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Thermodynamic Routes to Ultralow Thermal Conductivity

and High Thermoelectric Performance

Pai-Chun Wei, Chien-Neng Liao, Hsin-Jay Wu, Dongwang Yang, Jian He,
Gill V. Biesold-McGee, Shuang Liang, Wan-Ting Yen, Xinfeng Tang, Jien-Wei Yeh,

Zhiqun Lin,* and Jr-Hau He*

Thermoelectric (TE) research is not only a course of materials by discovery but
also a seedbed of novel concepts and methodologies. Herein, the focus is on
recent advances in three emerging paradigms: entropy engineering, phase-
boundary mapping, and liquid-like TE materials in the context of thermo-
dynamic routes. Specifically, entropy engineering is underpinned by the core
effects of high-entropy alloys; the extended solubility limit, the tendency to
form a high-symmetry crystal structure, severe lattice distortions, and sluggish
diffusion processes afford large phase space for performance optimization,
high electronic-band degeneracy, rich multiscale microstructures, and low

on various alternative energy technolo-
gies. Thermoelectric technologies are a
particularly attractive option due to their
direct heat to electricity energy conversion.
Thermoelectric (TE) devices are made
of degenerate semiconductors or semi-
metals known as TE materials. A mate-
rial's TE performance at temperature T
is gauged by the dimensionless figure of
merit, zT = 6S?T/(k;, + K.), where o, S, ki,
and k. are the electrical conductivity, See-

lattice thermal conductivity toward higher-performance TE materials. Entropy
engineering is successfully implemented in half-Huesler and IV-VI compounds.
In Zintl phases and skutterudites, the efficacy of phase-boundary mapping is
demonstrated through unraveling the profound relations among chemical com-
positions, mutual solubilities of constituent elements, phase instability, micro-
structures, and resulting TE properties at the operation temperatures. Attention
is also given to liquid-like TE materials that exhibit lattice thermal conductivity
at lower than the amorphous limit due to intensive mobile ion disorder and
reduced vibrational entropy. To conclude, an outlook on the development of
next-generation TE materials in line with these thermodynamic routes is given.

1. Introduction

The increasing global energy demand along with environmental
concerns of using fossil fuels has spurred vigorous research

beck coefficient, and lattice and electronic
thermal conductivities, respectively. Typi-
cally, TE devices made of materials with
higher zT values possess better energy
conversion efficiency. TE energy conver-
sion efficiency can be calculated by the fol-
_(Tu-T,) J1+2T -1

lowing: 7y =
Tu 14zT +;i

H

, where the

term (THT_ TC) is the Carnot efficiency, ZT
H
is the average device figure of merit, and
Ty and T are the temperatures of the
hot and cold ends, respectively.l] Despite
no known theoretical upper limit of 2T,
state-of-the-art TE materials exhibit a maximum zT below
3.0 due to the inherently counterindicated {o, S, k.} and unsat-
isfactory k. As a result, the energy conversion efficiency of
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state-of-the-art TE devices is far below the Carnot efficiency and
unable to rival those of other sustainable energy conversion
technologies, thereby impeding broader use of TE technology.

The core of TE materials research is decoupling the counter-
indicated {0, S, x.}, which can be understood and undertaken
in the context of Boltzmann transport theory and the Wiede-
mann-Franz relation.>! Specifically, S is enhanced in opti-
mizing electronic band structure, classical and quantum size
effects, electron energy filtering, resonant levels, and energy-
dependent impurity scattering to name a few. ¢ is governed by
the carrier concentration (n) and carrier mobility (u). To alleviate
the trade-off between o and S, carrier pocket engineering, band
convergence, modulation doping, and interfacial effects have
been implemented with success.”! To date, it remains a deli-
cate task to balance the material requests for optimal n, S, K,
bandgap, band effective mass, and bipolar effect.! Notably, ki
is relatively independent of {0, S, and .} because x; is carried
by phonons (aka, the normal modes of lattice vibrations). The
most effective strategies to reduce x;"~'l have proven to be
the inclusion of hierarchical microstructures such as atomic-
scale point defects, nanoscale precipitates, and mesoscale grain
boundaries.['l Reduced &; is not only conducive to attaining
higher zT values but is also helpful in retaining a larger tem-
perature gradient across the TE material, leading to a higher
Carnot efficiency.[!’]

