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TOPICAL REVIEW — Heat conduction and its related interdisciplinary areas
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Since the superior mechanical, chemical and physical properties of high-entropy alloys (HEAs) were discovered,
they have gradually become new emerging candidates for renewable energy applications. This review presents the novel
applications of HEAs in thermoelectric energy conversion. Firstly, the basic concepts and structural properties of HEAs are
introduced. Then, we discuss a number of promising thermoelectric materials based on HEAs. Finally, the conclusion and
outlook are presented. This article presents an advanced understanding of the thermoelectric properties of HEAs, which
provides new opportunities for promoting their applications in renewable energy.
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1. Introduction

For thousands of years, to improve the performance of
metallic materials, the most conventional method is to intro-
duce new alloying elements into the principal element, thus,
an alloy family based on the main elements is formed. For
instance, steel,[!! aluminum,[?! titanium and nickel®®! alloys
are characterized by the principal elements Fe, Al, Ti and
Ni, respectively. Nowadays, alloys have widely been used
in various applications because of their desirable properties.
Magnesium possesses high strength and a decent weight ra-
tio and is a popular material for automotive and aerospace
applications.[*>! The large deformation capacity and micro-
machinability of shape memory alloys promote the microsys-
tems design.!®! Fashionably, aluminum can be used as an an-
ode electrode, which has a capacity of up to 110 mAh/g com-
bined with graphite.!”! Besides, alloys at the nanoscale exhibit
more interesting ductility, mechanical strength and thermo-
electric properties, as reported by experimental and theoreti-
cal investigations.[®~13] Although these factors effectively im-
prove the properties of alloys, alloys with a certain element as
the main body greatly limit the type of alloy combination and
the new generation development of alloy materials.!!*! There-
fore, advanced strategies are essential to expand the types and
applications of alloys.
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Recently, the approach to compound multiple principal
elements together as a high concentration steady state has be-
come quite popular,>1% named high-entropy alloys (HEAs),
which can overcome the restriction of conventional alloy de-
velopment and were first proposed by Cantor and Yeh et al. in
2004.117:181" Although HEAs are formed by multiple compo-
nents, they still possess unique microstructural stability.!1%20]
For mechanical properties, the HEAs reveal a wide range
of yield strengths, such as 300 MPa (AICoCrFeNiTi,)?!]
and ~ 10> MPa (NbMoTaW),[?2l which can even be tuned
by varying the concentrations of constituent elements.?3-2]
Interestingly, HEAs still preserve such novel mechanical
properties at elevated (e.g., Al,CrFeCoNi, CrMnFeCoNi, ?°!
FeCoNiCrMn!?7! and Nb,sTaysMo,sWo52%)) and cryogenic
temperatures (e.g., AlgeCoCrFeNi,?8 Al 3CoCrFeNi,?’!
and TiZrHfNbTal®l). HEAs also suggest excited fatigue!*!)
and wear®? characteristics and all those mechanical prop-
erties are phase structure dependent.33-3%1 HEAs even show
promising physical performance, such as magnetic ordering,
which is commonly derived from specific elements (Cu, Ti,
Al, Co, Fe, etc.).3®) Some flexible magnetic properties have
been reported in AlCo,Cr;_,FeNi,[*’l FeCoCrNiAlCu, 38!
and Al,CoCrFeNi, ) suggesting soft and hard magnetic com-
ponent applications.*?) In particular, some HEAs reveal no-
ble biocompatible and chemical performances as biomedical
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devices (TiZrNbHfTa and TiZrNbHfTa coatings)*!l and su-
percapacitor electrodes (AICoCrFeNi).[*?] These demonstrate
the unique advantages of HEAs compared with traditional
alloys.[+3!

In recent decades, the ever-growing energy demand has
become one of the world’s biggest challenges.!**! Moreover,
the usage of fossil fuels also brings critical environmental
problems.*! To solve energy and environmental issues, the
development of a clean energy system is essential. [*®] Tremen-
dous investigations have focused on using HEAs as an elec-
trode to decompose water in the hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER),[*75% put
ignored HEAs are also promising candidates in thermoelec-
tric applications. Thermoelectric devices can directly con-
vert waste heat into electricity, thus, they are an effective way
to solve the global energy crisis.[>! In principle, the strong
phonon scattering progress in HEAs can be exhibited simulta-
neously because of the increased complexity of the materials.
Because the atoms have different atomic sizes and electroneg-
ativities, the enthalpy change is a combination in the inter-
nal strain energy due to atomic size mismatch and fluctuations
of the internal ionic field energy arising from electron cloud
redistribution. 2! Interestingly, traditional alloy using as ther-
moelectrics has significant investigations. The thermoelectric
properties of PbTe—SrTe system can be improved by the Na-
doped method. 1531 The Big 52Sb;.4gTes is prepared by a melt
spinning (MS) technique with 5 nm-15 nm fine nanocrys-
talline, which also presents an excellent figure of merit ZT
value of 1.56 at 300 K.5* Fe, Vo gWy Al is synthesized us-
ing magnetron sputtering method, suggesting a high intrinsic
figure of merit characteristic. !5 Thus, HEAs used as thermo-
electric devices are worth looking forward to.

