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ABSTRACT

Thermoelectric energy conversion is a promising renewable technology to generate electricity by recovering waste heat. Great progress has
been made in energy conversion efficiency of thermoelectric materials, but further performance enhancement has been expected by
developing new material design rules. Recently, “mixed-anion” materials, which consist of two or more anionic species in a single phase, have
attracted much attention as a next-generation high-performance thermoelectric material. They form unique crystal structures and coordina-
tion not observed in single-anion systems and have demonstrated, for example, extremely low lattice thermal conductivity and also specific
electronic structure enabling high thermoelectric performance. This paper provides a comprehensive review of the recent advances in mixed-
anion thermoelectric materials and the mixed-anion effect on electron and phonon transport. We first provide an overview of the historical
approach of multiple-anion substitution onto single-anion compounds and discuss the substantial impacts of multiple anion substitutions
across different material systems. Then, we summarize the characteristics of crystal structures and physical properties, as well as the recent
advances in thermoelectric properties for the mixed-anion compounds that naturally contain multiple anions. In the end, we point out the
currently unsolved challenges and future prospects toward the development of mixed-anion thermoelectrics. Mixed-anion materials have a
large degree of freedom regarding the choice of the constituent anion combinations, which provides a wide search space for new materials
with further outstanding thermoelectric performance. Going forward, we expect that the mixed-anion strategy offers great potential for find-
ing new classes of high-performance thermoelectric materials.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0263175
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I. INTRODUCTION

Ever-increasing energy consumption and growing environmental
issues give considerable significance to explore sustainable and eco-
friendly energy resources. Today, more than half of the total energy
produced from fossil fuels is discarded as waste heat, which is ubiqui-
tous in energy use processes in households, industrial sectors, and
automobiles, as well as other energy uses in solar energy conversion
and battery heat. If waste heat could be converted into a more useful
form of energy such as electricity, we could minimize fuel consump-
tion with reduced carbon emission. One of the most promising
approaches to harvest such waste heat is to utilize thermoelectric mate-
rials, which can directly convert the waste heat into electrical energy
via Seebeck effect.'

The energy conversion efficiency of the thermoelectric materials
is a monotonically increasing function of the dimensionless figure of
merit (ZT), defined as ZT = $?6T/k, where S is the Seebeck coefficient,
o is the electronic conductivity, T is the absolute temperature, and « is
the thermal conductivity. The output electric power can be defined by
$%, which is called the power factor (PF), and « includes the electronic
thermal conductivity (x.) and lattice thermal conductivity (xi,,). High-
performance thermoelectric materials are typically made of heavily
doped semiconductors, where both electrons and phonons contribute
to thermal transport (k = K. + Kj,0). To achieve a high ZT, both high S
and high ¢ are required, while x must be minimized, simultaneously.
However, achieving high ZT is impeded by the well-known tradeoff
relationship among the parameters. For example, ¢ and S have an
opposite relation with the carrier concentration (n); i.e., ¢ increases
with growing n, whereas S decreases, limiting the maximum PF at a
certain n. Moreover, a higher ¢ usually results in a high x., as repre-
sented by Wiedemann-Franz law of k. = LoT (L is the Lorenz num-
ber). Due to the complex coupling between these physical properties,
designing thermoelectric materials with high ZT is highly challenging.”
On the other hand, only «;,, is almost independent of the other param-
eters, and effective reduction of ki, can often lead to ZT enhancement.

Many strategies have been developed to realize high ZT materials
by enhancing PF and decreasing thermal conductivity over the past
several decades. Enhancement of PF relies on optimizing the

REVIEW pubs.aip.org/aip/are

concentration, effective mass, and mobility of charge carriers through
modification of the electronic band structure and density of states near
the Fermi level. Various band structure englneenng approaches, such
as resonant state doping,”’ band convergence,”’ utilization of
magnetlsm, Yand dimensionality reduction,'' have been demonstrated
to tune electrical transport properties for PF enhancement. The reduc-
tion of lattice thermal conductivity usually involves structural engi-
neering at various length scales. The conventional approach to
enhance phonon scattering includes introducing extrinsic defects, such
as atomic scale defects,””'* cation disorder,”” and nanoscale
precipitates,'® as well as nanostructuring by grain refinement,'”'* and
porosity design.'”*’ In addition, low lattice thermal conductivity can
be realized by intrinsic phonon scattering sources originating from
chemical bonding and structural aspects, such as layered structures,”’
liquid-like sublattices,”” ** chemical bond heterogeneity (the coexis-
tence of strong and weak bonds),””® local structural distortions,””**
ferroelectric instability,”””" anharmonic lattice vibrations originating
from lone pairs,” and atomic rattling.”” Minimizing lattice thermal
conductivity by strong phonon scattering without deteriorating elec-
tronic conductivity (minimizing electron scattering) is the ideal solu-
tion for achieving high ZT materials. This is conceptualized as
phonon-glass electron-crystal (PGEC),” where the phonon and elec-
tron transport channels are decoupled, thus facilitating independent
control of phonon and electron transport.

These strategies have led to significant ZT enhancement in differ-
ent classes of materials. For example, high ZT materials at ~300-
500K include (Bi,Sb),(Se,Te)s-based alloys,lz"w‘” Mg;Bi,-based
alloys,** and MgAgSb alloys.””"’ For intermediate-temperature
range ~500-900K, promising candidates are PbCh (Ch=S, Se,
Te)," " SnCh (Ch =S, Se, Te),”** "’ GeTe,"”" Cu,Ch (Ch=S, Se,
Te),” > Mgz(Si,Sn,Ge),S ot Mg;Sb,-based alloys,SS * BiCuOSe,”"""
Zn,Sbs,7 In,Ses,®* BagGaj¢Gesp, and some other clathrate
compounds,“’(‘(’ CoSbs-based  filled  skutterudites,”” *  and
tetrahedrites.””’* For high temperature range>900K, SiGe, "
(Pr,La);Te,, "® Yby,MnSby;,”””® and half-Heusler alloys™ 1 have
been developed up until now. There have been numerous excellent
reviews of the strategies and progress in the development of thermo-
electric materials®””’ as well as mechanisms of the performance
enhancement.’ " "'

On the other hand, “mixed-anion” materials, which consist of
two or more anionic species in a single compound, have recently
gained attention as next-generation thermoelectric materials with
extremely low lattice thermal conductivity. In mixed-anion materials,
the high flexibility in the arrangement of multiple anions with different
sizes, masses, electronegativity, etc., enables the formation of unique
crystal structures with specific local coordination. The mixed-anion
materials have been proven to possess the potential to offer novel and
attractive functionalities including catalysts, batteries, and supercon-
ductors, which were not observed in traditional “single-anion”
materials.''”'*° In mixed-anion materials, special local structure can
be designed to realize extremely low lattice thermal conductivity and
also unique electronic structure for PF enhancement. Various kinds of
anions can be selected and arranged in mixed-anion materials, which
provide a wide search space for the new materials with outstanding
thermoelectric performance. There have been many recent reports on
the synthesis and properties of new mixed-anion materials. However,
these are limited to an understanding of individual materials, and there
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is a lack of research to achieve a comprehensive understanding of the
material system and properties.

In this review, we aim to provide a comprehensive overview of
the “mixed-anion concept” as a new strategy to develop thermoelectric
materials, and highlight their characteristics and advantages. In Sec. I,
we introduce the concept of mixed-anion materials and categorize
them into three types based on structural perspective, followed by an
overview of the multiple anion effect on electronic and thermal trans-
port properties. In Sec. III, we comprehensively introduce recent
advances in thermoelectric properties for each of the three categories
of mixed-anion materials. In the end, we highlight the currently
unsolved challenges and future prospects toward the development of
mixed-anion thermoelectrics.

Il. CLASSIFICATION OF MIXED-ANION MATERIALS AND
VARIOUS ROLES OF MULTIPLE ANIONS

In this review, we classify mixed-anion materials into three types
according to the arrangement of multiple anions within a single com-
pound (Fig. 1). A typical example involves the partial substitution of
anion sites in single-anion materials with different anions, which likely
represents the majority of mixed-anion materials [Fig. 1(a)]. In most
cases, the substituted anions randomly occupy the original anion sites,
such as Pb(S,Se,Te). On the other hand, there are numerous com-
pounds which naturally contain multiple types of anions occupying
crystallographically inequivalent sites, such as oxynitrides, oxychalco-
genides, and oxyhalides. These should be classified separately from the
case of partial anion substitution as “mixed-anion compounds”
[Figs. 1(b) and 1(c)]. Among the mixed-anion compounds, a further
classification can be made based on their local structures. The first type
includes the crystal structures consisting only of homoleptic coordina-
tion polyhedra, in which cations are coordinated by only one type of
anion. In this case, multiple types of homoleptic polyhedra, each con-
taining a different anion species, are spatially separated, such as
(Cu,Se,)*™ and (Bi,0,)*~ layers in a layered BiCuOSe [Fig. 1(b)].
Multiple types of homoleptic polyhedra are not limited to layered com-
pounds but can also be observed in three-dimensional frameworks.
The second type comprises heteroleptic polyhedra, in which cations
are coordinated with two or more different types of anions, e.g,
MnSbS,Cl with heteroleptic polyhedra of [MnS,Cl,] and [SbSsCl,]
[Fig. 1(c)]. This type is characterized by significantly distorted local
structures not observed in single-anion materials, due to the presence
of multiple anions with notably different electronegativities and ionic
radii within the coordination polyhedra. There are also intermediate
cases, such as compounds that contain both homoleptic and heterolep-
tic polyhedra; for example, SrsGe;OSe;; contains homoleptic GeSe,

i (c) e.g. MnSbSCl

REVIEW pubs.aip.org/aip/are

Mixed-anion compounds

FIG. 1. Categorization of “mixed-anion”
materials. (a) Multiple-anion substitution
onto single-anion compounds. (b) and (c)
Mixed-anion compounds that naturally
contain multiple anions, which are classi-
fied into two types: (b) mixed-anion com-
pounds with multiple homoleptic polyhedra
and (c) mixed-anion compounds with het-
eroleptic polyhedra.

Heteroleptic
polyhedra

Ordered anion site

tetrahedra and heteroleptic GeOSe; polyhedra.'”' Viewed from
another perspective, BiCuOSe can also be described as follows: Bi is
coordinated by four O and four Se atoms, forming a heteroleptic
BiO,Se, square antiprism, while Cu is coordinated solely by Se atoms,
forming homoleptic polyhedra.

To summarize, although there are some intermediate or excep-
tional cases, in this review we broadly classify “mixed-anion” materials
into the three categories: (1) multiple anion substitution onto a single-
anion compound, (2) mixed-anion compound with homoleptic poly-
hedra, and (3) mixed-anion compound with heteroleptic polyhedra.

(1) Partial anion substitution is one of the traditional strategies to
enhance the thermoelectric performance of some single-anion
materials [Fig. 1(a)]. Conventionally, aliovalent ion substitution
is performed to control carrier concentration to optimize PF.
Isovalent ion substitution is typically considered to provide
minor changes in physical properties. However, the solid solu-
tion of a large amount of isovalent ions with different sizes,
masses, electronegativity, etc., has significant effects on the large
modulation of electronic and/or phonon band structures as well
as the formation energy of donor or acceptor type defects. For
example, isovalent anionic solid solutions, such as PbTe-
PbSe,”''" have been regarded as an effective way to realize the
PF enhancement by band structure engineering, and also the
reduction of lattice thermal conductivity by the strong phonon-
alloy scattering.

(2) Mixed-anion compounds consisting of multiple homoleptic
polyhedra have been expected as potential thermoelectric mate-
rials with intrinsically low lattice thermal conductivity
[Fig. 1(b)]. Mixed-anion compounds containing anions with
different bonding characteristics to cations, with some forming
predominantly ionic bonds and others forming predominantly
covalent bonds, tend to form complex crystal structures. These
are characterized by the coexistence of bonds with varying
degrees of ionicity and covalency within a single phase, which
sometimes leads to the formation of distinct structural blocks.
Typical example is layered BiCuOSe, consisting of (Cu,Se,)*™
and (Bi,0,)*” layers. The O and Se anions do not mix with
each other, but form separate layers with homoleptic unit of O-
Biy and Cu-Se; polyhedra, respectively. The naturally formed
superlattice structure, where conductive Cu,Se, layer is sand-
wiched by insulating Bi,O, layer, provides a highly anisotropic
electronic band structure, resulting in sharp density of states
around Fermi level and the large Seebeck coefficient. In addi-
tion, the two-dimensional (2D) layered network with strong
chemical bonding, while having much weaker interaction
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between the layers, provides the lattice anharmonicity and
strong phonon scattering, resulting in the intrinsically low lat-
tice thermal conductivity.

(3) Heteroleptic coordination environment in mixed-anion com-
pounds [Fig. 1(c)] have various roles in determining their elec-
tronic and phonon transport properties. The different anion
arrangements provide local structure symmetry breaking and
the concomitant crystal-field splitting, which have a significant
correlation with the electronic structures and modulate the
effective mass and carrier scattering rate. In addition, it provides
the chemical bond heterogeneity, which effectively realizes
strong phonon scattering and extremely low lattice thermal
conductivity. For example, MnPnS,Cl (Pn=Sb, Bi) contains
two types of highly distorted heteroleptic units, [MnS,Cl,] and
[PnSsCl,]. Bond strength between cations and anions shows a
wide variety within these heteroleptic units, which results in an
increase in the number of phonon scattering channels.'*” Such
effects derived from the heteroleptic coordination can be more
prominent than homoleptic mixed-anion compounds due to
the pronounced distortion in local structures. Hence, utilizing
unique bonding arrangements in heteroleptic unit could offer
powerful opportunities for designing high ZT thermoelectric
materials with extremely low lattice thermal conductivity.

The effects of incorporating multiple anions into a single material
vary widely, ranging from straightforward outcomes to those still
under investigation. Some of the mixed anion effects on electron and
phonon transport properties are summarized in Fig. 2. As will be
explained later, multiple anion substitutions at anion sites such as in
Pb(Te,Se) enable electronic band structure engineering for increasing
the band degeneracy and tuning the bandgap [Fig. 2(a)]. Furthermore,
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. i .. i .... o ﬂ .\
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Low-dimensionality
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the variation of bond strengths formed by multiple anions can signifi-
cantly modulate the phonon band structure [Fig. 2(b)]. Since phonon
frequencies are highly dependent on the strength of interatomic inter-
actions, vibrations arising from strong and weak bonds may split in
frequency space, which markedly affects thermal transport.
Additionally, the local symmetry breaking of heteroleptic coordination
polyhedra places center cations in off-center environments [Fig. 2(c)],
often resulting in highly anharmonic and localized vibrational states
that substantially reduce lattice thermal conductivity. The large differ-
ences in ionic radius and electronegativity between anions affect the
formation enthalpy of native defects. Thus, even with isovalent anion
substitution, it is possible to control carrier concentration and, in some
cases, switch carrier polarity [Fig. 2(d)]. The coexistence of distinct
multiple chemical bonds, such as ionic and covalent bonds within a
single material, also suggests that the units containing these bonds
may spatially separate, as exemplified by BiCuOSe [Fig. 2(e)]. In such
layered structures, conductive and insulating layers are separated,
resulting in a strongly anisotropic electronic structure that often posi-
tively influences thermoelectric properties. Phonon transport is also
affected by the anisotropic chemical bonding and weak interlayer
interaction. Incorporating multiple anions often enhances phonon
scattering and reduces lattice thermal conductivity. However, these
same effects can increase carrier scattering and reduce electrical con-
ductivity. Balancing these competing effects is therefore crucial for
designing high-performance mixed-anion thermoelectric materials.
On the other hand, in layered mixed-anion compounds where
phonon-scattering layers and highly conductive layers are spatially
separated, it is possible to achieve strong phonon scattering and low
lattice thermal conductivity while maintaining high electrical conduc-
tivity, as charge carriers experience minimal scattering in the conduct-
ing layers.