Tremendous efforts have been exerted to develop high-zT
TE materials. In an effort to minimize overlap with the many
existing review articles in the field,#%142% this topical review
is written from a different perspective: thermodynamic routes.
This perspective focuses on how fundamental thermody-
namics and phase diagrams can help achieve better TE mate-
rials. We survey and examine the recent advances in line with
the emerging paradigms: i) entropy engineering, ii) phase-
boundary mapping, and iii) liquid-like thermoelectrics. Accord-
ingly, the main body of this article consists of three sections.

Before examining the recent advances of these paradigms in
detail, we present some general thoughts in the context of ther-
modynamics. First, entropy engineering is a synergy of high-
entropy alloys (HEAs) and conventional TE materials research.
HEAs refer to crystalline solid solutions containing at least five
principal elements with the atomic percentage of each element
between 5% and 35%.3%32 From a composition perspective,
HEAs are at or near the center of the high multinary phase
diagram. From the material functionality perspective, it is plau-
sible to “define” HEA as a material that exhibits these four core
effects: high configurational entropy, sluggish atomic diffusion,
severe lattice distortions, and the cocktail effect. These core
effects of HEA are well aligned with the material requirements
for good thermoelectrics.>*~*% Specifically, high configurational
entropy elicits: i) extended solubility limits of specific elements
and high-symmetry crystal structure, thereby expanding the
phase space for performance optimization and favoring good
electronic band structure; ii) severely distorted crystal lattice,
thereby softening and impeding heat-carrying phonons; and
iii) slow diffusion processes, thereby creating rich multiscale
microstructures prerequisite for reducing the lattice thermal
conductivity. One downside of these core effects is the degrada-
tion of charge carrier mobility, which must be compensated by
other physical properties in practice (Table 1).
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The general significance of phase-boundary mapping lies
in the fact that alloying and doping remain the mainstream
protocol to optimize TE properties. The scope of alloying and
doping and the tolerance of off-stoichiometry (aka, self-doping)
are restricted by the solubility limit and, in turn, governed by
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Table 1. A brief summary of the advantages and disadvantages of three
emerging paradigms of TE materials research: entropy engineering,
phase-boundary mapping, and liquid-like thermoelectrics.

Emerging paradigms
of TE materials

Advantages Disadvantages

Entropy engineering i) Extended phase space for i) Reduced carrier

materials performance mobility must be com-
optimization pensated by improve-
i) Severe crystal lattice dis- ment of other electrical
tortion leading to low lat- transport properties
tice thermal conductivity
iii) Sluggish diffusion pro-
cesses facilitating the for-
mation of rich multiscale

microstructures
Phase-boundary i) Fine mapping of phase

mapping

Guided joint effort of
extrinsic and self-doping diagram, especially at
for materials performance low temperatures, is
optimization time consuming and
i) Solubility limit and
secondary phase(s) under

control

error-prone

Liquid-like i)
thermoelectrics

Damped transverse Structural instability

phonon modes under high thermal
i) Strong static or dynamic and/or electric field

scattering of phonons

thermodynamics. Once the composition crosses the boundary
of single-phase region in phase diagram, nonstoichiometric
defects and secondary phase shall form. Phase-boundary map-
ping has been implemented to guide the control of extrinsic
doping and off-stoichiometry,*1~*% in which we were able to
determine the highest tolerance of off-stoichiometry for Zintl
phases, the maximum filling fraction limits (FFLs) of specific
guest elements in skutterudites, and how the variations of
nominal composition and the formation of secondary phase
affect the TE properties.