In this review, we present the state-of-the-art advances in
the thermoelectric properties of HEAs, focusing on the phys-
ical insights into reduced lattice thermal conductivity and en-
hanced Seebeck coefficient. The rest of this article is orga-
nized as follows. In Section 2, we first provide a brief review
on the basic concepts and characteristics of HEAs, such as the
definition, crystalline, quasicrystalline and amorphous struc-
tural characteristics. Then, in Section 3, we discuss the recent
advances in the thermoelectric properties of HEAs. The in-
trinsic advantages of HEAs in thermoelectric applications are
addressed by the phonon properties in group-IV metal chalco-
genides and BiyTes. Finally, we give a brief conclusion and
outlook for future experimental and theoretical studies in Sec-
tion 4.

2. Basic insights of HEAs

2.1. Definition of HEAs

4. 156,571

In the two influential papers published in 200 a

novel strategy was suggested to obtain HEAs via developing

the unknown center of multicomponent phase diagrams. Ini-
tially, the promising group of alloys was defined as solid so-
Iution alloys that contain more than five elements with equal
(or near) atomic percent (at.%),>®! and the atomic fraction of
each component was greater than 5 at.%. The multicomponent
alloys are well away from the edges and corners of the phase
diagrams. The birth of the unusual concept overturns human-
beings’ inherent ideas for designing and making materials.

The mixing entropy of materials (AS?nix) can be deter-
mined by!®7!
ASD iy = ASS e+ AS%, + AS?nag +ASOees ey

where AS? . ASO.  ASO  and AS°

conf” vib? mag> elec
tional entropy, vibrational entropy, magnetic dipole entropy,

are the configura-

and electronic randomness entropy, respectively. In particular,

ASgonf occupies a very important position where an alloy com-

posed of elements with equal atomic ratios can be calculated

by Boltzmann’s assumption, [>°]

1.1 1. 1 1.1
ASconf = —R (nlnn+n1nn+n1nn>

1
—RIn— =RInn, 2)
n

where R is the gas constant, about 8.3145 J-mol~!-K~1), and
n is the number of constituent elements. The configurational
entropy of alloys with different component numbers is shown

in Fig. 1.
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Fig. 1. The relationship between mixed entropy and number of elements.

It is worth noting that, when n = 1, a single element
constitutes a pure metal, suggesting that its configurational
entropy is zero. When n = 2, its configurational entropy is
0.69R. When n = 3, 4 and 5, it is rapidly increased to 1.10R,
1.39R, and 1.61R, respectively. When n = 15, the configura-
tional entropy reaches 2.71R. The overall rule is that as the
number of principal components n increases, the mixing en-
tropy continues to increase, and the increase in its magnitude
slows down as the number of components increases. An al-
loy composed of 5 or more elements with S > 1.5R can be
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referred to as an HEA.[®®) In addition, the quaternary alloy
with § > 1.36R is also able to qualify as the HEAs. Thus, the
configurational entropy (1.5R) can be used as the standard to
distinguish high/medium entropy alloys.

Figure 2(a) presents the schematic ternary and quater-
nary phase diagrams showing regions of well-known materials
near the corners and edges and regions of less studied or un-

r.[°1] Taking body-centered cubic

known materials in the cente
(BCC) as an example, it shows the schematics of lattice dis-
tortion in pure metals, conventional dilute alloys, and high-
entropy alloys in Fig. 2(b).1?] An illustration of the ASO.
for the ternary alloy system is shown in Fig. 2(c).[%3! Based

(a) (b)

ternary quaternary

[ = known region

(c) ' (d)

on 13 principal elements, through permutation and combina-
tion, 7099 chemical compositions of HEAs with atomic ratios
ranging from five to thirteen elements are designed.’! It is
CR+CP+CP+CP+CP+Cli+Clf +Cl3 =7099. In
view of the potential for microalloying, the number of HEAs
that can be designed and explored will be even more amaz-
ing. In Fig. 2(d), it shows the common elements included in
the HEAs and the classification of various HEAs. In theory,
it is suspected that a high configurational entropy can stabilize
and optimize a random solid solution to form HEAs, %) so the
concept of HEAs is expanded. Quaternary alloys that comply

with the high-entropy strategy are named as HEAs.[64-66]
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Fig. 2. (a) Schematic ternary and quaternary phase diagrams showing regions of well-known materials near the corners and edges and regions
of less-known or unknown materials in the center.!°!] For more details, please refer to Ref. [61]. (b) Schematics of lattice distortion in body-
centered cubic pure metals, conventional dilute alloys, and high-entropy alloys. A—E represent different element species in general.[®?] For more

details, please refer to Ref. [62]. (c) Illustration of the AS?

mix

for ternary alloy system. %3] For more details, please refer to Ref. [63]. (d) Common

elements included in the HEAs and classification of various HEAs.[%”) For more details, please refer to Ref. [67].