Phonon
band engineering

b% ii lit
[ § } p/ spli

FIG. 2. Schematic illustrations of the effects
of mixed-anion approach on electron and
phonon transport properties. (a) Electron
band engineering. Mixing of multiple anions
modulates the relative band energies near
the band edge, achieving band convergence
and bandgap tuning. (b) Phonon band engi-
neering. Bonding heterogeneity in heterolep-
tic coordination polyhedron induces a peak
split in the phonon density of states (DOS),
filing a gap and enhancing phonon scatter-
ing channel. (c) Offcentered cation.
Heteroleptic polyhedra with significantly off-
centered cations induce localized and highly
phonon anharmonic phonon modes that effectively
hinder thermal transport. (d) Point defect
manipulation. Formation energies of point
defects can be tuned by anion mixing,
enabling carrier concentration tuning and
conduction polarity switching. (€) Low dimen-
sionality. Layered structure of mixed-anion
compounds, created by spatially separated
distinct anions, leads to a large anisotropy in
electron and phonon transport.

charge carrier

- anisotropic band structure
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11l. THERMOELECTRIC PROPERTIES OF MIXED-ANION
MATERIALS

In this section, we introduce recent advances of mixed-anion
thermoelectric materials and highlight prominent mixed-anion effects
on electron and phonon transport properties across various material
systems, based on the categorization described in Sec. II: multiple-
anion substitution onto single-anion compounds (Sec. I1I A), mixed-
anion compounds with homoleptic polyhedra (Sec. IIIB), and
mixed-anion compounds with heteroleptic polyhedra (Sec. IIIC).
Intermediate compounds that contain both homoleptic and heterolep-
tic polyhedra are included in Sec. III C. In Sec. III A, to comprehend
the key developments of mixed-anion thermoelectric materials, we first
highlight the historical approach of multiple-anion substitution onto
single-anion compounds, presenting various examples of substantial
impacts from multiple anion substitutions on electron and phonon
transport. In Sec. III B, we provide an overview of the characteristics of
crystal structures and physical properties, as well as the recent advan-
ces in thermoelectric properties for the mixed-anion layered com-
pounds. In Sec. IIIC, we summarize the structural features and
thermoelectric and thermal transport properties of mixed-anion com-
pounds with heteroleptic local structures.

A. Multiple anion substitution onto single-anion
compounds

One of the most common approaches to enhancing the perfor-
mance of thermoelectric materials involves selecting a parent material
with appropriate crystal and electronic structures, followed by elemental
substitution to optimize carrier concentration and reduce lattice thermal
conductivity. Thus, it is not uncommon in thermoelectric materials to
find multiple anions within a single material, even in small amounts.
Isovalent anionic substitution, much like cationic substitution, leads to
somewhat minor changes in physical properties in many cases. For
example, the effect of substituting S for Se in PbSe'* on lattice thermal
conductivity can be quantitatively explained using Klemens model,
which considers point defect scattering arising from mass differences
and strain fields."** However, there are some reports where such isova-
lent anionic substitutions have non-trivial effects on the electronic and/
or thermal transport properties, thereby acquiring superior thermoelec-
tric properties. Although these cases of anion substitution can be
broadly categorized as mixed-anion materials, they should be distin-
guished from the groups of mixed-anion compounds that naturally
contain multiple anions, introduced in Secs. 111 B and III C. In this sec-
tion, we introduce various examples of substantial impacts from anionic
substitutions across different materials systems, including notable
changes in transport properties. We also present several metastable
phases enabled by extensive anionic substitution. Here, the focus is on
the effects of anionic substitutions, rather than providing a broad over-
view of thermoelectric materials. More general reviews covering a wider
range Ofmaterial Systems are avaﬂable.is&‘)(),‘)1,97\‘)‘),1()5,1 15,116,125-127

1. Bi,Chs (Ch =S, Se, Te)

Bi, Tes-based thermoelectric materials are among the most widely
used commercially due to their superior performance near room tem-
perature (RT) compared to other known materials.'** Since the first
report on thermoelectric properties of Bi,Tes;-based materials,

REVIEW pubs.aip.org/aip/are

extensive studies have been conducted on the effects of various intrin-
sic defects, extrinsic dopants, and microstructures.' >’

In most cases, Bi,Te;-Sb,Tes alloys are predominantly used for
p-type materials, while Bi,Te;-Bi,Se; alloys are commonly employed
for n-type materials. The conduction type and carrier concentration of
binary Bi,Te; are primarily influenced by a high concentration of anti-
site defects, which arise due to the small differences in electronegativity
and atomic size between Bi and Te."”* In the Bi-Te binary phase dia-
gram, the congruently melting point of binary compound is slightly
shifted toward the Bi side of the Bi,Te; composition. Consequently, a
solid grown from a stoichiometric melt has a slightly Bi-rich composi-
tion and exhibits weak p-type conduction due to Bir, antisite acceptor
defects, whose formation energy is lower than V., donor vacancies.'””
For Sb,Tes, even lower formation energy of Sbr. antisite results in
strong p-type conduction across its entire composition range. As a
result, isovalent cation site alloying in (Bi,Sb),Te; enables a wide range
of control of hole carrier concentration via regulating Sbr. antisite
defects. In contrast, Bi,Se; has sufficiently low formation energy of Vs,
vacancies, leading to n-type conduction."”*'**"*” Thus, anion site
alloying in Bi,(Te,Se); with Se amounts exceeding 33%, where the con-
centration of anion vacancies surpasses that of antisite defects, can
convert the conduction type from p-type to n-type, and the electron
carrier concentration can be tuned by further alloying,”*'** as shown
in Fig. 3(a). Interestingly, alloying with Bi,S; rapidly reduces the hole
carrier concentration and induces the p-n transition at only about
4.3% substitution, ' '** probably due to the lower formation energy
of Vg vacancies.

The variation in thermal conductivity of p-type (Bi,Sb),Te; alloys
has been well described using a mass contrast alloy scattering
model."*""** However, this model does not fully explain the behavior
of n-type Bi,(Te,Se); anion solid solution.'””****'*> A5 shown in the
variation of lattice thermal conductivity for Biy(Te,Se); solid solutions
[Fig. 3(b)], qualitative trends in lattice thermal conductivity within this
system vary widely, but most studies report a global minimum near
Bi,Te,sSeps. However, apparently different trends are observed
between 0 <x<1 and 1<x<3 in Bi,Te;_,Se,. This difference is
attributed to the site occupancy preference of the two inequivalent Ch
sites upon alloying and the presence of an ordered compound at
Bi, Te,Se, which divides the Bi,Te;_,Se, system into two parts: Bi,Tes-
Bi,Te,Se and Bi, Te,Se-Bi,Ses.** This site selectivity has been linked to
a reduction in bond angle strain due to anion size difference and the
more electronegative Se occupying the site with the highest cation
coordination.”**' In the composition range of 1 < x < 3, the varia-
tion in lattice thermal conductivity can be explained solely by mass
fluctuation effects since only one of the Ch sites changes occupancy.
On the other hand, in the composition range of 0 < x < 1, strain effects
and/or changes in bonding must be considered to understand the
changes in lattice thermal conductivity.'**

The electronic transport properties and band structures of the
Biy(Te,Se); system have also been studied. The band structure of
Bi, Te; consists of conduction and valence band extrema with high val-
ley degeneracy, while Bi,Se; has a rather simple band structure with
single carrier pockets at the zone-center [Fig. 3(c)]."** Upon alloying,
the band edge energies shift systematically, but this does not result in
optimized thermoelectric performance. The weighted mobility mono-
tonically decreases from 590 to 170 cm?® V7' S7! from Bi,Te; to Bi,Ses
likely due to a decrease in valley degeneracy and/or in the conduction
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band anisotropy of each valley."** Thus, reported ZT values of n-type
Bi,(Te,Se); (ranging from 1.0 to 1.2) are typically inferior to those of
p-type (Bi,Sb),Te; (ranging from 1.4 to 1.8).1+

The site selectivity at the Ch site upon alloying is also observed in
Biy(Te,S); alloys, but some reports indicate that phase separation
occurs at Bi,Te,S and some other compositions.””"*” This can be
attributed to large bond angle strains inhibiting the formation of the
ordered compound. As shown in Fig. 3(d), such phase separation
occurs in the Bi,Te;-Bi,Se;-Bi,S; pseudo-ternary system.149 Some
reports suggest that thermoelectric properties at wide temperature
range can be improved through the phase separation, such as nano-
composite Pnma Bi,SeS,—Prnnm Bi,SeS, (ZT,y. = 0.72 in the range of
323-773K).""

2. PbCh, GeCh, and AgSbCh; (Ch =S, Se, Te)

PbCh-based materials with NaCl-type structure are known as one
of the best thermoelectric materials with high ZT at mid-temperature
range. To improve ZT of p-type PbCh, monovalent cation doping at
Pb site has been extensively applied, such as Na-doping for
PbTe'”* ' and PbSe,'”*'”> K-doping for PbTe."”>'*” Some dopants
are theoretically predicted to create resonant states in PbTe near the
Fermi level,””® and Tl-doping experimentally demonstrated the

(d) Reproduced with permission from Liu et al., Energy Environ. Sci. 6(2), 552-560 (2013). Copyright

formation of a resonant state that significantly enhances thermoelectric
properties.”

Pioneering work by Pei et al. demonstrated that an anion substi-
tution of Se for Te site in PbTe allows to control the temperature at
which the valence band maximum (VBM) at the L point and the sec-
ond band along the ¥ line converge.” Figure 4(a) shows the carrier
pockets for PbTe in the first Brillouin zone, showing that the valley
degeneracy of L and X bands is 4 and 8, respectively. As shown in
Fig. 4(b), in PbTepgsSeq 15, the band convergence of the two bands
occurs at around 500 K, leading to the significant enhancement of ther-
moelectric properties (ZT=1.8 at 850K) due to the effectively
increased valley degeneracy of 12. This finding not only prompted a
reevaluation of the importance of anion site alloying in PbCh but also
widely popularized the effectiveness of band engineering in thermo-
electric materials.''""'*>"**"'%° The pseudo-ternary PbTe-PbSe-PbS
system has also been explored to optimize p-type thermoelectric per-
formance, as shown in Fig. 4(c)."”" The optimized ZT values around
1.9 have been obtained at the composition range of x = 0.15 to 0.25 in
(PbTe); _ »,(PbSe)(PbS)..

In contrast, for n-type PbCh, carrier doping through aliovalent
anion site substitution has long been recognized as effective. Most
commercially used n-type PbTe is doped with PbL,.'*>'®” Wang et al.
revealed that anion substitutions are more suitable than cation

Appl. Phys. Rev. 12, 041319 (2025); doi: 10.1063/5.0263175
© Author(s) 2025

12, 041319-6

6€:85:+0 5202 JoqWwe0ad 60


pubs.aip.org/aip/are

Applied Physics Reviews

N/ o/

REVIEW pubs.aip.org/aip/are

\¢/7x

T ~500 ‘

AEq,

AE..

~900

0.2 0.4 0.6

PbS-PbTe
(e)
VBM band flatten
@ PbTe N\
o SnTe Y
N
® GeTe '\ o
® This work 3
-~ O 9_>5 Se/S aIonmg
(9
(=}
w
L] ® . . ¢ e Q. ™ r
- t. '~ Cation-site Anion-site 00@ G
K>||||l|1||l||1|l||11in:lnnnnlnnnnlnn:n
4 2 0 -2 -4 -2 0 4 AgSbTe, AgSbTe, g5Se,,1S0.05

Reduced chemical potential

FIG. 4. (a) Hole carrier pockets at L point (orange) and along X line (blue) in the first Bri

llouin zone of PbTe, and (b) relative energy of valence band maxima and their shift

with increasing temperature in PbTeg gsSeg 1. () Contour plot of ZT values of 2mol. % Na-doped PbTe-PbSe-PbS pseudo-ternary alloys. (d) Comparison of ZT and the quality
factor B of MTe (M= Pb, Sn, Ge) with cationic and anionic doping. (€) Schemat|c image of the band flattening at I" point of AgSbTe, induced by anion site alloying. (a) and (b)

Reproduced with permission from Pei ef al., Nature 473(7345), 66-69 (2011).” Copyright

2011 Springer Nature. (c) Reproduced with permission from Qin et al., Adv. Elect.

Mater. 5(12), 1900609 (2019). Copynght 2019 Wiley-VCH."*" (d) Reproduced with permission from Li ef al., Adv. Funct. Mater. 32, 2208579 (2022). Copyright 2022 Wiley-
VCH."” (e) Reproduced with permission from Zhang et al., Adv. Mater. 35, €2208994 (2022). Copyright 2023 WiIey-VCH.“82

substitutions for achieving high electron mobility in PbSe.'** Since the
conduction band edge of PbSe comprises Pb-s orbitals mostly, anion
substitution can protect the charge carriers from disorder scattering by
dopants. Recently, the concept of high-entropy alloying has been intro-
duced to enhance the thermoelectric properties of both p-type and n-
type PbCh. 117!

GeCh has recently attracted attention as potential Pb-free alterna-
tive to PbCh. GeTe has NaCl-type structure above around 700K, and
undergoes a structural phase transition to the low-temperature rhom-
bohedral phase (R3m).'”” The anion site alloying in pseudo-binary
GeTe-GeSe'” and pseudo-ternary GeTe-GeSe-GeS'”" systems have
been reported to effectively reduce the lattice thermal conductivity. Li
et al. comprehensively studied the roles of anion site doping in GeTe
from the viewpoint of chemical bonding and transport properties.
Figure 4(d) summarizes the reported ZT of MTe (M =Pb, Sn, Ge)
varying with the reduced chemical potential tuned by cation- or
anion-site doping. It was revealed that less-explored anion-site doping
is as effective as cation-site doping in improving the quality factor B,
defined as

ks\® T
B= (—B) — o, ey
e Klat
3
" :e(2mekBT)2 Mhos 32 @)
EO 37T2h3 0 Me )

where kg is the Boltzmann constant, e is the electronic charge, |, is the
carrier mobility, n},,s = N?/*m; is the density of state effective mass,
N, is the band degeneracy, m;, is the effective mass of a single band, 1,
is the electronic mass, and i is the Dirac constant. A significantly
enhanced ZT value of 2.5 at 675K was achieved by cationic Bi and
anionic I co-doping on GeTe.'””