Unlike most state-of-the-art TE materials that are electron-
based semiconductors or semimetals, liquid-like TE materials
are mixed electronic ionic conductors. In a mixed electronic
ionic conductor, the liquid-like (premelted) sublattice interpen-
etrates the remaining crystalline sublattice, while ionic migra-
tion coexists with high TE performance. Hence, liquid-like TE
materials are hybrid in both electrical conduction (electrons
+ ions) and crystal structure (liquid-like sublattice + crystal-
line sublattice), giving rise to interesting thermodynamics and
transport properties. As known, k; approaches the amorphous
limit when the phonon mean free path (MFP) is reduced to the
interatomic spacing by various phonon scattering mechanism.
Can Ky be reduced below the amorphous limit? The TE study
of liquid-like TE materials points toward a new solution. In a
solid, heat is generally carried by longitudinal and transverse
waves, whereas transverse waves are not sustained in a liquid.
Liquid-like TE materials are found to have measured isobaric
heat capacity Cp much lower than the classic Dulong—Petit limit
at high temperatures.’->?] Tt is argued that at high tempera-
tures the mobile ions are delocalized, and the loss of transverse
(shear) modes lowers the Cp; in addition, the cationic dis-
order strongly scatters the phonons, yielding ultralow x;. Note
that on the liquid-like sublattice, the mobile ions are greatly

Adv. Mater. 2020, 32, 1906457

1906457 (3 of 10)

www.advmat.de

outnumbered by the available (vacant) sites, implying native
configurational entropy. The reduced heat capacity reflects the
reduction of vibrational entropy.

2. High-Entropy Thermoelectric Materials

Entropy engineering is a recently proposed alloying approach
to developing high-performance TE materials. Considering a
multicomponent crystalline solid solution, the configurational
entropy (entropy of mixing) is given by AS.. =-RY, XX, in
which n is the number of components, X; is the molar fraction
of the ith component, and R is the gas constant. The contri-
bution of entropy of mixing, —TAS,, offsets the strain energy
and thus stabilizes single-phased crystalline solid solution. In
general, HEAs tend to form solid solutions with high-symmetry
crystal structure (body-centered cubic or face-centered cubic),
which is thermoelectrically favored in terms of promoting
electron band degeneracy. To form a single-phased solid solu-
tion, the alloying elements must have similar electronic and
chemical properties as well as small difference in atomic size in
accordance with the classic Hume-Rothery rules, though some
material requirements can be somewhat compromised due to
high-entropy effects. A solubility parameter & that depends on
the material's shear modulus, lattice constants, and mismatch
of atomic radii has been proposed to account for the internal
strain energy and atomic solubility of multicomponent mate-
rials.’* Regarding TE materials, pseudobinary systems with
low & values (e.g., (Cd/Hg)Te, Pb(S/Se), (Rh/Ir)Sb;, Cu,(S/Se),
Cu,(Se/Te), (Bi/Sb),Tes, (Cu/Ag)InTe,, and (Cu/Ag)GaTe,) tend
to form complete solid solutions, while those with very large
& values (e.g., Pb(S/Te)) have limited atomic solubility and are
inclined to have phase separation. In other words, materials
with higher & values require a larger number of alloying ele-
ments, i.e., a higher TAS ¢, to obtain single-phased high-sym-
metry solid solutions.

The interplay of random atomic mixing and high-symmetry
crystal structure profoundly affects the TE properties. For
instance, doping multiple elements into a high-symmetry lat-
tice tends to facilitate multiple electronic bands near the Fermi
level (aka, band degeneracy or band convergence), thereby
enhancing the S at optimal carrier concentration. Meanwhile,
highly disordered atomic arrangement causes severe lattice
distortions and strain-field fluctuations that lead to suppressed
k1. The suppression of kj by increasing configurational entropy
in various TE material systems is demonstrated in Figure 1a.
Interestingly, the reduction of xj is more significant for the
those with high initial thermal conductivities, such as half-Heu-
sler ZrNiSn-based materials. In contrast, increased configura-
tional entropy has much less effect on the ki of liquid-like TE
materials, which have very low intrinsic thermal conductivity.
This is not a surprise because liquid-like TE materials have
very low site occupancy on the liquid-like (mobile ion) sublat-
tice, possessing fairly high native configurational entropy even
without doping or alloying. In Figure 1b, the structural symme-
tries of Cu,Sy5Tegs, Cu,SosSeys, and Cu, Sy 3Seq 3Tey 5 increase
from monoclinic to hexagonal due to increasing configurational
entropy. With increasing crystal lattice symmetry, S values
rise significantly. Again, the S enhancement by increasing

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The reduced lattice thermal conductivity (ki) and improved Seebeck coefficient (S) in multicomponent TE materials at room temperature.
a) & as a function of the configurational entropy. The k., is the amorphous limit of thermal conductivity and the dashed lines are guides for the
eyes. b) S as a function of the configurational entropy in (Cu/Ag)(In/Ga)Te, and Cu,(S/Se/Te)-based materials. Adapted with permission.5 Copyright

2017, Wiley-VCH.

configurational entropy is less significant for (Cu/Ag)(In/Ga)
Te,, which have high initial crystal symmetry and intrinsic cati-
onic site disorder.