The four core effects of HEAs are high-entropy effect,
sluggish diffusion effect, severe lattice distortion effect, and
cocktail effect.[>®! In 2004, Yeh3”! firstly reported that, high
entropy is the unique effect of HEAs since it enhances the for-
mation of single solution phases, and as a result, it makes the
microstructure much simpler than previously expected. Over-
all, a higher number of elements allow the random state to have
the mixing enthalpy closer to that of the completely ordered
state.l3’] Thus, it becomes even more competitive with the or-
dered state under the aid of its high mixing entropy. In detail, it
shows that the increased configurational entropy could facili-
tate the formation of solid solution phases by lowering the cor-
responding free energy, especially at higher temperatures. Al-
though it is suspected that a high configurational entropy sta-
bilizes and optimizes a random solid solution to form HEAs,

there is a fact that most HEAs show simple structure. (0]

The sluggish diffusion effect means that in HEAs, the dif-
fusion process is relatively slow, which is beneficial to the
preparation of some specific microstructures. The diffusion
coefficient of the elements in HEAs is compared with those
of the elements in pure metals and stainless steels and it is
found that the HEAs have the slowest diffusion coefficient,
because the diffusion and phase transformation kinetics are
slow in HEAs. 198991 During diffusion, the neighboring atoms
in HEAs are somewhat different when an atom jumps into the
vacancy, due to the random distribution of atoms. The atom
becomes trapped and difficult to deviate from the site when it
jumps into a low-energy site. The case would be the opposite
when it is a high-energy site. Under both cases, the diffu-
sion process is hindered.!”®! This effect could be used to ex-
plain the formation of nano-sized precipitates, because nuclei
easily form but grow slowly.l>’! In the as-cast CuCoNiCrFe
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HEA, nano-precipitates with a size of 7 nm—50 nm in diame-
ter, close to the face-centered cubic phase in a spinodal plate,
appear, as shown in Figs. 3(a)-3(e).[>’! On the other hand, it
demonstrates the promising potential of HEAs for application
in diffusion barrier coatings.

tem Geveel

Fig. 3. Microstructures of an as-cast CuCoNiCrAlFe alloy. (a) SEM mi-
crograph. (b) TEM bright-field image. (c)—(e) Corresponding selected
area diffraction (SAD) patterns of (b) with zone axes of BCC [0 1 1],
BCC [00 1] + (0 1 0) superlattice, and FCC [0 1 1], respectively.!>’] For
more details, please refer to Ref. [57].

The severe lattice distortion effect of HEAs is usually
compared with the alloys with a certain dominant element.
In HEAs, the lattice site is occupied by random atoms. The
neighboring atoms usually have different atomic sizes, bond
configurations, and lattice potential energies. There are several
impacts on the mechanical properties of HEAs from the se-
vere lattice distortion effect.[”! For instance, enhanced hard-
ness and strength can be obtained from HEAs. "]
The cocktail

Ranganathan,!”?! aiming to describe the process of syner-

effect was first proposed by
gistic mixing of the elements in HEAs. It demonstrates that
the excellent properties of HEAs are not only derived from
the basic properties of the elements under the mixing rule,
but also from the interaction between the elements.!”* For
example, remarkable antioxidant activity can be obtained in
HEAs via introducing a certain element with strong oxidative

resistance. [7?

2.2. Structure of HEAs
2.2.1. Crystalline HEAs

The crystalline HEAs can be divided into solid solutions,
intermetallic phases, or a mixture of both solid solutions and
intermetallic phases. There are three kinds of solid solutions
found in HEAs, face centered cubic (FCC), BCC and hexago-
nal close packed structure.

FCC HEAs are mainly composed of the 3d transition
metal elements with equal- (or near-) atomic compositions.
Most FCC HEAs show remarkable ductility and considerable
strength. Among them, CoCrFeMnNi and CoCrFeNi HEAs
are two typical FCC HEAs. They show remarkable mechan-
ical properties even at the temperatures of liquid nitrogen. %!
The elements for BCC HEAs are mainly refractory metal el-
ements. It shows superior thermostability and elevated me-
chanical properties in BCC HEAs. For example, TaNbMoW
and TaNbVMoW HEAs show remarkable mechanical proper-
ties at elevated temperatures.!%*! They are named as refractory
HEAs.[%*! It shows the potential of HEAs for high-temperature
applications. The representative HCP HEAs include DyGd-
LuTbY and DyGdLuTbTm,!””! it is found that the rare earth
elements prefer to create an HCP structure, due to their sim-
ilar atomic sizes in favor of the formation of an isomorphic
binary solid solution. On the other hand, HCP HEAs can
also be obtained via FCC-HCP transformation from their FCC
structure, 78] such as the case in AlysCoCrFeNi HEAs.

On the other hand, for intermetallic compounds, there
are topologically close-packed phases (TCPs), e.g., o, U,
% and Laves phases.” Recently, several studies show the
mixed-phase structures (biphase and even more phases) in
HEAs.!8%811 The added phases can be controllably introduced
via adjustment of the element concentration.