AgSbTe, is known for its high thermoelectric properties in alloys
such as the alloy with PbTe (AgPbyg,.SbTey), referred to as LAST,"
and the alloy with GeTe known as TAGS, (GeTe) (AgSbTe,);_.'*"
However, recent studies have shifted focus toward AgSbTe, itself, which
has been shown to exhibit excellent performance on its own. AgSbTe, is
stabilized in NaCl-type structure at RT, with Ag and Sb randomly occu-
pying the cation sites."”*"”” Although the cation disorder is partly
responsible for low lattice thermal conductivity, enhancing cation order-
ing has been identified as a key factor in achieving higher ZT values."**'*’
Zhang et al. reported that substituting Se and S for Te reduced the forma-
tion energy of Ag vacancies and stabilized AgSbTe, by inhibiting the for-
mation of Ag,Te impurity phase, which degraded the electronic
properties.'** Additionally, as shown in Fig. 4(e), density functional the-
ory (DFT) calculations revealed that the anion site alloying can flatten the
VBM at the zone center, contributing to a significant enhancement of the
PF and ZT (ZT .= 2.3 at 673 K). Recently, high-entropy alloying at
anion sites in a related compound, AgBiSe,, with S and Te has been
reported to stabilize the cubic NaCl-type structure at RT, which was origi-
nally high-temperature phase above around 590 K."**'**
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3.SnCh (Ch =S, Se, Te)

SnCh (Ch =S and Se) have received great attention as high ZT p-
type thermoelectric materials due to their ultra-low i, in single
crystals”>'** and polycrystals.'** The SnS and SnSe adopt layered
crystal structure (space group: Pnma) built from alternate stacking of
2-dimensional Sn—Ch layers [Fig. 5(a)]. The layered structure of SnCh
is characterized by the stereochemically active lone pair state of Sn**
552, which does not form a covalent bond with Ch ions in the adjacent
Sn—Ch layers along the stacking direction. The weak interatomic
bonding between the Sn—Ch layers provides the strong anharmonicity
and ultra-low lattice thermal conductivity. The pure SnS and SnSe
exhibit p-type conduction, originating from the naturally formed
acceptor-type Sn vacancy (Vs,) defects."*”'** The monovalent cations,
such as alkali ions, Ag+ ion, and TI" ion, can increase the hole concen-
trations and realize high ZT in p-type SnS and SnSe.'” '*” On the
other hand, there have been several reports on the solid solution of
anions for thermoelectric performance enhancement. For example,
isovalent Te®~ ion substitution at Se*” site in SnSe polycrystals can
achieve increasing ¢ and reducing x simultaneously.'”® The solubility
limit (x) of Te ion in the layered Sn(Se,_,Te,) is very low under ther-
mal equilibrium condition, because of the formation of counterpart
cubic SnTe phase. On the other hand, it is possible to expand the x up
to 0.4 in Sn(Se; ,Te,) by high-temperature solid-state reaction and
rapid thermal quenching from 973K (700 °C) to RT, as indicated by
red arrow in the phase diagram of SnSe-SnTe [Fig. 5(b)].""” "'
Usually, isovalent ion substitution does not generate carriers, while the

% (f)—(i) Reproduced with permission from He et al., Science 365(6460), 1418-1424 (2019).

hole concentration increases from 1.0 x 10'°cm™> of pure SnSe to

2.0 x 10" cm ™ of Sn(SeygTey). Figure 5(c) compares the Seebeck
coefficient as a function of hole concentration () at RT. The Seebeck
coefficient decreases with increasing n, similar to Lit, Na®, K', and
Ag" doped SnSe bulks.'” Defect calculations clarified that the forma-
tion enthalpy (AH) of Vs, becomes lower with increasing Te concen-
tration [Fig. 5(d)]. The large-size Te ion in SnSe forms weak Sn—Te
bonds. The Sn—Te bond is easily dissociated, and a high density Vg, is
formed in the structure, leading to a high » and high ¢ in
Sn(Se;_,Te,). In addition, the weak Sn—Te bonds in Sn(Se;_,Te,)
reduce the phonon frequency and enhance the phonon scattering,
resulting in the large reduction of lattice thermal conductivity of less
than one-third at RT. The simultaneous ¢ increase and thermal con-
ductivity reduction demonstrate the ZT enhancement in Sn(Se; _,Te,)
[Fig. 5()].

In addition, ¢ and PF enhancement by band manipulation and
lattice thermal conductivity reduction were reported in Sn(S;_,Se,)
single crystal.”’” SnS possesses three separate valence bands
(VBM1,2,3) and their energy offsets change as a function of tempera-
ture [Fig. 5(f)]. The energy level rise of light VBM3 band results in a
strong convergence with VBM1, while the heavier band VBM2 shifts
to deeper energy. The Se substitution in SnS decreases the energy off-
sets between the sharp VBMI1 and VBM3, contributing to the
enhancement of carrier mobility. The band manipulation enhances the
PF from ~30 pW cm ' K2 of Na-doped SnS to ~53 yW cm ' K2
of Na-doped SnSy¢;Sep 09 at 300K [Fig. 5(g)]. The PF of Na-doped
SnSy 91Sep.00 exceeds those of the other thermoelectric materials in the
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group IV-VI compounds in the range from 300 to 523 K. In addition,
the Se substitution effectively reduces the lattice thermal conductivity
of SnS [Fig. 5(h)] because of the optical phonon softening by Se substi-
tution and further coupling with acoustic branches. The simultaneous
PF enhancement and lattice thermal conductivity reduction realize the
ZT enhancement in the Na-doped SnSy ¢;Seg o9 crystals with maximum
ZT (ZT ) of ~1.6 at 873K and an average ZT (ZT,y.) of ~1.25 at
300 to 873K [Fig. 5(i)].

T T
2.0 25

4. CuyCh, Ag>Ch, and AgCuCh (Ch =S, Se, Te)

Numerous phases are known in binary Cu-based chalcogenides,
with some exhibiting high thermoelectric performance. Among them,
Cu,Ch-based materials have gained significant attention over the past
decade, particularly since the discovery of ultra-low lattice thermal
conductivity caused by “liquid-like” behavior of mobile Cu ions in
high-temperature superionic phase of f-Cu,_,Se [Fig. 6(2)].”* The
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Cu-deficient Cu, ,Se undergoes structural transition from a low-
temperature o-phase to the high temperature f-phase. The f-phase
has Se atoms in a simple face-centered cubic (fcc) sublattice while the
superionic Cu ions are kinetically disordered throughout the structure.
High p-type peak ZT values around or above 2 have been reported for
Cu,Ch-based materials in various studies.””*"”*"* The bonding energy
in Cu,Se can be tuned by S or Te substitution for Se site [Fig. 6(b)],
enabling wide range control of formation energy of Cu vacancies and
hole carrier concentration.”' Co-alloying with I and S in Cu,Te intro-
duces several intriguing effects: (i) I-doping reduces the hole carrier
concentration, and (ii) the anion sublattice with highly size-
mismatched S/Te quenches the originally mobile Cu sublattice.”"” This
quenching alters the electronic states from itinerant to localized, where
the carrier mobility approaches the Mott-Ioffe-Regel (MIR) limit, as
shown in Fig. 6(c). This change in the conduction mechanism enhan-
ces the Seebeck coefficient despite the carrier concentration remaining
unchanged [Fig. 6(d)]. Similar enhancements in thermoelectric prop-
erties observed near electron localization and/or the MIR limit have
been reported for some other thermoelectric materials,'**"*!"->10-220
Very recently, an ultrahigh ZT value of 3.0 at 1050 K was reported for
Ag and F co-doped Cuy goSe.”*" The co-doping of Ag, with larger ionic
radius than Cu, and F, with high electronegativity, modulates the
chemical bonding, resulting in enhanced thermal stability and restric-
tion of Cu-ion migration [Fig. 6(e)] as well as improved thermoelectric
properties.

Ag-chalcogenides, Ag,Ch, exhibit similar liquid-like behavior in
their high-temperature superionic phases. As shown in Fig. 7(a),
Ag,Ch adopts various crystal structures depending on temperature. All
three compounds undergo one or more phase transitions upon heat-
ing, and Ag ions become highly mobile in the cubic structures at high
temperatures. Unlike Cu,Ch, most Ag,Ch compounds exhibit n-type
conduction and high electron mobility, which is two orders of magni-
tude higher than the hole mobility of p-type Cu,Ch. High peak ZT val-
ues around unity have been reported for Ag,Se and Ag,Te at around
300-400K, due to their small band gaps of 0.1-0.2 eV, 209222225
Moreover, following the striking discovery of ductility at RT in o-Ag,S
[Fig. 7(b)],”° the Ag,Ch family has been recognized as promising can-
didates for high-performance flexible inorganic thermoelectric materi-
als. As shown in Fig. 7(c), both thermoelectric and mechanical
properties can be optimized by adjusting the anionic composition in
Ag,Ch.”*> **° Moderately high ZT values at RT have been achieved in
some compositions such as Ag,SosSeps (ZT = 0.25),”*" Ag,SosTegs
(ZT=0.6),"" and Ag,Sp5Seo4sTeo s (ZT=0.44),”" while maintain-
ing plasticity. Additionally, as a p-type counterpart to these ductile
thermoelectric semiconductors, AgCuCh compounds have also been
recently investigated.””>*” As shown in Fig. 7(d), tuning the composi-
tion within the pseudo-ternary AgCuSe-AgCuS-AgCuTe system can
switch the conduction type, and the maximum p-type ZT value of 0.45
at 300 K is achieved at the composition (Agcu)O.gggseO.zst'OgTeoj.2} 7

Several reports have indicated that anion substitutions with high
concentration such as Cu,(S,Te) and Ag,(S,Te), where the relative
atomic size difference between anions exceeds 15%, have been success-
fully synthesized.”'"”'>**> However, the well-known Hume-Rothery
(H-R) rules suggest that a large atomic size mismatch (>15%) and sig-
nificant electronegativity difference between solute and solvent atoms
typically lead to phase separation.”*””*" Zhao et al. proposed that the
diffusion coefficient should be added as a new dimension to the classic

REVIEW pubs.aip.org/aip/are

H-R rules. Solid solutions with large atomic size mismatch between
anions (A4r) and diffusion coefficient mismatch between cations and
anions (4D) lead to a single phase distinct from the original ones
[Fig. 7(e)]. This new phase of matter, termed a “meta-phase,” possesses
atomic structure and properties distinct from conventional solid
solutions.”'* Since the meta-phase can accommodate multiple anions
with large difference in atomic size, which have been dismissed accord-
ing to the classic H-R rule, it could offer a new paradigm for optimiz-
ing thermoelectric properties across a wide range of material systems.

5. Pnictides and tetrelides: Mgs(Sb,Bi), skutterudites,
and Mg:X (X = Si, Ge, Sn)

Across pnictides and tetrelides, Zintl phases are prevalent and have
played a notable role in the discovery of candidate thermoelectric materi-
als. Zintl phases often feature complex crystal structures composed of
anionic frameworks with intricate covalent bonding networks and cations
donating electrons, and these have been studied as potential thermoelec-
tric materials for a long time.”***** In some systems, local structural units
composed of electropositive and electronegative elements accept electrons
from more electropositive constituents, such that the resulting network
can be regarded as a polyanionic covalent framework; such cases are also
often described as Zintl phases. It should be noted that the term “Zintl
phase” is being used in a somewhat broader sense than its original defini-
tion. The complex structures with coexistence of ionic and covalent char-
acters frequently lead to very low lattice thermal conductivity. Mg;Sb,
contains alternating layers of Mg*" and [Mg,Sb,]*~ with covalent polya-
nionic Mg-Sb framework, and is widely recognized as a Zintl phase in
the thermoelectrics literature. MgsSb, contains alternating layers of Mg™"
and [Mg,Sb,]*>~ with covalent polyanionic Mg-Sb framework and is
widely recognized as a Zintl phase in the thermoelectrics literature.
Tamaki et al. demonstrated that excess Mg suppresses the formation of
acceptor Mg vacancies in MgsSb,, leading to excellent n-type thermoelec-
tric properties.” In addition, substituting the anion site of Bi for Sb effec-
tively reduces the lattice thermal conductivity [Fig. 8(a)] leading to a high
ZT value of 1.5 at 716 K. Following this finding, the n-type Mgs(Sb,Bi),-
based materials have been extensively investigated as promising candi-
dates for practical thermoelectric applications.”® **7% ****** The
anionic alloying also has significant effects on the electronic band struc-
ture. As shown in Fig. 8(b), the other end compound Mg;Bi, is a semi-
metal, and the bandgap and the band effective mass at the conduction
band minimum (CBM) decrease monotonically with increasing Bi con-
tent in Mgs(Sb,Bi),.”"*"**" Consequently, the temperature at which the
thermoelectric performance is optimized can be controlled by adjusting
Bi content. For instance, ZT = 1.1 at 300 K is obtained for Bi-rich compo-
sition (Mg&zBingg,xsbee()Aoozcl]OAo()& X= 0.4)38 while ZT'=2.0 at 723K
is obtained for Sb-rich composition (Mgs ,Ing go5by sBig.a0Teo 1)

Skutterudites, such as CoSbs, are typical inclusion compounds
featuring cages of about two angstroms within their unit cells, into
which guest atoms can be inserted. Filled skutterudites, denoted as
M, Co,Sby,, have been extensively studied as ideal PGEC thermoelec-
tric materials because the inserted guest atoms act as rattlers that effec-
tively scatters long-wavelength phonons without sacrificing electrical
properties.”” *”* In most cases, the guest atom is electropositive, as
the interaction between the cationic guest and anionic framework sta-
bilizes the structure of filled skutterudites. However, Duan et al.
reported that some electronegative guest atoms were successfully
inserted into CoSbs [Fig. 8(c)].”” The electronegativity difference
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sion as shown in the bottom part. The thin and winding wires shown at the upper part are obtained during the lathing. (c) Room-temperature ZT values and plastic deformability
of Ag,Ch-based solid solutions. Circles and squares represent ductile and brittle compositions, respectively. (d) Room-temperature ZT and conduction type variation of the
pseudo-ternary AgCuCh-based solid solutions. Filled and hollow circles represent ductile and brittle compositions, respectively. (e) Schematic diagram of the condition of forma-
tion of meta-phase. Solid solutions with large atomic size mismatch between anions (Ar) and diffusion coefficient mismatch between cations and anions (AD) lead to a forma-
tion of meta-phase, which is beyond the classic Hume-Rothery rule. (a) and (c) Reproduced with permission from Wei et al., Adv. Mater. 35(1), €2110236 (2023). Copyright
2023 Wiley-VCH.”** (b) Reproduced with permission from Shi et al., Nat. Mater. 17(5), 421-426 (2018). Copyright 2018 Springer Nature.”** (d) Reproduced with permission
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Elsevier Ltd.

between Sb and the guest atom determines whether the interaction from the electropositive guest. The average ZT at the range of 550-

between them is ionic or covalent. The strongly covalent guest-host 850K is 1.3 for Sg,6C04Sby1 11 Teq 73, making the electronegative guest
interactions observed for the electronegative guests (S, Se) result in a as promising as the electropositive guest for practical applications at
unique localized “cluster vibration,” which is not observed for the con- intermediate temperatures.

ventional electropositive guest. Such cluster vibration -effectively Cheap, earth-abundant, and environmentally benign Mg,Si-

reduces the lattice thermal conductivity of CoSbs in a different manner ~ based materials have been regarded as an attractive alternative to
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widely used state-of-the-art thermoelectric materials. Liu et al. revealed
that the light and heavy conduction bands converge at the composition
of x=0.65-0.7 in Mg,Si;_,Sn, [Fig. 8(d)], leading to a significant
enhancement of the PE.” Similarly, the solid solutions Mg,Sn;_,Ge,
also offer a search space for achieving the band convergence, and an
extraordinary high PF of 55pW cm™' K2 and ZT of 1.4 were
achieved at x=0.25."" Figure 8(e) shows the contour of engineering
power factor, (PF)cng, in the pseudo-ternary Mg,Si-Mg,Ge-Mg,Sn sys-
tem. The (PF).,,; and an engineering figure of merit, (ZT)epg, are pro-
posed to predict reliably and accurately the efficiency of materials at a
large temperature difference between hot and cold sides, where the
conventional ZT and PF at a specific temperature are supposed to
fail.”>® Mao et al. characterized the (PF)eng along the line between
Mg,Sip3Sng; and Mg,Sng,5Gep,, in the pseudo-ternary Mg,Si-
Mg,Ge-Mg,Sn system, though significant enhancement was not
achieved for the intermediate compositions [Fig. 8(¢)].””” The
Mg,Si; ,Sn, has been proposed as an aforementioned meta-phase due
to the large atomic size mismatch between Si and Sn.”"*

In addition to Mgs(Sb,Bi),, there are numerous Zintl phase pnic-
tides being studied as thermoelectric materials. However, reports on
tuning the structure and thermoelectric properties through elemental

P : : 258,259
substitution at the anion sites are very scarce.””""" Isovalent and/or

aliovalent substitutions at the anion sites, while preserving Zintl-
Klemm electron counting rule, represent promising routes to control
crystal chemistry and thermoelectric properties in this class of
materials.