A systematic entropy engineering study was conducted in
(Sn,Ge,Pb,Mn)Te alloys.”®! The room-temperature AS.o. S,
carrier concentration (ny), carrier mobility (uy), and x of these
(Sn,Ge,Pb,Mn)Te alloys are plotted versus the number of alloy
elements (N = 2-5) in Figure 2. It is known that increasing the
number of alloying elements is beneficial for increasing the ||
and ny of Pb(Te/Se)-based materials, due to band convergence
and the appearance of additional energy band;[>*°-% mean-
while, the increasing mass and strain fluctuations degrade
uy and suppress kj. The dominant scattering mechanism

o

& &
¢ 8
+\/

G
¥ :

&
QQ‘

Figure 2. The entropy of mixing (AScons), Seebeck coefficient (S), carrier
concentration (ny), carrier mobility (uy), and lattice thermal conduc-
tivity (k) at room temperature for SnTe, SngsGeg,Te, Sng;Geg,Pbg1Te,
and (Sng;Geg,Pbg1)09Mng 1 Te. Data set from ref. [55]. Adapted with
permission.’’l Copyright 2018, Wiley-VCH.
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smoothly crossed over from electron-phonon coupling to
alloying scattering with the increasing number of alloying ele-
ments.”® The solubility of Mn was substantially extended due
to high configurational entropy effect. The TE properties of
high-entropy (Sn,Ge,Pb,Mn)Te alloys were improved by varying
the Mn and Sn contents.”® Through decreasing Sn vacan-
cies, the PF at high temperatures was significantly increased
due to the enhanced S, leading to a peak zT value of 1.42 at
900 K when y = 0.03.58 The caveat is that the configurational
entropy should be high enough to take advantage of the core
effect of HEA yet low enough, so the degraded carrier mobility
can be compensated by higher carrier concentration and band
convergence.

While a single-phased solid solution is generally preferred
in TE materials’ research, the presence of secondary phase is
neither at odds with the spirit of HEA nor necessarily detri-
mental to the TE performance. As is often the case, the pres-
ence of secondary phase in situ formed in a high-entropy host
matrix is thermoelectrically favored; in that a wide spectrum
of heat-carrying phonons is effectively scattered by defects
with diverse characteristic length scales. In the example dis-
cussed above,”® increasing the Mn content would risk the
formation of secondary phases such as GeTe, MnTe, and Ge
in the (Sn,Ge,Pb,Mn)Te alloys. Although the y;; was unavoid-
ably impacted by the secondary phases, the S was enhanced
and x; was reduced below the amorphous limit, raising the
peak zT value from 1.07 to 1.27 at 900 K when x = 0.25. For
the (Pb,Sn,Ge)Te multinary compounds, Pby,5Sng,5GeqsTe
lies in the miscibility gap of Ge-PbTe-SnTe pseudoternary
phase diagram; Pb,,5Sn,,5GegsTe is decomposed into Pb-rich
(Pbg 33514 3Gey37Te) and Ge-rich (Pbg;Sng17Geg73Te) phases
when treated at 673 K;¢! the heterogeneous phase bounda-
ries elicit strong phonon scattering and thus significantly
reduced K.

Most HEAs exhibit satisfactory phase stability at high tem-
peratures, thereby ensuring the thermal and chemical stability
of secondary phase(s) in situ formed. Further systematic study
of the phase instability and the resulting impact on the trans-
port properties of high-entropy TE materials shall pave the way
for high-entropy TE composites. The success of such a “high-
entropy TE composites” approach is hinged upon the detailed

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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knowledge of high-temperature high-multinary phase diagram.
In this regard, phase-boundary mapping is an effective tool of
phase design and also is the theme of the following section.