2.2.2. Amorphous HEAs

Amorphous HEAs are a new type of HEAs, which in-
herit the advantages of HEAs and amorphous structures. For
the sake of obtaining high glass forming ability, at least one
kind of metalloid element, e.g., B, C, P, and Si, is usually
added to HEAs.
without metalloid elements reported.'3?) Benefiting from both

There are also several amorphous HEAs

the amorphous structure and high-entropy effect, amorphous
HEAs show specific properties such as high strength, superior
wear and corrosion resistance.[83] However, the metastability
of amorphous HEAs is a unique characteristic. It makes the
amorphous structure in HEAs tends to turn into a crystalline
structure when changing the temperature. Amorphous HEAs
show various applications in industry, due to their unique
physical and chemical properties.[®*! Amorphous HEAs can
be fabricated with a low critical cooling rate even down to
10 K-s~!. On the other hand, amorphization can be observed
in FCC HEAs subjected to high-pressure torsion. (83

2.2.3. Quasicrystalline HEAs

Most quasicrystalline structures are dominated by only
one element, while those with multiple elements have
rarely been discovered. The typical quasicrystalline
HEAs with multiple elements are MgMnAIZnCu!®! and
Al SisgMnygFez0Gaz#7) alloys. In MgMnAIZnCu alloy, the
matrix is HCP phase.[®®] There are many pits on the matrix,
which might be the sites of deciduous quasi-crystal particles.
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The retained quasicrystalline phase can be found in a few
pits.[8] On the other hand, it reports a decagonal quasicrys-
talline HEAs, AlzoSizoMHQoFCzoGazo.[87] The periodicity is
1.23 nm. The most basic structural tiles of the quasicrys-
talline HEAs are polygons with an edge length of 0.62 nm
such as squashed hexagon, star, boat, bowtie, and decagon. (871
Quasicrystalline HEAs are interesting topics because of both
structural and compositional complexity. Amorphous HEAs
and quasicrystalline HEAs possess lower thermal conductiv-
ity, which suggests promising application for thermoelectric

applications.

3. Thermoelectric properties

3.1. Intrinsic advantages of HEAs in thermoelectric appli-
cations

Thermoelectric (TE) technology is a particularly attrac-
tive option to provide a green and effective way for solving
the global energy crisis through direct heat to electricity en-
ergy conversion. The energy conversion efficiency of thermo-
electric devices depends on the thermoelectric figure of merit
(ZT), which is defined as!38!

S2oT

ZT = ,
Kp + Ke

3)

where S, o, T, K, and k. are the Seebeck coefficient, elec-
trical conductivity, temperature, phonon thermal conductiv-
ity and electron thermal conductivity, respectively. Previ-
ously, the following strategies were usually adopted to reduce
the lattice thermal conductivity and consequently enhance Z7,

[89]

including nanostructuring, introducing phonon-vacancy

scattering,®”! phonon scattering by point defects, !l the rat-

tling effect(°?!

or other phonon scattering processes in the ma-
terial, which are summarized as phonon engineering.*3! For
promoting the thermoelectric performance, low thermal con-
ductivity is preferred, while maintaining a high carrier mo-
bility and Seebeck coefficient. The aforementioned strategies
have a significant impact on the lattice thermal conductivity,
but a slight influence on the Seebeck coefficient, and even re-
sult in suppressed electrical conductivity. While recently some
investigations have been explored on the application of high-
entropy stable strategies for the synergistic regulation of the
electrical and thermal transport properties of materials. The
phase composition can be tuned and the performance also can
be enhanced by manipulating the configurational entropy of a
material using introducing different atomic species. For ex-
ample, the ZT of n-type PbSe based high-entropy material is
improved by 1.8 at 900 K, °*! which is resulted by largely dis-
torted lattices. Thus, the strong phonon scattering is induced
and the largely lower lattice thermal conductivity is obtained.
Besides, based on ultra-low lattice thermal conductivity ob-
tained by high entropy stabilization, the electrical properties of

HEAs also can be improved by modulating the degree of elec-
tron localization, which can avoid the effect of disorder intro-
duction on electron transport. The ZT of germanium telluride-
based high-entropy materials can be enhanced as 2.7 at 750 K
by tuning electron and phonon localization. !

The mass fluctuation can lead to significant phonon scat-
tering and broadening, as well as the enhanced phonon scat-
tering strength due to the strain field is induced by the change

in atomic size.[44

Moreover, in HEAs, the locally distinct
chemical environment results in force constant variations.
These force constant variations also lead to additional phonon
scattering.[°®! Therefore, the large compositional space in-
herent to HEAs promotes the phonon scattering rate, conse-
quently suppressing the lattice thermal conductivity. More
interestingly, the lattice thermal conductivity may be finely
tuned by adjusting the relative fractions of each constituent
element.

Liu et al. reviewed the thermal conductivity of typical
TE materials, and found an obvious configuration entropy
dependence.”! As shown in Fig. 4, when the configuration
entropy increases, a large decrease in the lattice thermal con-
ductivity is observed. This is a general phenomenon that
appears in various thermoelectric materials, including half-
Heusler alloys,”® skutterudites!®! and chalcopyrites. 1% Tn-
creasing entropy can result in a greater number of microscopic
configurations associated with more lattice defects, thus in-
troducing extra phonon scattering by point defects and grain

boundaries.
12} K " HH-ZeNISH
P Skutterudites
A Chalcopyrites
10 b ¥ Mg (SiGeSa)
F  Ph(S/SeTe)
5 — O (Ca/Yb)Zn Sh,
I i @ Bi(SSeTe),
'B [ '\“ @ Cu,(8/5¢/Te)
= 6 A "~ (CwAg), Ge(Se/Te),
z
o4r 8 .A m
2} #®- A o
i ?h x .. 4 ‘4*
=g ¥ ——a g =
0r o ‘ ° e
\ min

(I.(l 0.3 9.6 0.9 l.2 1.5 1.8
Configurational entropy AS (k;/f.u.)