6. Oxides

Following the discovery of high p-type thermoelectric perfor-
mance in single-crystalline layered cobalt oxides, Na,CoO,”*" and
Ca3Co040,,”"" oxide thermoelectric materials have been extensively
explored as stable high-temperature applications. Perovskite oxide
SrTiO; has also been investigated for its high n-type PF at RT, ranging
from 20 to 30 uW cm ™' K2.°°°*** However, its high lattice thermal
conductivity ~10 W m~ " K™ limits its practical applications, prompt-
ing many efforts to reduce it. He et al. revealed that an anionic substi-
tution of H™ for O*~ was particularly effective in reducing the lattice
thermal conductivity of SrTiO;, compared with conventional La-
doped SrTiO; [Fig. 9(a)].2° Although the mass difference effect
between H and O on phonon scattering is small in SrTiO;_,H, [inset
of Fig. 9(b)], the H™ substitution provides significant local structure
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distortion arising from the different chemical bond characteristics of
the strong Ti-O bond and the weak Ti-H bond in Ti-(O,H) octahe-
dra. The distributed Ti-(O,H) bond lengths strongly enhance the pho-
non scattering [Fig. 9(c)], which results in the significant reduction of
lattice thermal conductivity from 8.2 to 3.5W m ! KL In addition,
the PF of polycrystalline oxide thermoelectric materials is often limited
by low ¢ across the grain boundaries with low carrier concentration.
On the other hand, the SrTiO;_ H, realizes the single-crystal-like elec-
tron transport, resulting in higher PF, leading to ZT'=0.11 at RT and
0.22 at 657 K.**® The H™ concentration is optimized in SrTiO;_,H,
epitaxial films and the maximum ZT=0.14 at RT is obtained at H™~
concentration of 1.2 x 10*' cm™>.**” The hydrogen doping approach
would be promising to realize low «;, and high PF in oxides.

7. Boron-rich cluster compounds

Some boron-based materials are regarded as good candidates for
high-temperature thermoelectric applications, such as topping cycles
in thermal power plants, due to their high melting points and chemical
stability at high temperatures.””® In B-rich metal borides, boron tends
to form complex, electron-deficient clusters, such as By octahedra,”®’
By, cuboctahedra,””” and By, icosahedra,”*” and metals provide elec-
trons to stabilize the electron-deficient boron cluster network
structures.””" Boron carbide is known for its good p-type thermoelec-
tric performance at high temperatures.”””>"* N-type conduction has
been achieved in some rare earth borocarbides (R-B-C, R: rare
earth)””””’ and borocabonitrides (R-B-C-N),”’>*"” which incorporate
more electronegative C and N than B into the covalent network.
Figure 9(c) shows the crystal structure of the rare earth borocarbides
and borocabonitrides series sharing the same local structures of Bi,
icosahedra and B4 octahedra, which are homologous to boron carbide
B,C. Although the absolute values of the Seebeck coefficients in these
n-type compounds are relatively small, a significant enhancement of

both electrical conductivity and the Seebeck coefficient in YB,,C,N by
a combination of carrier doping and nanocomposite effects has been
reported.”””

B. Mixed-anion compounds with homoleptic
polyhedra

Mixed-anion compounds containing multiple anions with con-
trasting ionic and covalent bonding characteristics to cations tend to
form complex crystal structures, characterized by the coexistence of
bonds with varying degrees of ionicity and covalency within a single
phase, which can sometimes result in separation into distinct structural
blocks. The most representative case is a layered oxychalcogenide,
BiCuOSe. BiCuOSe adopts layered crystal structure, which possesses
the alternate stacks of Bi,O, layers and Cu,Se, layers. The O and Se
anions do not mix with each other, but form separate layers with
homoleptic O-Biy and Cu-Se4 polyhedra. Therefore, such oxychalcoge-
nides naturally form superlattice structure consisting of widegap insu-
lating oxide layer and highly conducting chalcogenide layer. The
layered structure can lead to a highly anisotropic electronic band struc-
ture, resulting in sharp density of states around Fermi level and the
large Seebeck coefficients. In addition, the layered structures with
chemically different types of layers possess anisotropic chemical-bond
contrast produced by weak inter-layer bonds and strong in-layer
bonds. Such imbalances in chemical bonding strongly enhance the lat-
tice anharmonicity and phonon scattering, resulting in the low lattice
thermal conductivity. After the demonstration of high ZT=0.76 in
BiCuOSe with low lattice thermal conductivity,”’” the ZT has been
improved to ~1.5 at 873 K.”*’ Concurrently, analogous layered Cu-
based oxychalcogenides, Ag-based oxychalcogenides, and Bi-based
oxy(fluoro)chalcogenides, have been investigated as potential high per-
formance thermoelectric materials. Tables I and II summarize the
reported thermal conductivity and thermoelectric properties for
mixed-anion layered compounds. This section provides an overview of
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TABLE I. Summary of lattice thermal conductivity (i) of mixed-anion layered compounds at room temperature.
Material Kie (Wm™ 'K Reference
BiCuOSe Expt. (Poly.) 0.87 311
Calc. 0.46 L layer (c-axis) 345
1.70 || layer (ab-axis)
BiCuOS Expt. (Poly.) 1.10 323
Calc. 0.41 L layer (c-axis) 401
1.10|| layer (ab-axis)
BiCuOTe Expt. (Poly.) 0.50 324
Calc. 0.14 L layer (c-axis) 401
0.44 || layer (ab-axis)
LaCuOSe Expt. (Poly.) 2.10 316
Calc. 0.18 L layer (c-axis) 317
2.51 || layer (ab-axis)
BiAgOSe Expt. (Poly.) 0.62 345
Calc. 0.22 1 layer (c-axis) 345
1.29 || layer (ab-axis)
BiAgOS Calc. 0.20 L layer (c-axis) 402
2.41 || layer (ab-axis)
BiAgOTe Calc. 0.10 L layer (c-axis) 402
0.73 || layer (ab-axis)
BaCuSeF Calc. 1.18 L layer (c-axis) 327
1.86 || layer (ab-axis) 3
BaCuTeF Calc. 0.76 L layer (c-axis) 327 g
1.30 || layer (ab-axis) El
BaAgSeF Calc. 1.22 1 layer (c-axis) 327 é
1.58 || layer (ab-axis) >
BaAgTeF Calc. 0.75 L layer (c-axis) 327 E
0.98 || layer (ab-axis) 3
Bi,YO,Cu,Se, Expt. (Poly.) 1.8 332
Bi,DyO,Cu,Se, Expt. (Poly.) 1.13 329
Sro,MnCu,0,Te, Expt. (Poly.) 1.41 336
Sr,CoCu,0,Te, Expt. (Poly.) 1.72 336
Sr,CulnO5S Expt. (Poly.) 0.73 338
SrOCuBiSe, Expt. (Poly.) 1.0 341
SrOCuSbSe, Expt. (Poly.) 1.0 339
LaOBiS, Expt. (Poly.) 1.85 373
LaOBiSSe Expt. (c-axis textured poly.) 0.77 L layer (c-axis) 374
1.20 || layer (ab-axis)
LaOBiSe, Expt. (Poly.) 1.37 379
LaOSbSe, Expt. (Poly.) 1.50 377
CeOSbSe, Expt. (Poly.) 0.80 377
SrFBiS, Expt. (Poly.) 2.51 375
Bi,0,S; Expt. (Poly.) 3.99 380
LaOPbBiS; Expt. (Poly.) 4.21 369
Bi,O,Se Expt. (Poly.) 1.1 382
Bi,0,Se Expt. (Single cryst.) 2.0 || layer (ab-axis) 383
Bi,O,Se Calc. 0.82 L layer (c-axis) 384
1.32|| layer (ab-axis)
Bi,0,S Calc. 0.4 L layer (c-axis) 396
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TABLE I. (Continued.)
Material Kiae W m™ 'K Reference
0.8 || layer (ab-axis)
Bi,O,Te Expt. (Poly.) 091 397

TABLE II. Summary of thermoelectric properties (Ey: bandgap, ZT. dimensionless figure of merit, PF: power factor, T: temperature, S: Seebeck coefficient, a: electronic conduc-
tivity, rc: total thermal conductivity) experimentally reported for mixed-anion layered compounds.

Carrier E, PF S 4 K
Material type (eV) ZT (MWW em ™ K2) T(K) (VK™ (Sem™) (Wm ' K™') Reference
BiCuOS Poly. p-type 1.1 0.05 0.50 700 545 1.67 0.68 323
B 05Pbg 0sCuOS Poly. p-type  N/A 0.2 2.05 700 345 17.2 0.72 323
BiCuOSe Poly. p-type 0.8 0.38 2.02 873 +380 14 0.46 279
Big 925510 975CuOSe Poly. p-type  N/A 0.76 547 873 4223 110 0.63 279
Big g75Bag 125CuOSe c-axis textured p-type  N/A 1.34 7.53 923 +185 220 0.52 290
poly.
Bi gsCag.06Pbo.gsCuOSe Poly. p-type  N/A 1.46 8.70 873 4229 166 0.52 280
BiCuOTe Poly. p-type 0.2 0.66 7.08 673 +181 216 0.72 403
Bi,YO,Cu,Se, Poly. p-type 0.3 (calc.) 0.06 0.62 873 +62 160 0.95 332
Bi,DyO,Cu,Se, Poly. p-type  0.04 0.27 2.96 923 497 315 1.03 329
Sr,MnCu,0,Te, Poly. p-type  0.85 0.007 0.10 770 +64 25 1.12 336
Sr,CoCu,0,Te, Poly. p-type 1.50 0.045 0.70 770 4122 47 1.20 336
SrOCuBiSe, Poly. p-type 1.33 0.01 0.07 700 +450 0.37 0.45 341
SrOCuSbSe, Poly. p-type  1.56 0.21 1.00 850  +520 3.7 0.40 339
LaOBiS, Poly. n-type 0.7 0.07 1.90 743 =200 47.6 2 (estimated) 373
(estimated)
LaOBiSSe c-axis textured n-type  N/A 0.36 4.22 650 —162 161 0.78 374
poly.
LaOBiSe, Poly. n-type  N/A 0.25 4.67 743 —140 238 1.4 (estimated) 373
(estimated)
LaOyoF, 1SbSe, Poly. n-type 1.0 0.02 0.18 673 —430 1.0 0.51 377
CeOSbSe, Poly. n-type 0.6 0.03 0.34 637 —370 2.5 0.76 377
SrFBiS, Poly. n-type 0.95 0.12 1.37 773 —224 27.4 0.85 376
SrFBiSSe Poly. n-type  0.52 0.34 412 773 =258 62 0.94 376
Bi 0,455 Poly. n-type N/A 0.030 0.42 280 —52 155 4.0 380
LaOPbBiS; Poly. n-type  ~0.1 0.0023 0.34 320 —55 111 4.6 369
Bi,0,Se Poly. n-type 0.8 1.63 0.19 800 —230 31 0.70 382
Bi, 04 96Teg 04Se Poly. n-type  N/A 6.85 0.69 773 =205 163 0.77 395
Bi,O,Te Poly. n-type 0.23 2.04 0.13 573 —200 51 0.88 397

the crystal structures and physical properties including electronic and
phonon transport, as well as the recent advances in thermoelectric
properties for the mixed-anion layered compounds.

1. Layered Cu-based oxychalcogenides

a. BiCuOCh (Ch=S§,Se,Te). BiCuOSe crystallizes in a layered
tetragonal ZrCuSiAs-type structure with space group of P4/
nmm.”*"*" The crystal structure of BiCuOSe consists of alternate

stacking of anti-fluorite-type (Cu,Se,)*>” layer and fluorite-type
(Bi,0,)*" layer along the c-axis [Fig. 9(a)]. Each layer has homoleptic
unit of O-Bi, and Cu-Se, polyhedra, respectively. The edge-shared
(Cu,Sey)*™ layer acts as a carrier transport channel and the edge-
shared (Bi,O,)>" layer behaves as an insulating layer. The Cu-Se
bonds are covalent, Bi-O bonds are ionic, and the bonding between
the layers is not electroneutral because it arises from the stacking of
positively charged (Bi,O,)*" layers and negatively charged (Cu,Se,)*~
layers. While the overall structure is charge-balanced and does not
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FIG. 10. Phonon transport and thermoelectric properties of layered BiCuOSe. (a) Crystal structure. (b) ZT and (c) lattice thermal conductivity (x5 as a function of temperature
for Biy.5Ca,Pb,CuSeO polycrystals with different x. Reproduced with permission from Liu et al., Adv. Energy Mater. 6(9), 1502423 (2016). Copyright 2016 Wiley-VCH.”*° (d)
Calculated lattice thermal conductivity for BiCuOSe along a-b plane (k) and c-axis (x,) as a function of temperature. The inset shows the ratio of «,x and «,. (€) Calculated
frequency-dependent phonon group velocity (vg) along I'—X (in-layer direction) and I'—Z (inter-layer directiong. Reproduced with permission from Shao et al., Sci. Rep. 6,

21035 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.”’

(f) Calculated mode Griineisen parameters for phonons with

different frequencies. Reproduced with permission from Ding et al., New J. Phys. 17, 083012 (2015). Copyright 2015 Author(s), licensed under a Creative Commons Attribution

(CC BY 3.0) license.”"

create a macroscopic electric field, this charge arrangement results in
anisotropic ionic bonding and localization of carriers within the
Cu,Se; layers. These features contribute to the highly anisotropic elec-
tronic structure with a sharp density of states near the Fermi level,
enhancing the Seebeck coefficient. In addition, the ionic interlayer cou-
pling contributes to anisotropic chemical bonding and strong lattice
anharmonicity, which lead to low lattice thermal conductivity.
BiCuOSe is a narrow gap semiconductor with bandgap of ~0.8 eV.”"”
Pristine BiCuOSe exhibits p-type conduction, mainly due to the low
formation energies of acceptor Cu vacancies,””* which is similarly
observed in other Cu-based oxychalcogenide semiconductors.”*” L. D.
Zhao et al””’ first reported high ZT=076 at 873K in
Bi g5510.15CuOSe bulk polycrystals, making the family of mixed-anion
layered compounds promising for thermoelectric applications in the
medium temperature range. After that, significant efforts have been
made to improve the ZT value of BiCuOSe bulks by carrier doping to
optimize carrier concentration. Aliovalent ion substitution with diva-
lent alkaline-earth elements, such as Mg®", Ca*", Sr’*, and
Ba®t,”%?°" monovalent alkali elements, such as Na*?7' 2% Kt 29429
and Cs™*” at Bi®" site have been successful in optimizing hole carrier
concentration to obtain maximum PF of BiCuOSe. In addition, Pb**
substitution at Bi> " site””” and Zn>* substitution at Cu™ site,””" as well
as self-doping by Cu™ vacancies,”” are effective approaches to enhance
the performance of BiCuOSe. Further, converging the light and heavy
hole bands through La®" substitution at Bi*" site,””” and increasing
the electronic conductivity by isovalent Ag"™ substitution at Cu™

<. 301-303 . . .
site” 7 are also effective to enhance the thermoelectric properties of

BiCuOSe. Currently, the co-doping of Ca*" and Pb*" at Bi** sites has
led to a record-high ZT = ~1.5 for Bij ggCay 0sPby 0sCuOSe polycrystal
at 873K [Fig. 10(b)].”" Thermoelectric properties of BiCuOSe are
reviewed in Refs. 60, 61, 304, and 305.