3. Thermoelectric Phase-Boundary Mapping

For decades, it has been known that degenerate semiconduc-
tors and semimetals possess good thermoelectric properties for
a variety of reasons.” First, the presence of a bandgap ensures
the magnitude of Seebeck coefficient, native defects (e.g.,
vacancies, antisites, interstitials, grain boundaries, to name a
few) and extrinsic dopants that optimize the Fermi level and
the carrier concentration.*%0611 Additionally, defects scatter
heat-carrying phonons to lower the lattice thermal conductivity.
Note that the formation energies of native and extrinsic defects
are temperature dependent, affording a new control parameter
for performance optimization. In addition, the high configura-
tional entropy effect tends to extend the solubility limit of spe-
cific elements.[°>% When the nominal composition crosses the
phase boundary, a secondary phase is formed. Various studies
have demonstrated that the formation of micro- or nanoscale
precipitates along grain boundaries can greatly enhance phonon
scattering, especially at low temperatures.'664% The grain
boundaries decrease the py, but the degradation is minimal
in the case of semicoherent or coherent grain boundaries. 678!

The scope of off-stoichiometry, doping, and alloying is
restricted by the phase stability- and temperature-limited solu-
bility. Detailed knowledge of high multinary (composition and
temperature) phase diagrams is essential for TE materials’
research. Though many conventional TE synthesis techniques
(such as hot pressing and spark plasma sintering) cannot be
represented by phase diagram due to their nonequilibrium
nature,[®72 phase diagrams are still an important guide for
their design. In practice, phase-boundary mapping helps
establish the relationships between solubility limits, non-
stoichiometric defects, secondary precipitates and TE proper-
ties (Table 1). Once the solubilities and phase boundaries are
known, the solubility limit of the dopant, precipitation temper-
ature, and synthesis procedure can be optimized for peak TE
performance. Bi,Te;,”>74 PbTe,>70 Zn,Sbs,I”” 78 and GeTel”*#0]

QO
o

1000

Sb-excess
g-exce

oo
o
o

Sb+Mg,Sb, Mg +Mg,Sb, |

Temperature (K)

S
o
o

200
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are conventional high-zT binary compounds in which the con-
stituent atoms have certain mutual solubility. Heavy doping
and large off-stoichiometry are routinely used to optimize
the TE properties. In contrast, line compounds such as Zintl
phases and skutterudites have practically low mutual solubility
between the constituent elements, low tolerance of off-stoichi-
ometry, and a highly complex phase diagram, all of which make
the approach to TE property optimization different.[*!4281:82]

Phase-boundary mapping is an effective tool to guide the
experimental efforts of doping and off-stoichiometry in line
compounds. For example, CaygZn,,,Sby demonstrates good TE
performance in the mid-temperature range.[*!] It has the highest
2T when the nominal composition (CagZn,¢Sby, 2T = 1.1
at 875 K) falls in the two-phase CaZn,Sb,+CagZny s_¢Sby region
of the Ca—Zn-Sb ternary phase diagram. The CaZn,Sb, pre-
cipitate in 9-4-9 phase is important because the resulting het-
erointerfaces cause strong phonon scattering that dramatically
reduces k;. The presence of CaZn,Sb, also leads to a decreased
carrier concentration that simultaneously optimizes ¢ and
S. The lowest k; achieves =0.4 W m™ K~! when T > 800 K,
which is even lower than the amorphous limit.®? It is argued
that the ultralow x; originates from anomalously low Lorentz
factors or strong electron-phonon interactions,®¥ which merits
further investigation.

Phase-boundary mapping has also been applied to manip-
ulate the zT of Zintl phase Mg;Sb,.*?#3 Although Mg;Sb,
appears to be a line compound,®! there is still some mutual
solubility between Mg and Sb. As shown in Figure 3a, the
mutual solubility increases with increasing temperature, espe-
cially above 700 K. In fact, the inclusion of excess Mg or Sb
in Mg3Sh, can dramatically change the electrical properties of
Mg;Sh,. For example, a p-type to n-type transition occurs when
there is excess Mg (Figure 3a). n-Type Mgs,,Sb, is known to
have better TE performance and attributed to the presence of
Mg interstitials.[*3] Recent defect formation energy calculations
along with phase-boundary mapping corroborate that the Mg
interstitials are not sufficient to compensate positive charge car-
riers and yield n-type conductance.*? Rather, the excess free
electron carriers come from the suppression of Mg vacancies
by excess Mg. These results are crucial for developing Mg;Sh,-
based higher-performance TE materials. For Bi or Te-doped