Fig. 4. Lattice thermal conductivity as a function of the configurational
entropy.”’! For more details, please refer to Ref. [97].

HEAs also offer the possibility to enhance the Seebeck
coefficient and electrical conductivity. As shown in Fig. 5,7
the Seebeck coefficient increases with configuration entropy.
This is induced by the increased crystal symmetry of the ma-
terial. When the configuration entropy is high, alloys tend to
possess a high symmetry structure. For example, single Cu,Se
has a symmetry group of C2/c. With the configuration entropy
increasing to above 0.6 kg/f.u in CuySpsSeqs, the symme-
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try increases to hexagonal. HEAs possess mostly high sym-
metry crystal structures, including simple face centered cubic
(FCC), body centered cubic (BCC), or hexagonal cubic pack-
ing (HCP). Therefore, a high Seebeck coefficient in principle
can be achieved at an optimal carrier concentration because of
the enhanced electronic density-of-states and effective mass
induced by the multiple electronic bands around the Fermi

11101102

leve I These intrinsic characteristics of HEAs are well

aligned with the requirements for good thermoelectric materi-

als.
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Fig. 5. Seebeck coefficient ¢« as a function of the configurational

entropy. ! For more details, please refer to Ref. [97].

In HEAs, the large mass and force constant fluctua-
tions can induce significant phonon scattering rates. Further-
more, pronounced broadening was observed in the phonon
spectrum, which demonstrates the enhanced phonon anhar-
monicity. Kormann et al. employed ab initio calculations
to explore the phonon spectral broadening of body-centered
cubic alloys and studied the dependence on the number of

components by changing the alloys from binaries up to 5-
component HEAs.[193] Two sets of alloys are studied, set-1
is based on MoTa, including MoTa, MoTaNb, MoTaNbW,
and MoTaNbWYV, and set-2 is based on VW, including VW,
VWNb, VWNDbTa, and VWNbTaTi. Figures 6(a)-6(d) show
the computed phonon spectra for set-1 and set-2, as demon-
strated in Figs. 6(g)—6(j). Figures 6(e) and 6(f) are 3D repre-
sentations of the long-wavelength spectra for MoTaNbW and
MoTaNbWYV, respectively. For all considered alloys, the long
wavelength phonons are almost unaffected. For phonons in the
mid- and high-frequency regions (above ~ 4 THz), the broad-
ening is very strong for both sets of alloys, even up to a few
THz. In set-1 of alloys, the broadening of the phonon spec-
tra of 4- and 5-component alloys is much larger than that in
the 2- and 3-component alloys at the H-point. This broaden-
ing is related to the mass difference and the interaction with
chemical disorder. In principle, the lower the atomic mass, the
higher the phonon frequency. For example, Mo has a mass of
96 u, and phonon modes mainly contributed from Mo are in
the range of 6 THz to 7 THz. On the other side, as Ta has a
heavy mass of 181 u, phonon modes mainly contributed from
Ta are in the region of about 4 THz to 5 THz. Therefore, with
the added element for each alloy, broadening appears in the
phonon spectra due to the overlap of some of the newly added
phonon peaks. In addition to the mass effect, the force fluc-
tuation in alloys also leads to phonon spectra broadening. In
set-2 of alloys, the alloy effect on the phonon spectrum is more
obvious. There is a phonon band gap around the H-point (grey
dashed lines) in the phonon spectrum of VW. When more ele-
ments are added, this band gap disappears because of the over-
lap of newly added phonon modes.
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Fig. 6. Broadening of phonon spectra in MoTaNbWV related alloys in panels (a)—(d) and VWNbTaTi related alloys in panels (g)-(j) with
increasing number of elements. I} is the mass-fluctuation scattering parameter. Panels (e) and (f) are 3D representations of the long-wavelength
phonon spectra for MoTaNbW and MoTaNbWV, respectively.!!%3! For more details, please refer to Ref. [103].
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For thermoelectric energy harvesting applications, a high
working temperature is an ideal case, because of the large-
scale industrial waste heat recovery and high efficiency. In
recent years, research attention has been directed towards high
temperature thermoelectric materials, including oxides, mag-

[104] Previously, the

nesium silicides, and Zintl compounds.
state-of-the-art n-type SiGe compounds are promising high
temperature thermoelectric materials with ZT ~ 1 at T >
800 °C. In 2015, Shafeie et al. synthesized Al,CoCrFeNi
HEAs with high ZT values.!'! At 700 °C, when x = 0, the
power factor value is close to zero. For x = 2, power fac-
tor is improved to > 0.2 mW-m~!'-K~2, indicating remark-
able advantage of HEAs for high temperature thermoelectric
application. From the temperature dependent curve, power
factor arrives to the maximum value at around 700 °C, then
decreases as the temperature increases. From the measured
lattice thermal conductivity and power factor at 505 °C, a ZT
value of 0.015 is achieved. As the lattice thermal conductiv-
ity decreases with increasing temperature in the temperature
range of 500 °C-700 °C while the power factor increases, a
high ZT is expected at 700 °C. This can open the door towards
new thermoelectric materials in high temperature application.

