhancing ZTave value.  In  fact,  the  aim  of  synergistically  ma-
nipulating  carrier  effective  mass  and  carrier  density  is  to
maintain high carrier mobility in thermoelectric materials, be-
cause  high  carrier  mobility  is  crucial  to  achieve  large ZTave

value.[25] It is worth noting that band alignment is another ef-
fective strategy to maintain high carrier mobility. When exot-
ic  phase is  introduced to  reduce lattice  thermal  conductivity
in thermoelectric materials, the carrier mobility will inevitably
be impaired due to stain filed and energy barrier at phase in-
terface. To maintain high carrier mobility, the electronic band
structure can be tuned to well align in energy and weaken the
energy  scattering  to  carrier.  Results  have  proved  that  the
strategy of band alignment can be applied in both n-type and
p-type  lead  chalcogenide,  such  as p-type  PbTe-SrTe,[12,26]

p-type PbS-CdS,[27] n-type PbS-PbTe[28] etc.
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Fig.  1    (a)  Strategies to optimize thermoelectric  performance,  including static  doping,  bandgap tuning,  and dynamic doping.  (b)  Routes to
high average ZT value.

 

Recently,  some  newly  discovered  materials  featured  with
large  bandgap,  low-symmetry  and  layered  crystal  structure
presented  promising  thermoelectric  performance,  such  as
SnSe,[29–33] SnS[34–36] and Sb2Si4Te6.[37] High ZTave values of ~ 1.9

and  ~  1.7  have  been  reported  in p-type  SnSe[38] and n-type
SnSe,[39] respectively. These high thermoelectric properties in
SnSe originate from dynamically optimized carrier and phon-
on  transport  through  multi-band  synglisis[35,38] and  continu-
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ous phase transition.[30,39] These results highlight the import-
ance of dynamically optimizing carrier and phonon transport
properties to obtain high ZTave value,  and also intrigue great
interest for high ZTave value in other thermoelectric materials.
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