003 002 -00 0.0 0.01 002 gp

x inMgs, Sb,

-0.02 -0.01 0
MgTe C o4 ~
900K
Sb +MgTe +
031 Mg,Sh, ]
Mg3Te 5 |
h & 02 B
. 2
01 Mg+ Mg;5Sb,
o
MgSb, Mg 0 0.01 0.02

§in Mg, ;(Sb,Te),

Figure 3. a) The binary Mg—Sb phase diagram, showing the Sb-excess and Mg-excess Mg;Sb,. b) The ternary Mg-Sb-Te phase diagram overlay with
the position of Mgs,,(Sb Te),. ¢) The magnified phase diagram near the Mg;Sb, single-phase region (denoted by the filled gray color). The purple line
indicates the Mg-excess boundary while the blue line shows the Sb-excess boundary. A red line further highlights the p—n transition border. Adapted

with permission.i*?l Copyright 2018, Elsevier.
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Mg;Sb,, p-type Mg;Sb, only attains a zT of <0.4 (800 K), while
the zT value of n-type Mg;Sb, is as high as 1.4.14

The n-type behavior of Mg;Sb, is rooted in the phase
diagram. Figure 3b shows the isothermal section of the
Mg-Sb-Te ternary system, in which the p-n transition
boundary is highlighted by a red line while the stoichiometric
composition (& = 0) of Mg;,,Sb,_,Te, is denoted by the orange
line. The single-phase region of Mgs,,Sb, Te, is further
emphasized in Figure 3c, in which the blue line and green
line delineate the Sb and Mg solubility limits of Mgs,,Sb,_,Te,,
respectively. Clearly, Mg;,,Sb,_,Te, with excess Sb and 6 < 0 will
always be p-type while having excess Mg will make it n-type.
Notice that when Mg;,,Sb, ,Te, is in the Mg;Sb, single-phase
region, the sample could be n-type but have § < 0.

A similar p—n transition in Cu-Bi,Te; has been revealed by
phase-boundary mapping.®® As shown in Figure 4a, the Bi,Te;
single-phase region has a clear nonsymmetrical equilibrium
solubility of Cu in Bi,Te;. In the single-phase region, Cu-doped
Bi,Te; samples (e.g., (Bi;Tes).99(Cu,Te)g 1) usually have positive
S at 300 K due to the excess hole carriers (Figure 4b). When
the amount of Cu exceeds the solubility limit, Cu-Te-based

a
(Bi,Te,), ,(Cu,Te),

-eo—x =0.01 (p-type)
—o- x = 0.09 (n-type)

42

Bi,Te,+BiTe

www.advmat.de

secondary precipitates will appear in the Bi,Te; matrix. As
shown in Figure 4D,c, the appearance of Cu—Te-based secondary
precipitates changes the sign of S, indicating that they compen-
sate the excess holes and lead to the n-type behavior. The appear-
ance of secondary precipitates also has a pronounced effect on
reducing ;. For example, the (Bi, Tes)q o(Cu,Te)q ; sample exhibits
a lamellar structure composed of Bi,Te; and Cu;Tes (Figure 4c).
The lamellar micromorphology will additionally induce inter-
facial phonon scattering that is effective at reducing k. Inter-
estingly, the n-type (Bi,Tes);_(Cu,Te), sample with x = 0.09
has an almost temperature invariant zT = 1.0 (Figure 4b), which
is ideal for high-efficiency TE device fabrication.