The thermoelectric properties of half-Heusler type
TipNiCoSn;_,Sb;1, (0 < x < 1) are explored. It is found
for x = 0 samples, the microcrystalline samples have a sim-
ilar thermal conductivity to the bulk TiNiSn sample, and a ZT
of 0.144 at 860 K.!1%°] The value of ZT depends on the content
of Sn and Sb, for samples with x = 0.5, a ZT of 0.29 at 873 K
was reported.107]

So far, the representative high performance thermoelec-
tric materials include Bi, Tes, PbTe, SnSe and SnTe.[!08] A di-
rect way to develop thermoelectric HEAs is based on applying
known thermoelectric compounds as the starting system. In
the following sections, we focus on Bi;Te; based HEAs and
IV-VII based HEAs to demonstrate the enhanced thermoelec-
tric in HEAs.

3.2. Bi,Te; based HEAs

Bi;Te; (bismuth telluride) based analogs are the most
studied thermoelectric materials with performance peaking
near room temperature. In the last decade, some strate-
gies have been suggested to significantly reduce the lat-
tice thermal conductivity and thus enhance Z7, such as

109 [110]

nanostructuring,[ ! hierarchical structures, and strain

(1111 Bi, Te; was successfully applied as the start-

engineering.
ing material to develop thermoelectric HEAs. In 2016, Fan
et al.'""?! introduced the concept of HEAs to reduce the lat-
tice thermal conductivity of BiTes and markably increased
thermoelectric properties were found experimentally in the
BiSbTe; 5Se; s HEA. At 400 K, the lattice thermal conductiv-
ity is only 0.47 W-m~!-K~!. In addition, with a small amount

of Ag, the lattice thermal conductivity can be further reduced,

associated with an increase in the Seebeck coefficient. As
shown in Fig. 7, the peak value of the base BiSbTe; 5Se; 5
alloy is 0.20 at 450 K. With further alloying with Ag, in the
studied temperature range, ZT value increases with Ag alloy-
ing, because the Seebeck coefficient increases and the lattice
thermal conductivity decreases with Ag content. The maxi-
mum ZT value of 0.63 is obtained at 450 K in the 0.9Ag sam-
ple, which is about three times than that of the base sample. It
is clear that high mixing entropy is effective in enhancing the
ZT value. However, when the Ag content is 1.2, the thermo-
electric ZT value decreases due to the presence of the Ag-rich
secondary phase, which reveals the complexity and challenge
in improving the thermoelectric performance of HEAs.

0.7
® Base
0.64 o 03Ag
® 0.6Ag
059 o 0.9Ac
A 1.2A;
044 -
N
0.3
0.2 1
0.1+
0.0 T T T T T
300 350 400 450 500
T (K)

Fig. 7. The thermoelectric figure of merit of BiSbTe; sSe; sAg, alloys
with different x.1''2I For more details, please refer to Ref. [112].

The texturing under uniaxial pressure is one of the key
factors affecting the thermoelectric properties of Bi; Tes-based
alloys.!''3] The texturing of BiSbTe; 5Se; 5 alloy was stud-
ied, with the samples synthesized in experiments by self-
propagating high-temperature synthesis and spark plasma

114 Under texturing, a partial ordering of grains was

sintering. !
observed, which resulted in the formation of a lamellar grain
structure. The orientations of the sheets in adjacent blocks are
different from each other. Due to the block texturing, there is
an obvious orientation dependence in the thermoelectric prop-
erties of the BiSbTe; 5Se; 5 alloy. The highest ZT values are
0.43 (perpendicularly to the texturing axis) and 0.34 (parallel
to the texturing axis) at 450 K.

A Bi-Te involved HEA, (Ag,Pb,Bi)(S,Se, Te) was synthe-
sized by the congruent melt of Ag powders and grains of Pb,
Bi, Te, Se and S at 800 °C, and the thermoelectric properties

1151 1n these HEAS, both cation and anion

were investigated.|
sites were alloyed and the total entropy reached 2.00R (R is the
gas constant). This HEA, Agg.25Pbg.s0Bio.25S0.40S€0.50Teo.10
is an n-type semiconductor with room temperature lattice ther-
mal conductivity of 0.62 W-m~!-K~! and it is further reduced
to 0.46 W-m~L.K—! at 723 K. At 723 K, its thermoelectric
ZT is ~ 0.54. It is worth noting that although ultralow ther-

mal conductivity is achieved in Bir Tes based HEAs, this value
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of ZT is obviously lower than that of state-of-the-art BiyTe;
based analogs because of the reduced electrical conductivity
in HEAs. Therefore, in studying high performance thermo-
electric HEAs, enhancing the electrical conductivity will be
the future focus.

3.3. HEAs based on group-IV metal chalcogenides

Group-IV metal chalcogenides (MCh) such as lead
chalcogenides (PbTe, SnSe, PbSe, PbS) have been extensively
studied as high efficiency thermoelectric systems.!!16-117]
Fan et al. demonstrated the impact of the HEA concept in pro-
moting thermoelectric performance in PbSnTeSe alloys.!!8]
At 650 K, the peak value of ZT is up to 0.4. The ZT value can
be further enhanced with La doping, forming Pb;_,SnTeSeLa,
alloys with x in the range of 0-0.1. The minor compositional
change not only improve both the Seebeck coefficient and
electrical conductivity, but also alleviate the bipolar thermal
conductivity, all of which result in the increased peak value
of ZT. The maximum ZT value of ~ 0.8 is obtained at 873 K
when x = 0.06.