The remarkable advantage of high ZT of BiCuOSe is its low lat-
tice thermal conductivity.””””***"*77*?2% 211 Non-doped BiCuOSe
polycrystal exhibits lattice thermal conductivity of 0.65W m~' K" at
315K and 037W m ' K' at 873K, and the high-ZT
Big 85Cap 06Pbo.0sCuOSe polycrystal exhibits 0.54 W m~' K 'at 320K
and 028 W m ! K ! at 873K [Fig. 10(c)]. Several experiments have
proposed that the low lattice thermal conductivity of BiCuOSe origi-
nates from its strong crystal anharmonicity (larger Griineisen parame-
ter, 7 ~1.5),°” weak chemical bonds (Young’s modulus, E ~78.8 GPa
at 300K),”” and low Debye temperature (©p, ~243K).”” The origin
of low lattice thermal conductivity for BiCuOSe has been discussed
with the assistance of DFT calculations.”'” *'” H. Shao et al. discussed
the anisotropy of lattice thermal conductivity of BiCuOSe.”'” Figure
10(d) shows the temperature dependence of lattice thermal conductiv-
ity (1y) along a-axis (in-layer direction) and x,, along c-axis (inter-
layer direction) of BiCuOSe. The x,, of 0.36 W m~" K™ is much lower
than K, =1.04 W m™ ' K" at 300 K, and the ratio of Ky to K, is 2.3—
3 in all temperature range. Therefore, the low lattice thermal conduc-
tivity along inter-layer direction plays an important role in realizing
high ZT of BiCuOSe bulk polycrystals. The obvious anisotropy of pho-
non conduction originates from the quite anisotropic group velocities
(vg) in BiCuOSe. Figure 10(e) shows the phonon-frequency depen-
dence of v, along I'=X (in-layer direction) and I'—Z (inter-layer
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direction), indicating that the v, along I'~X is larger than that along
I'—Z. The low-frequency phonons originate mainly from the vibra-
tions of Bi, Cu, and Se atoms, while the high-frequency phonons come
from light O atom of BiCuOSe. The larger v, along I'=X originates
from the chemical bonding of Bi,O, and Cu,Se, layers. Actually, the
bulk modulus along a and ¢ axes exhibits strong anisotropy, reflecting
the anisotropic chemical bonds in BiCuOSe. Especially for high-
frequency optical phonon modes, very large v, was observed only for
I'-X direction. Due to the strong interaction of O and Bi atoms in
Bi,O, layer, the vibration modes related to O atom exhibit high v,
along in-layer direction. The high-frequency optical phonons contrib-
ute considerably more than one-third to the total ., which is remark-
ably different from the usual picture with little contribution from such
high frequency phonons in most bulk materials.

Ding et al.”"” proposed that strong anharmonic bonding of Bi and
abnormal atomic motion originating from the layered structure cause a
large anharmonicity in BiCuOSe. The Cu and Se atoms in Cu,Se; layer
vibrate synchronously, while the Bi and O atoms in Bi,O, layer vibrate
with a different phase. The in-layer and inter-layer off-phase vibration
modes provide the strong scattering in the propagation of the in-plane
phonons. Figure 10(f) shows the mode Griineisen parameters for pho-
nons with different frequencies. The average Griineisen parameter is
~2.5, which is comparable to that of layered SnSe with ultra-low lattice
thermal conductivity of 0.42W m™' K ™' along inter-layer direction at
300 K.”' The mode Griineisen parameters of phonon modes at low fre-
quency region < 2.5 THz are very large, due to the strong interaction
between acoustic and optical phonons. These phonon-phonon
Umklapp processes scatter acoustic phonons significantly. The middle-
frequency phonon modes are dominated by heavy Bi atom at 2.5-
6 THz, where the mode Griineisen parameters range from ~2 to 2.5
around G and Z points. The high-frequency phonon modes are domi-
nated by light O atom at > 6 THz, where the large mode Griineisen
parameters are related to Bi-O bonds. Therefore, the large Griineisen
parameter of BiCuOSe originates from Bi atom. BiCuOSe has similar
layered crystal structure with LaCuOSe, but lattice thermal conductivity
of BiCuOSe is less than half of 21 W m ™' K ' of LaCuOSe,”'* sugges-
ting that Bi plays important role in reducing the lattice thermal
conductivity.”” Saha et al. explained that the acoustic phonon modes
can be hybridized with optical phonons more strongly in BiCuOSe than
in LaCuOSe, which leads to a strong acoustic-optical phonon scattering
and then lower lattice thermal conductivity in BiCuOSe.”"*

On the other hand, Vaqueiro et al.’" proposed the presence of a
localized low-energy vibration mode on the Cu atoms, which is the
main origin of strong anharmonicity and the large Griineisen parame-
ter in BiCuOSe. The atomic displacement parameter (ADP) for Cu
atom is larger than that for Bi, O, and Se atoms due to weak Cu-Se
bonds. The BiCuOSe does not have cage structure, but may exhibit a
Cu rattling motion because there is no suitable path for Cu ion trans-
port in the layered structure. The presence of a localized low-energy
vibration mode on the Cu atoms also contributes to the origin of low
lattice thermal conductivity in BiCuOSe.

Theoretical study predicts that superior thermoelectric properties
could be realized in n-type BiCuOSe.”'® Defect calculation suggests
that Cl- and Br- anions are effective n-type dopants in BiCuOSe under
Cu-rich growth conditions via suppressing Cu vacancy formation.”**
However, contrary to many successes in carrier doping control and
high ZT in p-type BiCuOSe, there have been difficulties in stable
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n-type doping’'” "> and further study is necessary to realize the high-
performance n-type BiCuOSe.

BiCuOS and BiCuOTe, sister compounds of BiCuOSe, also dem-
onstrated moderate ZT values in the bulk polycrystals.
Bip 95Pbp osCuOS bulks shows ZT'=0.2 at 700K and BiCuOTe
bulks show ZT=06 at 650K,’** comparable to electron-doped
SrTiO; bulks (ZT= 0.3 at 700K).”*” In addition, it should be noted
that the Bi,O, layer of BiCuOCh can be replaced with Ba,F, layer,
resulting in BaCuChF. The synthesized bulks show p-type
conduction.”””**® Although there are no reports on their thermoelec-
tric properties, low lattice thermal conductivity < ~1W m™" K™ is
predicted by phonon calculations.”” Reduction of lattice thermal con-
ductivity and further enhancement of ZT can be expected by expand-
ing the material system with other chemical compositions and
different layers.

b. Bi,REO,Cu,Se, (RE = rare earth). The low lattice thermal con-
ductivity and excellent thermoelectric performance observed in layered
BiCuOSe prompt the expansion to the analogous layered compounds
with Cu,Se, transport layers sandwiched by other oxide layers.
Bi,REO,Cu,Se, (RE=Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er) crystal-
lizes in the Sr,Mn;Sb,0,-type structure with space group of I4/mmm,
and consists of fluorite-type (Bi,REO,)" layer and anti-fluorite-type
(Cu,Se;)”” layers stacked alternatively along the c-axis
[Fig. 11(2)].”****" Bi,YO,Cu,Se, has narrow bandgap of 0.3 eV esti-
mated by DFT calculations,”’ while the bandgaps of other
Bi,REO,Cu,Se, are estimated to be 0.03-0.04eV.>” First, Tan et al.
reported that Bi;YO,Cu,Se, exhibits relatively low lattice thermal con-
ductivity ~1.8W m ™' K" at 300K and it is further decreased to
~09W m ' K ' at 873 K.’ Very large anisotropy of lattice thermal
conductivity along in-layer and inter-layer direction is expected for
Bi,REO,Cu,Se, due to the thick Bi,REO, layers, and it is considered
that the contribution of heavy Bi and the local vibration of Cu atom in
Cu,Se, layer could generate anharmonicity and low lattice thermal
conductivity. Most of the reported Cu-based layered oxychalcogenides
are semiconductors, but the metallic behavior is observed in the
Bi,REO,Cu,Se,.””" The (BL,REO,)™" layer provides only one electron
to the (Cu,Se,)* ™ layer, and hole is naturally generated, resulting in a
metallic conduction with p-type carriers. Bi,YO,Cu,Se, shows a low
ZT ~0.057 at 673 K because the Fermi level is deep inside the valence
band, resulting in low Seebeck coefficient.”” On the other hand,
substituting Y with other RE ions results in further reduction of lattice
thermal conductivity and an increase in electronic conductivity.
Maximum ZT=0.27 at 923K is achieved in Bi,DyO,Cu,Se, [Figs.
11(b) and 11(c)].** Further ZT enhancement can be expected in the
Bi,REO,Cu,Se;, if the over-doped hole concentration is reduced by
electron doping.

c. Sr,TMCu,0,Ch, (TM = Mn, Co, Zn, Ch=S, Se, Te). Further
complex layered Cu-based oxychalcogenides Sr,TMCu,0,Ch, with
TM=Mn, Co, Zn and Ch=S, Se, Te have been investigated as a
potential thermoelectric material,” *° because it shares the Cu,Ch,
transport layer similar to BiCuOSe [Fig. 12(a)]. Sr, TMCu,0,Ch, crys-
tallizes in Sr,Mn;Sb,0,-type structure with space group of I4/mmm,
consisting of alternately stacked anti-fluorite-type Cu,Ch, and square
planar TM oxide layers. Between these two layers, Sr surrounded by 4
Ch and 40 atoms, forms the interstitial layer. The TM ions are
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FIG. 11. Phonon transport and thermoelectric properties of layered Bi,REO,Cu,Se, (RE = rare earth). (a) Crystal structure. (b) and (c) Temperature dependence of lattice ther-
mal conductivity (i) and ZT. Reproduced with permission from Yang et al., Adv. Funct. Mater. 32(18), 2113164 (2022). Copyright 2022 Wiley-VCH.***

surrounded by four in-layer O atoms and two apical O atoms, resulting
in a tetragonally elongated perovskite-like structure. It is reported that
Sr,ZnCu,0,S, has relatively large bandgap of 2.7 eV, and the pristine
S1r,ZnCu,0,S, bulk is highly insulating, but Na* ion substitution at
Sr*" site largely increases hole concentration, resulting in higher elec-
tronic conductivity of 0.12 S em™ ! at RT.7 Sr,CoCu,O,Se, has
smaller bandgap of 1.45 eV.”*” S1,C00,Cu,Se, bulk shows p-type con-

mobility of 333cm®> V' s7' at RT.”” The bandgap of
Sr,MnCu,O,Te, is 0.85€V,”° and it also shows p-type conduction
with electronic conductivity of 25 S cm™! at RT. Thermoelectric prop-
erties of Sr,TMCu,0,Te, (TM = Mn, Co, and Zn) are summarized in
Figs. 12(b)-12(f). The Zn compound exhibits semiconducting behav-
ior, whereas the Mn and Co compounds show weak temperature
dependence of electrical resistivity, indicative of degenerate conduction

duction with electronic conductivity of 50 S ¢cm ' and high hole [Fig. 12(b)]. The Seebeck coefficient increases gradually with
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FIG. 12. Thermoelectric properties of layered Sr,TMCu,0,Ch,: (a) Crystal structure. (b)—(d) Temperature dependence of (b) electrical resistivity (p), Seebeck coefficient (S),
(d) power factor for bulk polycrystals of Sr,TMCu,0,Te, with TM = Mn, Co, and Zn. () and (f) Temperature dependence of () thermal conductivity () and (f) dimensionless
figure of merit for bulk polycrystals of Sr,TMCu,0,Te, with TM =Mn and Co. Reproduced with permission from Song et al., J. Mater. Chem. C 6(45), 12260-12266 (2018).
Copyright 2018 The Royal Society of Chemistry.**®
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temperature, with the slope systematically varying depending on the
TM element; the slope becomes steeper on the order of Mn, Zn, to Co
[Fig. 12(c)]. The PF of the Co compound reaches 70 pW m 'K ?at
770K, which is the highest among those of the three compounds
[Fig. 12(d)]. Thermal conductivity has been measured only for
Sr,TMCu,O,Te, with TM=Mn and Co [Fig. 12(e)]. The thermal
conductivity at RT is 1.41W m~ ! K for Sr,MnCu,O,Te, and
1.72W m~ ' K™ for Sr,CoCu,0,Te,.”*® With increasing temperature,
the thermal conductivity decreases to ~12W m ' K ' at 770K.
Although their ZT is limited to 0.045 at 770 K [Fig. 12(f)], but the com-
plex layered structures and selectable many ions with variable sizes in
Sr, TMCu,0,Ch, are still expected to provide opportunities for lower
lattice thermal conductivity and higher ZT. It should be noted that a
related compound AE,CulnO3;Ch (AE = Sr, Ba and Ch=S§, Se, Te) has
a layered structure composed of alternately stacked (AE,In,04)*"
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perovskite-like layer and the Cu,Ch, transport layer along the c-axis.
Sr,CulnO;S bulk exhibits low lattice thermal conductivity of 0.73 W
m 'K 'at300K."*

d. SrOCuPnSe, (Pn=Sb and Bi). StOCuPnSe, (Pn—=Sb and Bi)
crystallizes in a unique layered crystal structure (monoclinic space
group of P2;/m) composed of (CuPnOSe,)*” carrier transport layers
sandwiched by Sr** cations [Fig. 13(a)].”” **' These compounds were
designed and synthesized by the interaction of SrO into van der Waals
gap of layered CuPnSe,.”**** The SrOCuSbSe, has an in-direct
bandgap of 1.56€V,””” while SrOCuBiSe, has a direct bandgap of
1.33eV.7"

Here, we explain the characteristics of the crystal structure and
phonon transport for SrOCuBiSe, as a representative. The
(CuBiOSe,)*~ layer is composed of (CuSe,)*>~ double chains and
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FIG. 13. Phonon transport and thermoelectric properties of layered SrOCuPnSe; (Pn= Sb and Bi). (a) Crystal structure of SrOCuBiSe,. (b) Enlarged view of CuBiOSe; layer.
(c) Electron localization function graph (top panel) and valence electron density map (bottom panel) for polyhedral coordination of Bi atoms in SrOCuBiSe,. (d) Temperature
dependence of lattice thermal conductivity () and electronic thermal conductivity (i) for SrOCuBiSe, polycrystals, where Per and Par indicate the perpendicular and the
parallel direction to the SPS pressure, respectively, as shown in the inset. (e) Griineisen dispersion for acoustic phonon modes. (f) Atomic displacement parameter (ADP) for
different atoms along the a, b, and ¢ directions. Reproduced with permission from Luo et al., Chem. Commun. 56(31), 4356-4359 (2020). Copyright 2020 The Royal Society of
Chemistry.**" (g)~(i) Thermoelectric properties of (g) power factor (PF), (h) thermal conductivity (k) and electronic thermal conductivity (k), and (i) dimension- Iess figure of merit
for STOCuSbSe; polycrystals. Reproduced with permission from Bu et al., Inorg. Chem. 58(1), 69-72 (2019). Copyright 2018 The American Chemical Society.””
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(BiOSe,)*™ chains [Fig. 13(b)]. Each (CuSe,)*~ chain shares Se atoms
with (BiOSe,)>~ chain, which forms the (CuBiOSe,)*~ anionic layers.
The iso-surface of charge density map around the Bi atoms shows the
anisotropic electron localization [Fig. 13(c)], which is the typical signa-
ture of the 65> lone-pair electrons. The existence of Bi 65> lone pair
electrons results in soft phonon modes and strong anharmonicity in
the lattice. Figure 13(d) shows the lattice thermal conductivity mea-
sured along the direction parallel or perpendicular to the pressure
applied to the SrOCuBiSe, bulk polycrystals during spark plasma sin-
tering (SPS).”*' Due to their layered structure and high external pres-
sure during the SPS process, the a-b plane tends to be perpendicular to
the pressure direction. Low lattice thermal conductivity of 1.0 W m™!
K" was observed along parallel direction at 300K, and it further
decreases to 0.45W m~' K" at 700 K. Also, the lattice thermal con-
ductivity parallel to pressure direction (Kiagparaiel) is lower than that
perpendicular to the pressure direction (K¢ perpendicular) in the entire
temperature range, reflecting the anisotropic layered structure of
SrOCuBiSe,. SrOCuSbSe, polycrystals also show low lattice thermal
conductivity of 0.40 W m™ ' K" at 700 K.**” Based on phonon calcula-
tions, K. Bu et al. observed the anisotropic vibration modes of Sr, O,
Bi, and Se, where Bi atoms tend to vibrate along the a axis, while the Sr
and Se atoms vibrate mainly along the ¢ direction. The anisotropic
vibration of Sr indicates that the SrO units are phonon scattering
layers, which is consistent with the strong anisotropy of «},. Actually,
compared to the lattice thermal conductivity of 30 W m™' K" for
CuBiSe, bulk at 300K,”** the SrO intercalation for SrOCuBiSe,
strongly suppresses lattice thermal conductivity by serving as a thermal
blocking layer.