CoSbs-based filled skutterudites are considered the most
promising mid-temperature TE materials fulfilling the
“phonon—glass—electron-crystal” concept and have been used
in the automotive industry for waste heat recovery. For filled
skutterudites, the most common strategy to maximize zT is
to achieve the FFL.B182] However, the FFL is typically low and
thermodynamically constrained. Hence, phase-boundary map-
ping is adopted. As shown in Figure 5a,b, the relationship
between the FFL of skutterudites and secondary phases in
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Figure 4. a) Enlarged isothermal section of Bi—Te-Cu, superimposed with the nominal compositions of two alloys: (Bi;Tes)q.99(Cu,Te)go (x = 0.01) and
(BiyTes)o.91 (Cu,Te)g g9 (x = 0.09). b) Seebeck curves (upper panel) and zT curves (lower panel) for x = 0.01 and x = 0.09 alloys. c) The microstructures
x=0.09 (n-type) exhibits a great deal amount of lamellar Cu;Tes precipitate. Adapted with permission.® Copyright 2018, Elsevier.
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Figure 5. a,b) The isothermal section at 973 K near CoSb; of the Yb—Co-Sb ternary system (31) (a) and the Ce—~Co-Sb ternary system (b). The red line
represents the CoSb; single-phase solubility while the red point stands for the stable skutterudite composition with the maximum concentration of
the filled element. a) Adapted with permission.®l Copyright 2015, Elsevier. b) Adapted under the terms of the CC-BY Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/).8% Copyright 2015, Springer Nature.

Yb—Co-Sb and Ce—Co-Sb ternary systems have been experi-
mentally determined. The red line represents the CoSbs single-
phase region, while the red point stands for the composition
with the maximum concentration of filled element. For such
filled skutterudites, their carrier concentration will increase
with increasing filling atoms, which is crucial for improving the
o and PF. Acting as rattlers in phonon subsystem, increasing
filler atoms reduces k;. Consequently, both p-type Yb—CoSbs
(Yby3Co,Shy;) and n-type Ce—CoSb; (Cej17Co4Sby,) achieve a
maximum zT value of 1.3 at 850 K as the concentration of filled
elements reached the FFL.

Similarly, the origin of ultralow x and high zT values
in p-type Pb-doped AgSbTe, and n-type Ge-doped AgBiSe,
have also been investigated with the assistance of phase
diagram.®”#8 After adding the dopant, &-Sb,Te and Bi,Se;
nanoprecipitates will form in p-type Pb—AgSbTe, and n-type
Ge-AgBiSe,, respectively. Due to the enhanced phonon scat-
tering at nanoscale interfaces, the k; values of Pb—AgSbTe, and
Ge—AgBiSe, are greatly reduced. In addition, the moiré fringes
with a periodicity of 0.25 nm are found in the Bi,Se; nanopre-
cipitates, implying the existence of local mass fluctuation and
superlattice structures as extra phonon scattering. It is impera-
tive to employ phase-boundary mapping in well-known high-zT
TE materials such as PbTe,”>7% SnSe, and argyrodites. 5

4. Liquid-Like Thermoelectrics

Materials with large atomic mass, weak interatomic bonding,
complex crystal structure, strong anharmonicity, glassy struc-
ture, and low-lying optical vibrational modes are known to
have low intrinsic k. The & can be further reduced through
implementing point defects, dislocations, interfaces, and nano-
precipitates. In contrast, the intrinsically ultralow x; of mixed
electronic ionic conductors stems from a distinct mechanism.
Mixed electronic ionic conductors have dual hybridity: struc-
tural and conductive. In terms of structure, they consist of a
rigid sublattice of fixed atoms and another sublattice of highly
diffusive ions (cf. Figure 6), which exhibit liquid-like mobility
at sufficiently high temperatures.l*’->2 In terms of conduction,
the charge and entropy flow are carried by electrons (holes) and
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mobile ions. Even near room temperature, the diffusivities of
Cut or Zn** ions in B-Cu,S, B-Cu,Se, 3-Cu,Te, and -Zn,Sbs
are on the order of 10°-107° cm? 571,194 while the diffusivity
of Ag' in AgCrSe?, B-Ag,Se, and o/-Ag,Te is on the order of
107-1073 cm? s~L.*895%] With such high diffusion rates, ions
can jump from one equilibrium position to another in very
short time and behave like a liquid. To describe the electrical
and thermal properties of such “liquid-like” TE materials, Chen
and co-workers have proposed the concept of “phonon-liquid
electron-crystal.” (PLEC).[*’]