Luo et al. investigated the thermoelectric properties of the
AgSn,,SbSe,, o system with m = 1-20.11"1 When m =1 (i.e.,
AgSnSbSes), the alloy forms a stable cation-disordered cubic
rock-salt structure. AgSnSbSe; has a low lattice thermal con-
ductivity of ~ 0.47 W-m~!.K~! at 673 K. The authors fur-
ther added the Te element. The alloying on Se sites results
in a NaCl-type solid solution AgSnSbSe;_,Te, (x is in the
range of 0-3) with randomly disordered cations and anions.
As shown in Fig. 8(a), AS (the difference between the actual
and ideal entropies of mixing) increases with x, arrives at the
peak value of 17.3 J-mol~1-K~! at x = 1.5, and then decreases.
In Fig. 8(b), the thermal conductivity changes with x follow-
ing a U-shaped curve. This U-shaped dependence occurs at all
the studied temperatures, demonstrating obvious component
dependent lattice thermal conductivity. At 673 K, a glass-like
lattice thermal conductivity of ~ 0.32 W-m~!.K~! is obtained
when x = 1.5, indicating the feasibility of entropy engineer-
ing in decreasing lattice thermal conductivity. Figure 8(c) pro-
vides a deep understanding of such low lattice thermal conduc-
tivity. In HEAs, the increase in configurational entropy would
enhance the phonon scattering strength (Ito), contributing to
the phonon scattering processes due to atomic mass fluctuation
(In) and strain field fluctuation (I's). As shown in Fig. 8(c),
all the calculated phonon scattering rates show an inverted U-
shaped dependence on the x value (Te composition). Further-
more, the strain field fluctuations dominate the phonon scat-
tering in the AgSnSbSes;_,Te, HEAs. Therefore, such low
thermal conductivity in AgSnSbSe; sTe; s is a result of the
high-entropy engineering. In addition to the impact on lat-
tice thermal conductivity, the Te alloying also results in greater
convergence of the multiple valence band maximum, and pro-
motes a high-power factor. For AgSnSbSe; 5Te; 5, a high aver-
age power factor of ~ 9.54 uW-cm~!-K~? and a high average

ZT of ~ 1.0 are achieved in the range of 400 K-773 K. For
AgSnSbSe; 5Te; 5, in this temperature range, a peak thermo-
electric ZT of 1.14 is observed at 723 K, as shown in Fig. 8(d).

(@) 18 e,
.,:"'15 + ]
& i
‘(B 12 i <
9
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W 3] :
q i
e : I ) I S—
0006 1218 24 3.0 000612182430
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(c) —r (d) 18— s
0.12 S 15|10 —yx=1s
—; e e
0.09 = 1.2{2550 o
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Fig. 8. (a) Calculated configurational entropy AS for AgSnSbSe;_,Te.
(b) Lattice thermal conductivity for AgSnSbSes_, Te, samples. (c) Phonon
scattering parameters as a function of Te content. Here Ijo,, In, and
Is are the total scattering rate, and phonon scattering rates induced by
mass fluctuation and strain field fluctuation, respectively. (d) Temperature-
dependent ZT values for AgSnSbSe;_, Te, samples.!'!?) For more details,
please refer to Ref. [119].

Hu et al. investigated the thermoelectric properties of
multi-principal-element-alloyed SnTe (Sn/Te/Ge/Pb/Mn al-
loys) both theoretically and experimentally.!'>°! It was found
that both the absolute value of the Seebeck coefficient and
carrier mobility can increase with the number of alloying ele-

1211 Meanwhile, ul-

ments, due to the band convergence effect.!
tralow lattice thermal conductivity of about 0.32 W-m~!.K~!
at 900 K was reported in (Sng7Geg 2Pbg.1)9.75sMng 275 Te alloy,
which is lower than the amorphous limit of SnTe. Combined
with the increased Seebeck coefficient and electrical conduc-
tance, fine tuning of the Sn can lead to a state-of-the-art value
of ZT =~ 1.42 at 900 K in (Sng74GegPbg.1)0.75Mng 275Te.
However, if the entropy of mixing is too high, the increased
mass and strain fluctuations may suppress carrier mobility,
thus precise entropy engineering is required.