Similar to BiCuOSe, Bi atom dominates the low-frequency pho-
nons and leads to an extensive acoustic-optical phonon scattering. The
calculated Griineisen parameters are shown in Fig. 13(e). The average
Griineisen parameter of 3.46 for SrOCuBiSe, is much larger than 2.90
of BiCuOSe. Therefore, a strong lattice anharmonicity is an important
sign for their low lattice thermal conductivity. Higher values of the
Griineisen parameters are found along the I'—Z and X—TI" dispersions,
corresponding to the two directions of the Bi 65> lone-pair electrons.
In addition, the large ADP of Cu atoms is observed especially along
the b-axis direction, indicating a weak bonding between Cu and Se
atoms. The large ADP suggests that the Cu atoms possess rattling
vibration along the b-axis direction, which further decreases the lattice
thermal conductivity. The ADP of Cu atoms in SrOCuBiSe, is much
larger than that of the Cu atoms in CuBiSe,. The low lattice thermal
conductivity is attributed to the dual effects of high ADP value and
large Griineisen parameter, which are caused by rattling vibration of
Cu atoms and lone-pair electrons of Bi atom, respectively.

Non-doped bulks of SrOCuSbSe, (SrOCuBiSe,) show p-type
conduction with hole concentration of 2.4 x 10" (5.4 x 10'®) cm™
and hole mobility of 0.114 (0.235) cm? V71§71 at RT, respectively.
Although the ZT is limited at 0.01 for SrOCuBiSe, at 700 K,"*" higher
thermoelectric performance was reported for StOCuSbSe,.”*’ The bulk
sample of SrOCuSbSe, exhibits an increase in PF, reaching ~100
uW m~ ' K2 at 850 K. The high PF originates from the large Seebeck
coefficient, which may be attributed to the insulating SrO layers that
enhance two-dimensional confinement of the charge carriers. The
thermal conductivity of SrOCuSbSe; is as low as ~1.0W m ' K™ ' at
RT and further decreases to ~0.4 W m ™" K™ ' at 850 K. Consequently,
the ZT value of SrOCuSbSe, reaches a maximum of 0.22 at 850 K.
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Further performance enhancement can be expected by carrier doping
and texture engineering to obtain higher PF.

2. Layered Ag-based oxychalcogenide, BIAGOCh (Ch =S,
Se, Te)

Layered BiAgOSe with space group of P4/nmm, i.e., the complete
replacement of AgJr jon at Cu™ site in BiCuOSe, is also expected to
show high thermoelectric performance with low lattice thermal con-
ductivity. BiAgOSe was synthesized by hydrothermal method with an
alkaline environment at low temperature. The conventional solid-state
reaction is not applicable for synthesis of BiAgOSe because of the
decomposition to the stable intermediate compounds, such as Bi,O,Se,
AgBiSe,, and Ag,Se at high temperature > 500 °C.”** The BiAgOSe is
an indirect bandgap semiconductor with a bandgap of 0.95eV. Note
that BiAgOS was synthesized by hydrothermal method’** and mecha-
nochemical method,”” and the bandgap was reported to be 1.5¢V.
Meanwhile, there have been no reports on the experimental synthesis
of BiAgOTe until now.

The temperature dependence of total thermal conductivity for
BiAgOSe bulk polycrystals is shown in Fig. 14(a). The total thermal
conductivity of BiAgOSe at RT is ~0.61 W m~' K" and decreases to
035W m~! K ! at 650K, which is further lower than that of
BiCuOSe. Figure 14(b) compares the calculated lattice thermal con-
ductivity (k) along in-layer direction and &, along inter-layer direc-
tion of BiAgOSe. The calculated x,, of 0.21 W m ™" K™ is much lower
than K, =129W m ' K~ ' at RT, displaying the large anisotropy of
lattice thermal conductivity originating from the layered structure, and
the ratio of Ky, to K, is estimated to be ~6, which is much larger than
BiCuOSe. The calculated Griineisen parameter (y) and three phonon-
phonon scattering rate (77') are compared between BiAgOSe and
BiCuOSe in Fig. 14(c). BiAgOSe has larger 7 and higher v~ than
BiCuOSe in the low-frequency region < 100cm™', where phonons
carry most of the heat. The strong phonon-phonon scattering within
this frequency region effectively lowers the phonon relaxation time
and subsequently reduces lattice thermal conductivity in BiAgOSe.
There are two large peaks of 7 at ~60 and ~25 cm ™', where the former
is mainly due to Bi and Ag atoms and the later is mainly due to Ag
atom.

The crystal structure of BiAgOSe consists of (Bi,O, and
(Ag:Se,)”” layers. BiAgOSe has larger lattice parameters due to the
larger ionic radius of Ag" (102 pm) than that of Cu™ (60 pm).”*’ The
large distortion is introduced in Ag—Se, tetrahedra as a result of the
large size mismatch with O—Bi, tetrahedra, i.e., the [Ag,Se,]* ™ layer is
under compressive strain from [Bi,0,]*" layer. The large deviation
from the ideal tetrahedra reduces the orbital overlap/coupling between
Ag-4d and Se-4p orbitals, which results in a lower Ag-Se bond stiffness
and more localized Ag displacement (rattling-like behavior). Actually,
Ag has the largest ADP due to the soft Ag-Se bonds, and the fastest
increasing rate with temperature, which indicates the large vibration of
Ag atoms [Fig. 14(d)]. Therefore, the mismatch between layers in the
mixed-anion compounds can tune phonon interactions, which pro-
vides an extra avenue for engineering phonon transport properties.
There are theoretical predictions of very low lattice thermal conductiv-
ity also in BiAgOTe319 and LaAgO(S,Se).SSU In addition, theoretical
study predicts that BaAgChF, where the Bi,O, layers are replaced by
Ba,F, layer, shows low lattice thermal conductivity, although there
have been no reports on experimental synthesis. Experimental
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3. Layered Bi-based oxy(fluoro)chalcogenides

Layered Bi-based oxychalcogenides and fluorochalcogenides have
received great attention since the discovery of superconductivity. For
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FIG. 14. Phonon transport in layered
BiAgOSe. (a) Total thermal conductivity (i)
as a function of temperature. (b) Calculated

lattice thermal conductivity along a-axis
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Zhang et al, J. Am. Chem. Soc. 144(6),
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temperature (T.) of 8.6 K> F-doped REOBIS, (RE: La, Ce, Pr, Nd, and
Yb) with T as high as 11 K,”***® AEFBiS, (AE: Sr and Eu) with T. as
high as 3K, ** and EusF,Bi(S,Se), with T, of 3.4K.”**** In addi-
tion, Bi,O,Ch is also known as a Bi-based oxychalcogenide with layered
structure. Recently, Bi,O,Ch has received great attention as a new-type
2-dimensional (2D) material, since the discovery of high carrier

mobility,”” tunable bandgap,*® and ferroelectricity’®” in ultra-thin

example, superconductivity has been observed in Bi;O,S; with a critical Bi,O,Ch crystals.
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FIG. 15. Layered crystal structures of Bi-based oxy(fluoro)chalcogenides. (a) REOBiCh, (RE =rare earth, Ch=S, Se), (b) EusF4Bi,Chy (Ch=S, Se), (c) Bis04S3, (d)

LaOBiPbSs, and (e) Bi,0,Ch (Ch=S, Se, Te).
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Typical crystal structures are categorized into five groups
(Fig. 15). REOBiCh, (RE = rare earth, Ch = S and Se) possesses layered
crystal structure (space group: P4/nmm) with the Bi,Ch, layer (BiCh,
double layers) as a conducting layer and the RE,O, layer as a blocking
insulator layer [Fig. 15(a)]. The RE,O, layer of REOBICh, structure
can be replaced with the AE,F, (AE = Sr and Eu) layer, resulting in the
formation of AEFBiCh,. EusF,Bi,Ch, (Ch: S and Se) possesses the lay-
ered structure (space group of I4/mmm) with similar Bi,Ch, layer for
carrier transport, but it is sandwiched by a thick EusF, layer as a block-
ing layer [Fig. 15(b)].”*""* Bi,0,4S; takes layered crystal structure with
alternate stacks of Bi,Ch, layer and the Bi,O4(SO,) blocking layer,
which is composed of two Bi,O, layers and SO, layer [Fig. 15(c)]. The
parent compound is Bi;O4(SO4)Bi,S4 (space group of I4/mmm), while
the Bi;O,S; compound has vacancies at 50% of SO, layer, ie.,
Bis04(SO4)0.5Bi»Ss **'. Note that there has been no report on the syn-
thesis of Bi;O,Se; and Bi;O,Te; compounds. On the other hand, fur-
ther complex layered structure is found in LaOBiPbS; (space group of
P4/nmm) with a thick carrier transport layer of Pn,Ss (Pn=Bi, Pb)
sandwiched by La,O, blocking layers [Fig. 15(d)].” In these layered
Bi-based oxy(fluoro)chalcogenides, the crystal structures are character-
ized by the alternate stacking of BiCh, (or MCh,) carrier transport
layers and blocking layers.

On the other hand, Bi,O,Ch has different-type layered structure
consisting of [Bi,0,]*" layers and Ch*>~ square net layers alternately
stacked along the c-axis [Fig. 15(e)].”° Bi,0,Se and Bi,O,Te have
anti-ThCr,Si, type layered structure (space group of I4/mmm), while
Bi,0,S has similar layered structure but distorted structure (space
group of Pnnm) with lower symmetry, where Bi atoms slide slightly
apart along a-axis. These Bi-based oxy(fluoro)chalcogenides exhibit n-
type conduction. The bottom of the conduction band consists primar-
ily of Bi 6p states, and the BiCh, layers or Bi,O, layer dominate the

REVIEW pubs.aip.org/aip/are

electronic conduction. Due to these characteristics of the low-
dimensional crystal structure and electronic states, the layered Bi-
based oxy(fluoro)chalcogenides have been expected as potential n-type
thermoelectric materials with low lattice thermal conductivity, comple-
mented by p-type Cu- and Ag-based ones.

a. LaOBiCh, (Ch=S$, Se). LaOBiS, is an n-type semiconductor
with a bandgap ~0.7eV.””" The carrier concentrations can be con-
trolled by partial substitution of F~ ion at O*~ site of La,O, layer (elec-
tron doping to BiS, layer).”” LaOBiS, bulk polycrystal exhibits
relatively low lattice thermal conductivity of 1.85W m™~' K™' at
300K,”” and it is reported that the partial substitution of Se ion at S
site of LaOBIS, is very effective to enhance PF and reduce lattice ther-
mal conductivity.”**”* Figure 16(a) summarizes the temperature
dependence of lattice thermal conductivity and ZT for hot-pressed
LaOBiSSe bulk polycrystals.””* There is a large anisotropy in lattice
thermal conductivity, and the low lattice thermal conductivity <1
W m~' K ! is obtained along the pressure direction due to the pre-
ferred orientation along c-axis. The lattice thermal conductivity is fur-
ther reduced with increasing temperature, and the lowest lattice
thermal conductivity is 0.8 W m ™' K~ ' at 650 K. Maximum ZT = 0.36
at 650 K is obtained for the n-type LaOBiSSe. Note that the low lattice
thermal conductivity of ~2.5W m™~' K" at 300K is also reported in
bulk polycrystals of SrFBiS,, where LaO layer is replaced with SrF
layer.””” Similarly, SrFBiS, shows n-type conduction, and the large
amount of Se substitution at S site of StFBiS, leads to higher PF and
lower lattice thermal conductivity of 1.25 W m 'K !at 300K, result-
ing in the enhanced ZT = 0.34 in SrFBiSSe at 773 K.”° In addition, the
low lattice thermal conductivity of 1.5 W m ™' K" at 300 K is reported
for LaOSbSe,, where the BiS, layer of LaOBiS, is replaced with SbSe,
layer.””” Further lower lattice thermal conductivity of 0.8 W m ™" K™!
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#B
— 1.2 be. LoP I
X % < 003} / - FIG. 16. (a) Temperature dependence of
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0.8 IRy o p . pressed LaOBiSSe bulk polycrystals.
é |~ . Te—p =t ) Reproduced with permission from Nishida
- T 001 =t e et al., Appl. Phys. Express 8(11), 111801
06 | s 1 " (2015). Copyright 2015 IOP Publishing.”’
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at 300K is observed for CeOSbSe,. These (La,Ce)OBiS, compounds
also show n-type conduction, but further carrier doping is necessary to
increase PF and ZT at the current stage.