In a crystalline solid, ki can be expressed by x; =
1/3(Cyul),”! in which Cy is the isochoric heat capacity, v is
the sound velocity, and [ is the phonon MFP. Thermodynami-
cally, Cy will approach the Dulong—Petit limit (3N,R), where
N, is the number of atoms per unit volume and R is the ideal
gas constant. The experimentally measured heat capacity is
the isobaric heat capacity Cp, rather than Cy. The presence of
anharmonicity and the resulting thermal expansion ensures
Cp 2 Cy; if Cp is lower than the Dulong-Petit limit, even more
so is Cy. As known, liquid cannot sustain transverse (shear)
modes; hence, the partial loss of transverse modes in liquid-like
materials leads to a lower-than-Dulong—Petit-limit Cy and pro-
vides a unique way of reducing k;.*-%%%° Tt is worth noting that

Rigid Sublattices

' I\/\oblle |ons ‘ " " ~ '

‘f' \\

Figure 6. Schematic diagram of liquid-like TE materials. The arrows
indicate the mobile ions that can travel within the rigid sublattices. The
migrating ions are effective in damping the lattice vibrations, which
reduces ki

O'.
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the longitudinal speed of sound (v)) in Cu,S is much higher
than that of Cu,Se.”” Nevertheless, the shear speed of sound
(v) in Cu,S is remarkably lower than that of Cu,Se due to the
stronger ion migration. This explains that why Cu,S has a rela-
tively lower k; then that of Cu,Se.’*1% B.Cu,S,% B-Cu,Se,*”]
and AgCrSe,”® demonstrate a Cp lower than the Dulong—Petit
limit at high temperatures, while yCu,Te,ll% B-Ag,Se,10?
0/-Ag2Te, 103194 and B-Zn,Sb;l1%! have a Cp slightly higher than
the Dulong—Petit limit. Moreover, the migrating ions will create
static and dynamic disorder that can inhibit the propagation of
phonon modes and dampen phonon modes.

With the presence of secondary nanoprecipitate, the phonon
MEFP of liquid-like TE material can be further shortened. For
example, the phonon MFP of Cu,Se grown from the melt is
1.5 A at room temperature.['° The value is much smaller than
the MFPs of Bi,Te;, CoSbs, and PbTe,l19-1%! which are 1.8, 4.5,
and 3.2 A at room temperature, respectively. The phonon MFP
can be further decreased to 1.15 A in Cu,Se samples prepared
by nonequilibrium recipes due to enhanced phonon scattering
at randomly oriented grain boundaries.''” While phonon
modes in the entire Brillouin zone contribute to heat capacity,
only those with finite group velocities contribute to the lat-
tice thermal conductivity; thus, the estimated phonon MFP is
the lower limit of actual phonon MFP. When a small amount
of CulnSe, and carbon nanotubes is incorporated into the
Cu,Se matrix, the maximum zT achieved can reach as high as
2.5 at 850 K and 2.4 at 1000 K due to the significant reduction
of k1111121 Notably, the k; calculated according to the Lorentz
constant of 1.6 x 108 W Q K2 is negative, and the reason is still
unclear. It is found that the highly diffusive ions and nonequi-
librium grain boundaries weaken the phase stability, especially
at high temperature in the presence of an electric field and tem-
perature gradient (Table 1). This is a serious issue for commer-
cial applications and must be solved.['3]

5. Summary and Outlook

The development of thermoelectric materials and devices has
recently drawn much attention. Despite newly discovered mate-
rials and many recent advances, the selection rules of parent
compounds, and the subsequent doping, alloying, and com-
positing routine have remained unchanged for a few decades.
There is a pressing demand for conceptual and methodological
breakthroughs toward next-generation thermoelectric mate-
rials. In this review article, it is not our intention to exhaust
the recent advances of all important topics; rather, we focused
on three emerging thermodynamic routes, aka, entropy engi-
neering, phase-boundary mapping, and liquid-like thermoelec-
trics. These thermodynamic routes have demonstrated their
efficacy in a wide range of thermoelectric materials and pro-
vided new perspectives, e.g., the interplay between short-range
disorder and high-symmetry long-range order in high-entropy
materials, the precise control of compositions, phase stability,
and microstructures via phase-boundary mapping, and the
dual hybridity in crystal structure and electrical conduction in
liquid-like thermoelectric materials. These results, along with
the light shed by novel organic-inorganic hybrids and new
degrees of freedom in transport properties,/''*1%l beckon to a
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multidisciplinary community to develop next-generation ther-
moelectric materials.
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