Tin telluride (SnTe) is another representative group-1V
metal chalcogenide compound with promising thermoelec-
tric properties. HEAs form based on PbTe, GeTe, and
MnTe coalloyed with SnTe have been synthesized and stud-

122] Because of the inclusion of various

ied experimentally.!
elements at the cationic (Sn, Pb, Ge, and Mn) site, the con-
figurational entropy increases, and the lattice thermal con-
ductivity is significantly suppressed to 0.6 W-m~!.K~! at
room temperature. With Ga doping to optimize the car-
rier concentration to ~ 5.7 x 102 cm™3, a peak value of
ZT ~ 1.52 is achieved at 823 K, and a high average ZT
value ~ 1.0 in the range of 323 K-823 K is obtained in

Gayg.025(Sng 25Pbp 25sMng 25Geg 25)0.975 Te.
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Importantly, except above entropy engineering to enhance
the thermoelectric performance by tuning the lattice thermal
conductivity and Seebeck coefficient, the phase formation,
electronic band structure, and multiatomic bonding also play
important roles in promoting thermoelectric performance. For
example, an ultra-high thermoelectric figure of merit of about
2.0 can be obtained, when the Bi;Tes; systems transfer from
a topologically trivial into a non-trivial phase, while the ther-
moelectric figure of merit also suggests a dependence on the
thickness. >3] The bandgap of the PbTe—SrTe alloy can be im-
proved by the substitution of Mn for Pb atoms. Besides, the
average thermoelectric figure of Mn-doped PbTe alloy merit
can be enhanced by 18%, which results from the synergistic
effects of the dislocation scattering on phonon transport and
band structure.’3 Fe; Vo WAl thin film presents a high
intrinsic figure of merit, which is contributed by a Weyl-like
electron dispersion near the Fermi level and the significant
charge density difference at the Fermi level. Thus, a high mo-
bility of carriers is obtained by linear crossing in the electronic
bands.[?! As for the multiatomic bonding, the Bi atoms in
YbMnBi, can be divided into two types, one bonded with Mn,
while another shows an interlayer in-between. Such heavy Bi
atom possesses an obvious spin orbital coupling effect, while
the electronic bands are very light near the Fermi level, in-
duced by the hybridisation of p and d orbitals. Therefore, high
mobility and low resistivity are addressed and the decent ther-

moelectric figure of merit can be obtained. [!?*]

3.4. Developing high thermoelectric performance

Although considerable investigations have been explored
to explore the thermoelectric performance of HEAs, optimiz-
ing the thermoelectric property of HEAs is an urgent issue
that requires attention. Nanostructures in bulk thermoelectrics
show effective phonon scattering, while the phonons possess-
ing long mean free paths maintain unaffected. Based on this,
scattering the phonons with long mean free paths to suppress
the lattice thermal conductivity, so that the thermoelectric per-
formance can be improved in experiment,!!?! is an efficient
strategy. Doping is a popular means to tune the properties of
the materials, which also can improve the ZT. For example,
the incorporation of the Ag and Se atoms combined with the
employing entropy optimization can decrease the thermal con-
ductivity significantly because of the anharmonicity, while the

1261 Thus, the outstanding

electrical conductivity is retained.!
power factor is obtained.
Topological thermoelectrics provide a theoretical guid-
ance for the design of high thermoelectric performance HEAs.
Even if topological insulators are promising candidates for
excellent thermoelectric materials possessing intrinsic char-
acteristics with a small bandgap and heavy element, such
as Bizseg,[127‘129] metals also can act as potential thermo-

electrics. For example, the YbMnSb, suggests a high Seebeck

coefficient and power factor comparing with other topological
materials, because the obvious dispersion of the Dirac bands

130

reduces the resistivity.[ I Therefore, the excellent thermo-

electric performance together with gap free cross bands and
regular bands in new topology HEAs is quite promising,[!3!]
and combining the further application of other technologies,
potential thermoelectric enhancement in HEAs can be ex-

pected.

4. Conclusion and prospects

The up-to-date investigations of the HEAs have pro-
posed various outstanding performances, which enable poten-
tial wide applications of HEAs in thermoelectric energy con-
version. This work presents a comprehensive review of the
definition and the inherent superior performance of the HEAs.
The structural particularity of the HEAs is addressed by def-
inition, including crystalline, quasicrystalline and amorphous
performances. The advanced applications as thermoelectric
materials using HEAs are further demonstrated by explaining
the novel properties of phonons.

Although remarkable advancements in the experimental
and theoretical understanding of the thermoelectric properties
of HEAs have been achieved, because of the complexity of
HEAs, further investigations combining experimental and the-
oretical efforts are still indispensable. Firstly, the calculation
of the phase diagram functional is a commonly used method
for HEA design by calculating the equilibrium phases, but it
has a strong dependence on the database, which also restricts

132 Thus, the development of multicomponent

the accuracy.!
systems is necessary. Extensive progress has been explored
considering the application of machine learning methods in
computational materials science. Machine learning and high-
throughput computation methods play essential roles in the
field of thermoelectric materials based on HEAs. On the other
side, the first principle simulations can provide the physical
parameters for the calculation of phase diagrams, 33! which
possesses intrinsic advantages and more advanced challenges
for the prediction of HEAs.

Furthermore, to realize the actual applications of HEA-
based thermoelectric devices, some crucial issues should be
addressed. First, it is critical to explore an economical, effi-
cient and high-quality production method for the HEAs, which
is still a challenging topic. Second, the operability of the pre-
cise doping and functionalization is still challenging in HEAs,
although it is a commonly used strategy to enhance the value
of ZT. Moreover, the electronic conductivity and Seebeck co-
efficient of the current HEAs need to be further enhanced,
which could be achieved by searching for proper dopants to
induce band convergence. In conclusion, we believe that the
thermoelectric property of HEAs is an active research topic,
and continuous theoretical and experimental studies deserve to
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understand the underlying physical insights, as well as boost

further advancement towards the practical application.
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