The low lattice thermal conductivity of LaOBiSSe is explained by
anomalous rattling motion of Bi atoms, even though it does not have
cage structure.””*””” The BiS, layer is composed of Bi-S; pyramid
structure with a Bi atom located at the center of its basal plane
[Fig. 15(a)]. Crystal structure refinements revealed that Se atoms are
mainly replaced at the in-plane Chl site of LaOBiS,. The ion radius of
Se is larger than that of S, and thus Se substitution provides chemical
pressure to Bi atoms. Figure 16(b) shows the temperature dependence
of the isotropic ADP (U;,,) of LaOBiSSe. The Bi, Chl, and Ch2 atoms
vibrate considerably compared with La atoms. The extrapolation of
the temperature dependence of Uy, for Bi, Chl, and Ch2 atoms does
not approach zero and shows a finite large value at 0 K, suggesting that
they exhibit anharmonic vibrations. Particularly, the in-plane Bi and
Chl atoms exhibit large Ui, values. The anisotropic ADP (U;; and
Us;) as a function of temperature for the Bi site is shown in Fig. 16(c).
Both U11(Bi) and U33(Bi) increase with increasing temperature, but
Us;(Bi) is larger than Uy;(Bi) at the entire temperature range. The large
Bi atomic displacement along the c-axis direction is explained by the
presence of the rattling-like motion of Bi atoms. Lee et al.””* reported
that the energy of the Bi rattling mode decreases with increasing the
substituted Se concentration, resulting in the increased anharmonicity
and the lower lattice thermal conductivity. The in-plane chemical pres-
sure should be responsible for the enhancement of rattling motion in
the planar coordination of BiCh, layer. The crystal structure of
LaOBiSSe is not a cage structure, but the observed rattling-like vibra-
tion of Bi in the layered structure would lead to new design concept for
high performance thermoelectric materials with very low lattice ther-
mal conductivity.

b. Bi,0,S;. BiO,4S; shows high n-type electronic conductivity,
because of the natural formation of vacancies at SOy layer.””" The total
thermal conductivity is 4.92W m~ ! K}, and the lattice contribution
is estimated to be 40 W m~* K~ ! at RT.** Unfortunately, due to the
high electron concentration, Bi O,S; exhibits low Seebeck coefficient.
However, their high electronic conductivity and relatively low thermal
conductivity provide the ZT = 0.03 at 280 K. If the carrier concentra-
tion can be suppressed by controlling the chemical composition in
Bi,0,S;, i.e., reducing the amount of SO, vacancies, it would be possi-
ble to enhance their thermoelectric properties.

c. LaOBiPbS;. Sun et al.”® reported thermoelectric properties of
LaOBiPbS; below the RT. The LaOBiPbS; has narrow bandgap
~0.1 eV and the bulk polycrystal shows high n-type conductivity with
111 S cm™ " at RT. The total thermal conductivity is estimated to be
~4W m ' K7}, and the ZT is limited to be 0.0023 at RT. However,
Kurematsu et al. theoretically investigated the thermoelectric proper-
ties of 24 possible variations of the constituent elements in analogous
compounds of LaOBiPbS,.”*" Especially, LaOPbSbSe; is predicted to
have a PF five times as large as that of LaOBiPbSs, which expects to
lead the experimental conformation for the enhancement of ZT in this
material system.

d. Bi,O,Ch (Ch=S, Se, Te). Bi,O,Se has been intensively stud-
ied with detailed characterization of physical properties in bulk,

REVIEW pubs.aip.org/aip/are

single crystal, and thin film. Bi,O,Se is an n-type semiconductor
with bandgap of 0.8eV.”” The bulk single crystal of Bi,0,Se
exhibits high electron mobility ~300 cm? V7! s7! at RT. Bi,0,Se
bulk polycrystal shows a very low thermal conductivity of 1.1 W
m~' K" at RT and it further decreases to ~0.7W m™' K™' at
800K.”* Bi,0,Se single crystal exhibits thermal conductivity
~2W m ' K! along a-b plane (in-layer direction) at RT.”*
Phonon calculation shows that the in-layer and inter-layer lattice
thermal conductivity are 1.32 and 0.82W m™' K™, respectively,
reflecting the anisotropic layered crystal structure.”**

Pristine Bi,OS, bulk polycrystal shows ZT'=0.19 at 800 K,™** but
the ZT value is limited by insufficient carrier concentration to optimize
PF. Further ZT enhancement was demonstrated by the aliovalent ion
substitution of Sn**,**° Ge*t, %% T2+ ** Nb>* at Bi> " site,”” and the
substitution of Cl- at Se*~ site,”” which are effective to increase electron
concentrations for enhancement of PF. In addition, isovalent La®>* and
Sb>* substitutions at Bi*T site,””"”* Bi site deﬁciency,’w and off-
stoichiometry of O and S, ie., Bi,O,_sSe;, s are also proposed to
enhance thermoelectric properties. Maximum ZT has been reported to
be 0.69 at 770K for Bi,O, _ »,Te,,Se (x=0.02) bulk polycrystals, which
is synthesized by shear exfoliation methods [Fig. 17(a)].”” The shear
exfoliation induced nanograins, point defects, and impurities, resulting in
an ultra-low lattice thermal conductivity of ~0.57 W m ' K ' at 773K
[Fig. 17(b)].

Phonon calculations suggest that the low lattice thermal conduc-
tivity of Bi,O,Ch originates from large anharmonic coupling between
Bi and Ch atoms.””® Larger Griineisen parameter is obtained for Bi
and Ch atoms compared to O atoms, suggesting that inter-layer Bi-Ch
bonding is strongly anharmonic and generates stronger phonon scat-
tering. In the structure of Bi,OCh,, each Ch atom is surrounded by
eight Bi atoms. Due to inter-layer charge transfer, the Ch atom inter-
acts mainly through electrostatic force with surrounding Bi atoms,
forming weak ionic bonds. The Bi atom has lone-pair electrons, which
also contribute to the inter-layer coupling.

There have been limited reports on the thermoelectric proper-
ties of sister compounds Bi,O,Ch (Ch=S and Te), currently.
Bi,O,Te is also n-type semiconductor with bandgap of 0.23eV,
and its polycrystal shows high electron mobility ~47 cm”* V™' s~
at RT.””” Bi,O,Te bulk exhibits low total thermal conductivity of
0.91W m ! K ! at RT, and maximum ZT is measured to be 0.13
at 573 K. Phonon calculation predicts that Bi,O,S show much
lower lattice thermal conductivity of 0.8 W m ™' K ™' for in-layer
direction and 0.4 W m~' K™' for inter-layer direction.””® Usually,
lattice thermal conductivity increases with increasing constituent
atomic mass for similar lattice structure, but Bi,O,S has the lattice
distortion by the shift of Bi atom, which enhances the anharmonic
inter-layer coupling between Bi and S atoms and results in the low-
est lattice thermal conductivity among this series.

Recently, there has been great attention on thermoelectricity in
Bi,O,Se ultrathin 2D crystals. Gate-tunable PF as high as
~160 tWm 'K 2 at RT was reported in atomically thin Bi,O,Se
films.”” In addition, there is a theoretical prediction that strain along
in-layer direction can enhance ZT in Bi,0,Se.””” Growing the thin
films on various substrates with different lattice mismatches may dem-
onstrate such ZT enhancement. 2D Bi,O,Se crystals can be formed on
flexible substrates,'”’ leading to the potential applications, such as flex-
ible thermoelectric devices.
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FIG. 17. (a) Temperature dependence of ZT for Bi,0,Se1.Cly polycrystal,”™ Biy0,Seq.Tey polycr%/stal,391 Biy.La,0,Se polycrystal,””" Bi,,,Ta,0-Se polycrystal,” shear exfoliated
Bi,.Sb,0,Se polycrystal,** shear exfoliated Bi;0.,Te,,Se polycrystal,”” and Bi,0,Se single crystal.*** Reproduced with permission from Wang et al., Appl. Phys. Lett. 119(8), 081901
(2021). Copyright 2021 AIP Publishing.** (b) Temperature dependence of thermal conductivity () for shear exfoliated Bi;O5.,TesSe (x= 0-0.03) bulk polycrystals. Reproduced with

permission from Pan et al., Nano Energy 69, 104394 (2020). Copyright 2020 Elsevier Ltd.*

C. Mixed-anion compounds with heteroleptic
polyhedra

Heteroleptic coordination environment in mixed-anion mate-
rials, where more than one anionic species is bonded to a cation,
have various roles in determining their physical properties as well
as crystal chemistry. The expanded degrees of freedom in element
selection, coordination geometry, and the arrangement of basis
units enable flexible control of local and overall symmetry. This
flexibility markedly influences the electron and phonon band
structures. Such effects derived from the heteroleptic coordination
can be more prominent than homoleptic mixed-anion compounds,
such as layered compounds we have discussed in Sec. III B, due to
more pronounced distortion in local structures. Nonetheless, the
mixed-anion materials featuring heteroleptic units are relatively
scarce and challenging to synthesize, as such distorted structures
frequently lead to structural instability. To address this, recent
high-throughput searches have focused on the structural stability of
novel heteroleptic mixed-anion materials as well as their physical
properties.””* "’ Additionally, structure prediction approaches,
such as evolutionary algorithm, have also been utilized to explore
novel mixed-anion materials.*"”*""

In this section, we summarize the thermoelectric and thermal
transport properties of mixed-anion compounds with heteroleptic
local structures, based on their structural features. While some of
the compounds treated in this section contain both homoleptic
and heteroleptic coordination polyhedra, we mainly focus on the
heteroleptic ones owing to their distinctive roles in these systems.
As mentioned above, although identified mixed-anion compounds
with heteroleptic structures are scarce, several compounds have
been computationally predicted to exhibit superior thermoelectric
properties, and some have been experimentally confirmed to have
high performance. A notable common characteristic among these
compounds is that the heteroleptic units have a significant impact
on lattice vibrations, leading to low lattice thermal conductivity.
Numerous studies, both computational and experimental, high-
light ultra-low thermal conductivity values, with some being lower
than1Wm 'K,

1. Perovskite-related materials

As mentioned in Sec. I1T A 6, oxide perovskite-type materials with
the composition of ABO; have been extensively studied as thermoelec-
tric materials for many years.”*”**” For instance, the bulk polycrystals
of La and Nb-doped SrTiOs perovskite with nanoscale TiO, precipi-
tates exhibit a maximum ZT of 0.6 at over 1000 K."”’ Despite these
advancements, the thermoelectric performance of oxide perovskites is
not comparable to state-of-the-art materials like Bi,Te; and PbTe-
based ones, primarily due to their high lattice thermal conductivity.
Recent advancements, however, include the significant reduction of
lattice thermal conductivity of SrTiO; through hydride anion
substitution.”*”

There exist groups of materials with more complex crystal struc-
tures derived from the perovskite structure, some of which have been
explored for thermoelectric applications.””*'**'* For example,
Ruddlesden-Popper (RP) phase is represented by the formula
(ABX;),AX, where n layers of consecutive ABX; perovskite layers
alternate with a single layer of NaCl-type AX layers. Within the RP
phases, some contain multiple anions, with [BXs] octahedra replaced
by mixed-anion heteroleptic coordination environment. Cs,PbL,CL,
crystalizes in the K,NiF,-type structure, the RP phase with n=1,
where the CsPb(I,Cl); units are separated by a CsI layer. This configu-
ration forms corner-shared [PbI,Cl,]*" heteroleptic units. A single
crystal of Cs,PbL,Cl, grown by using Bridgman method exhibits
exceptionally low lattice thermal conductivities of 0.37 and
041 W m ™' K " at 300K for perpendicular and parallel to the growth
direction, respectively.""’ The heterogeneous bonding environment
due to the mixed covalent and ionic bonding derives low-energy local-
ized optical phonon modes, which enhance anharmonic coupling with
heat-carrying acoustic phonons. It is interesting to note that the
dynamic rotation of the heteroleptic octahedra, which is responsible
for the lowest-lying optical mode, is also known as a part of origins of
ferroelectricity observed for some RP phases.""" *'* Cs3BiIsCls,
belonging to another family of layered perovskites, contains
[Bil;Cl;]*~ heteroleptic units.”'” The lattice thermal conductivity of
Cs3Bi,]I¢Cl; single crystal displays a glass-like temperature dependence
with ultra-low values of 0.20 and 022W m ' K ' at 300K for
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perpendicular and parallel to the growth direction, respectively. The
torsional motion of the [Bil;Cls]*~ heteroleptic octahedra and local-
ized anharmonic rattling-like vibrations of Cs atoms are responsible
for weakly dispersive low-energy optical phonon modes, which result
in significantly low sound velocity and short phonon lifetimes.
Antiperovskite-type oxides, also known as inverse-perovskites,
wherein the crystallographic sites of constituent elements in the perov-
skite are interchanged, typically exhibit intrinsically much lower lattice
thermal conductivities than the normal perovskites. Some of this class
of materials can be classified as the mixed-anion compounds because
some constituent metals sometimes have unusual oxidation states and
behave as anions. For instance, Ca3;SnO features 0% and Sn*", with
the latter representing an uncommon negative oxidation state for
group-14 elements. The polycrystalline Ca;SnO and CasPb,; _,Bi,O
show metallic behaviors in electrical resistivity and Seebeck coefficient,
and Ca;SnO exhibits a moderate PF of 1.2 yW cm™ ' K 2 at 290 K due
to its relatively large positive Seebeck coefficient. Remarkably, the

(@) =)

Inverse-perovskite

Perovskite
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lattice thermal conductivity of Ca;SnO is 1.7 W m ! K!at 290K,
which is significantly lower than that of undoped perovskite oxides.""*
Very recently, orthorhombic antiperovskites Ba;SiO and Ba;GeO have
been reported to show quite promising thermoelectric performance.”"”
As shown in Fig. 18(a), these antiperovskites contain the framework
comprising O-Ag octahedron, which is softer than the B-Og one in
normal perovskites, leading to quite low lattice thermal conductivities
of 1.00 and 0.77W m ' K™ ! at 300K for Ba;SiO and Ba;GeO, respec-
tively [Fig. 18(b)]. The maximum PF values exceed 10 uyW cm ' K2
for both compounds, leading to high ZT values of 0.84 at 623 K for
Ba;SiO and 0.65 at 523 K for Ba;GeO, thus highlighting the potential
of this class of mixed-anion compounds in thermoelectric applications.

Despite limited experimental reports on the thermoelectric prop-
erties of antiperovskite-based materials, numerous computational
studies have reported the potential of high thermoelectric performance
based on DFT calculations. Oxides AE;MO and nitrides AE;PnN
(AE=Ca, Sr, Ba; M= Ge, Sn, Pb; Pn= As, Sb, Bi) were investigated
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FIG. 18. (a) Comparison of crystal structure and phonon transport between inverse-perovskite (antiperovskite) A;B0 and normal perovskite ABOs. The former contains the soft
framework of O—Ag octahedron with long O-A bonds, while the latter is built with the hard framework of B—Qg with short B-O bonds, which consequently leads to the signifi-
cant difference in thermal transport. (b) Temperature (T) dependences of the lattice thermal conductivity () for BazBO polycrystalline bulk samples (B = Si, Ge), compared
with the reported ones of perovskite SrTiO3 as well as Bi,Te; and PbTe. Reproduced with permission from He et al., Adv. Sci. 11, 2307058 (2024). Copyright 2024 Author(s),
licensed under a Creative Commons Attribution (CC BY 4.0) license.”'® (c) Crystal structure prediction scheme used for discovering double-antiperovskites XsNFSn, (X = Ca,
Sr, Ba). (d) Analysis of the interatomic bond strength, ICOHP (integrated crystal orbital Hamilton population) and FC (interatomic force constants), and enhanced phonon scat-
tering rate for CagNFSn, (left) and SrNFSn; (right). (€) Predicted p-type ZT values as a function of temperature and carrier concentration for CagNFSn; (left) and SrgNFSn,
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by means of DFT calculations and Boltzmann transport theory.
Among them, Ba;PbO, Ca;GeO, and Sr;SbN are predicted to be
promising thermoelectric materials due to their favorable electronic
band structure.””’ Nitrides Mg;PnN (Pn=P, As, Sb, Bi) were pre-
dicted to exhibit strong quartic anharmonicity, leading to anomalously
weak temperature dependence of the lattice thermal conductivity."”"
Some other A;BO antiperovskite oxides have also been predicted to
have remarkably low lattice thermal conductivity and/or high
ZT.”>*** Furthermore, chalcohalide antiperovskites KsChI and
Rb;ChI (Ch= Se, Te) were predicted to have ultra-low lattice thermal
conductivity below 1.0W m™" K™ at 300K, alongside high ZT value
exceeding unity.””>**° Contrary to the cubic antiperovskites men-
tioned above, hexagonal Bi-based AE;BiN (AE = Ba, Sr) are forecasted
to show anisotropic thermoelectric properties.””” Considering these
notably low lattice thermal conductivities observed in antiperovskites
with relatively simple structures, a thorough investigation into the
detailed microscopic mechanisms of phonon transport within this
group is deemed highly beneficial.

More complex antiperovskite-related materials have also gar-
nered attention for thermoelectric application. Ca,Sb,0O and Ca,Bi,O
with anti-K,NiF, structure type, belonging to a family of anti-RP
phase, are predicted to have low lattice thermal conductivity of 1.93
and 1.05W m ™' K ™' at 300 K, respectively.”® Such low lattice thermal
conductivity is primarily attributed to the presence of low-lying optical
phonon modes, causing avoided crossings with acoustic modes and
large anharmonicity. Relatively small hole effective masses result in
high mobility and moderate positive Seebeck coefficient, and promis-
ing ZT values approaching ~1-2 at elevated temperatures are fore-
casted. Very recently, double-antiperovskites AE{NFSn, (AE = Ca, Sr,
Ba), derived from B-site anion mutation in antiperovskite AE;OSn, are
designed by crystal structure prediction scheme, and predicted to be
dynamically and thermodynamically stable [Fig. 18(c)]. CagNFSn,
(cubic) and SrgNFSn, (rhombohedral) show remarkably high p-type
PFs thanks to favorable electronic structures with fourfold valley
degeneracy at the VBM. With their low lattice thermal conductivity
below 1.0 W m ! K™}, due to weak bond strength and soft lattice caus-
ing high 3-phonon scattering rate [Fig. 18(d)], these materials are
anticipated to achieve high ZT values around 2.0 at 1000K
[Fig. 18(e)]."” This successful interplay between structure prediction
and transport properties calculations illuminates a wide, yet mostly
unexplored “perovskite universe,”*”” rich with multiple-anion
compositions.

2. Anion ordering derived from single-anion materials

Many mixed-anion materials, created through anionic substitu-
tion in single-anion frameworks, exhibit a degree of disorder despite
the presence of local short-range ordered anionic groups.''”''"**
Observations and explorations of long-range anionic order are rela-
tively scarce; however, a select few studies have reported or predicted
instances of partial or complete ordering among multiple anions.**"**'
This phenomenon of anion ordering is also identifiable in certain ther-
moelectric materials and materials known for their low thermal con-
ductivity, suggesting a potential link between the anion ordering and
enhanced material properties.

CsAgsTes, a narrow-gap semiconductor with a complex three-
dimensional structure, demonstrates a high ZT of 1.5 at 730 K.**”
Substitution of S for Te, resulting in CsAgsTeS,, transforms its crystal

REVIEW pubs.aip.org/aip/are

structure into a two-dimensional configuration with alternating layers
of Cs* and [AgsTeS,]” units, as shown in Fig. 19(a). The latter
includes both square-planer [AgTe,] and fully-ordered heteroleptic
tetrahedral [AgTe,S,]. Off-centered Ag atoms within the heteroleptic
unit are confirmed by the pair distribution function analysis
[Fig. 19(b)], leading to ultra-low lattice thermal conductivity of 0.40 W
m ' K" at 300K [Fig. 19(c)]."*” A Similar pattern of anion ordering
is found in a metallic compound KCu,,TeS,, which is derived from
substitution of Te for S in KCu,Ss.""* Cug_,Ag,TesS, featuring hetero-
leptic [CuTesS] units, shows a high ZT of 0.7 at 600 K and an ultra-low
lattice thermal conductivity of 0.3 W m ' K" at 300 K. The partially
occupied Cu site and structural instability near phase transition play
crucial role in impeding phonon transport.””” Ba;Cuys_.(S,Te);;, with
partially ordered heteroleptic units that include (S,Te) mixing sites as
well as highly mobile Cu ions [Fig. 19(d)], displays an ultra-low ther-
mal conductivity below 0.3 W m™" K™' and a high ZT value of 0.88 at
745 K.**° Low thermal conductivities and relatively high thermoelectric
performances are also reported some related Ba-Cu-(S, Se, Te) system
[Fig. 19(e)].””**" Some of bismuth sulfohalides Bi-S-X (X = Cl, Br, I
family, characterized by a local structure identical to Bi,S; within their
unit cell, have Bi-centered partially ordered heteroleptic polyhedra.
Bi,3S,7Br3 shows ultra-low thermal conductivity of 0.35 W m 'K 'at
300K, though its too high semiconducting electrical resistivity limits
its thermoelectric performance.*** Bi; S5, exhibits similar low ther-
mal conductivity and much higher ZT reaching 1.0 at 800 K, while it is
delicate whether it can be considered to possess heteroleptic unit
because of almost isolated iodine atoms."*’

3. Complex structures

Utilizing multiple anions tends to intrinsically yield highly com-
plex crystal structures, which are generally unattainable with single-
anion materials. Beyond the effect of heteroleptic unit described in Sec.
11, these complex structures, characterized by diverse chemical bonds
and huge unit cells, contain various mechanisms that hinder phonon
transport, consequently leading to extremely low lattice thermal
conductivity.

CuyTeyCl; features Cu-centered heteroleptic units; however,
focusing on anion substructure rather elucidates its distinct crystal
structure. The Cl™ anions form a Kagome lattice, while discrete Te?™
anions create a honeycomb network. In this structure, covalently
bonded Te,-dumbbells interpenetrate the CI~ network.”** The electri-
cal resistivity and the Seebeck coefficient of this material exhibit metal-
lic behaviors, and the thermal conductivity is quite low between 0.4
and 0.6 W m~' K™ in the temperature range of 300-523 K. Similar
thermoelectric properties are observed for Cu,Te;;Cls, which pos-
sesses a similar anionic substructure.”*’

As shown in Fig. 20(a), MnPnS,Cl (Pn=Sb, Bi) contains two
types of highly distorted heteroleptic units, [MnS,ClL,] and
[PnSsCL,]. ****** Bond strength between cations and anions, as rep-
resented by the interatomic force constants of the nearest atomic pair,
shows a wide variety within these heteroleptic units [Fig. 20(b)]. Such
kind of bonding heterogeneity often leads to a shift in phonon fre-
quencies, where weak and strong bonds correspond to lower and
higher frequencies, respectively. In materials comprising both light
and heavy elements, the phonon band structure frequently has a
bandgap as the phonon frequency is influenced by the constituent
atomic masses. However, the frequency shift caused by the bonding
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patterns, demonstrating off-centering of the heteroleptic Ag atom. (c) Temperature dependence of the lattice thermal conductivity (o) of polycrystalline CsAgsTeS,, which is
measured in both the parallel and perpendicular directions relative to pressing direction during sintering. Reproduced with permission from Hodges et al., Chem. Mater. 30(20),
7245-7254 (2018). Copyright 2018 American Chemical Society.*** (d) Crystal structure of BasCuy7_(Se,Te)s; and coordination environments of Ba-Q and Cu-Q (Q = Se, Te)
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heterogeneity can fill such gaps, which results in an increase in 3-
phonon scattering phase space and a decrease in relaxation time
[Fig. 20(c)]. This mechanism contributes to the ultra-low thermal con-
ductivity of polycrystalline MnPnS,Cl, which takes 0.5W m™' K" at
300K, despite their relatively light constituent elements [Fig. 20(d)]. A
similar effect is observed in layered TMNCI (TM = Zr, Hf)."** A larger
lattice thermal conductivity is predicted for HINCI than ZrNCl, despite
the atomic mass of Hf being much larger than Zr. This behavior was
found to be attributed to the lanthanide-contraction effect, in which
Hf and Zr have a similar radius, leading to a stronger bond of Hf-N
than Zr-N. Consequently, the phonon bandgap is broadened for
HINCI, which suppresses the phonon scattering channel. Very
recently, a novel chalcohalide CuBiSeCl,, containing [CuSe,Cly] and
[BiSe,Clg] heteroleptic polyhedra,“‘) which is analogous to MnPnS,Cl,
was synthesized via a solid state reaction. The polycrystalline sample
exhibits a surprisingly low thermal conductivity of 0.27 W m™ ' K" at
300K, which can be mainly attributed to the bonding heterogeneity
within the heteroleptic units.

Within certain homologous compounds, complex local structures
comprised of different multiple homoleptic units can be effectively
regarded as the heteroleptic units. Bi; 2,05 4 2,.Cty_sSe€ 15X
(X=Cl, Br), a homologous series containing three anions, is built from
the parent blocks of BiCuOSe and Bi,O,Se [Fig. 21(a)], both of which
are recognized as homoleptic mixed-anion compounds.”**"’
Polycrystalline Bi;O4Cu, 7Se,;Cly; was reported to exhibit low lattice
thermal conductivity value of 0.4 W m ' K%, which is lower than that

samples. Reproduced with permission from Jafarzadeh et al., J. Mater. Chem. C 6(47),

of both BiCuOSe and Bi,O,Se.*”” Such low lattice thermal conductivity
is able to be further reduced by adjusting the composition within this
homologous series, ranging from 0.2 to 0.3W m ™' K~ '.**' Moreover,
the bulk superlattice material Bi;O,SeCl,, composed of BiOCl and
Bi,O,Se blocks [Fig. 21(b)], exhibits extremely low thermal conductivity
of 0.1W m " K™ ! for perpendicular direction to the pellet plane.””” In
this material, different types of chemical bonding anisotropy exist in
each parent block, together with mismatched van der Waals interfaces
in between, leading to soft anharmonic transverse acoustic phonons
[Fig. 21(c)] and ultimately low lattice thermal conductivity, among the
lowest for any bulk inorganic materials [Fig. 21(d)].”**> Carrier dop-
ing by Sn substitution for Bi improves the PF and ZT value, though the
still low electrical conductivity limits its thermoelectric performance.”**
Bi;O,SeBr,, analogous to Bi;O4SeCl,, and BisOsSe,Cl,, containing an
additional Bi,O,Se layer, also show quite low lattice thermal conductivi-
ties lower than 0.2 W m~ ' K~ ".****° More complex layered material
BigCsOgSeX;, (X=Cl, Br), containing a partially occupied large cation
Cs site, shows similar values of 027 and 022W m ! K},
respectively.”” As described above, materials containing complex heter-
oleptic local structures assembled from simpler homoleptic units exist
within a rich compositional space and incorporate various factors that
inhibit phonon transport due to the complexity and anisotropy of
chemical bonding, making them worthy of exploration as low thermal
conductivity materials and thermoelectric materials.

As an illustrative case in which homoleptic and heteroleptic coor-
dination polyhedra coexist within a single structure, we highlight
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FIG. 20. (a) Crystal structure of MnPnS,Cl (Pn = Sb, Bi), and the heteroleptic coordination polyhedra around Mn and Sb/Bi cations. (b) Norm of the IFC (interatomic force con-
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lightweight. Reproduced with permission from Sato et al., J. Mater. Chem. A 9(39), 22660-22669 (2021). Copyright 2021 The Royal Society of Chemistry.'**

SrsGe;OSe;;. The crystal structure [Fig. 22(a)] contains two Ge-
centered tetrahedra of comparable coordination environment: a heter-
oleptic [GeOSes]*™ unit and a homoleptic [GeSey]*™ unit [Fig. 22(b)].
Because these motifs involve the same cation (Ge) and the same coor-
dination number (four) while differing only in whether the coordina-
tion is heteroleptic or homoleptic, this compound provides one of the
clearest exemplars of the “intermediate” category discussed here.
Similar to the heteroleptic compounds mentioned so far, SrsGe;O0Se;
exhibits a low thermal conductivity of about 0.57 W m ™' K" at 300K
[Fig. 22(c)]."!

In addition to the materials described above, there are several
materials with complex crystal structures containing heteroleptic units
that exhibit very low lattice thermal conductivities. Considering the
difficulty in categorizing them based on structural features, they are
listed in Table I11."*"****” Some of the materials in the list have only
been predicted to have low thermal conductivities and have not been
confirmed experimentally.

4. Janus TMDCs monolayer

Janus transition metal dichalcogenides (TMDCs), which consist
of a transition metal and two different types of chalcogens with a heter-
oleptic coordination, have recently attracted growing attention for
their additional degree of freedom to tune physical properties, includ-
ing Rashba-type spin splitting and enhanced photocatalytic

activity.”’""*”* There is an experimental report of a Seebeck coefficient
measurement of a Janus MoSSe monolayer sample.””” Additionally,
theoretical studies have extensively explored the thermoelectric perfor-
mance of the Janus monolayer TMDCs.””**”> For instance, Janus
monolayer WSTe and WSSe were predicted to show lower lattice ther-
mal conductivity than that of a traditional monolayer WS,. Moreover,
a remarkably high ZT value exceeding 2 is forecasted for WSTe."”"
Similarly, monolayer In,SO and In,SeO are also predicted to exhibit
promising ZT values approaching 1. Although most of the high ther-
moelectric performance in this group is currently limited to computa-
tional predictions, these materials present a promising platform for
thermoelectric applications requiring device flexibility.

IV. SUMMARY AND OUTLOOK

In summary, we comprehensively highlighted the recent advan-
ces, characteristics, and thermoelectric properties of mixed-anion ther-
moelectric materials and discussed the mixed-anion effect on electron
and phonon transport. We provided an overview of the historical
approach of multiple-anion substitutions onto single-anion com-
pounds and discussed substantial impacts of multiple anion substitu-
tions across different material systems. Then, we reviewed the
characteristics of crystal structures and physical properties, as well as
the recent advances in thermoelectric properties for the mixed-anion
compounds with homoleptic polyhedra and heteroleptic polyhedra.
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from Gibson et al., Science 373(6558), 1017-1022 (2021). Copyright 2021 AAAS.**

Here, we would like to outline the characteristics of the mixed-anion
thermoelectric materials as follows.

A. Multiple-anion substitution onto single-anion
compounds

The solid solution of anions with different sizes, masses, electro-
negativity, etc., has significant effects on the modulation of electronic
and/or phonon band structures as well as the formation energy of
donor or acceptor type defects. Even isovalent anion alloying enables a
wide range control of carrier concentration by the modulation of for-
mation energy of donor/acceptor type defects, such as Biz(S,Se,Te)3134
and Sn(S,Se,Te).'™ > The alloying enables the band structure engi-
neering to optimize PF by enhancing valley degeneracy, which is repre-
sented by Pb(Se,Te).” The anion substitution often leads to a
significant reduction in the lattice thermal conductivity that cannot be
explained solely by simple mass contrast alloy scattering. Such reduc-
tion can be attributed to the distorted local structures formed by differ-
ent anions, as exemplified by the differences in bond lengths and
strengths between Ti-O and Ti-H in hydride-substituted SrTiO;.""

Mechanical properties can be tuned by the anion substitutions as well
as thermoelectric properties, such as Agz(S,Se,Te).223 The classical
Hume-Rothery rule suggests that anions with significantly different
radii or electronegativities are unlikely to form solid solutions, leading
to phase separation. However, recent studies have identified several
metastable cases where solid solutions are possible, depending on the
diffusion coefficients of cations and anions.”'® Such findings are
expected to further expand the degree of freedom to tune thermoelec-
tric properties through anion solid solution.

B. Mixed-anion compounds with homoleptic
polyhedra

Mixed-anion compounds containing multiple anions that exhibit
different bonding characteristics to cations, with some forming pre-
dominantly ionic bonds and others forming predominantly covalent
bonds, often adopt complex crystal structures characterized by the
coexistence of bonds with varying degrees of ionicity and covalency
within a single phase, which can sometimes lead to separation into
distinct structural blocks. For example, their mixed-anionic yet
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homoleptic polyhedral nature of these compounds tends to intrinsi-
cally drive the formation of layered block-structures. As a result, the
mixed-anion layered compounds are composed of separate building
blocks with different chemical, electronic, and phonon properties,
which enable specific thermoelectric properties. BiCuOSe naturally
forms superlattice structure consisting of widegap insulating oxide
layers and highly conducting chalcogenide layers. The O and Se anions
do not mix with each other, but form separate layers with homoleptic
O-Biy and Cu-Se; polyhedra. The 2D layered structure and

hierarchical bond feature provide them with low lattice thermal con-
ductivity, low-dimensional electrical features, and anisotropic electron
and phonon transport behaviors. The quantum confinement of car-
riers in layered superlattice leads to a 2D electronic structure and
enhanced Seebeck coefficient. The carrier concentrations can be con-
trolled by aliovalent ion substitution at the insulating blocking layer
without deteriorating electronic conductivity in carrier transport layer.
The quite anisotropic chemical bonds between strong intralayer and
weak interlayer bonds cause a large anharmonicity, large anisotropic

TABLE lll. Lattice thermal conductivity (i) of various mixed-anion compounds with complex crystal structure comprising heteroleptic units.

Material Kioe (W m~' K1) at 300 K Classification Reference
Bi,CuSesl 0.30 Polycrystal 458
Y,Ti,05S, 7.59 (xx, yy), 2.41 (zz) Calculation 459
InsSsBr 1.1 (average) Calculation 460
InsSesBr 0.55 (average) Calculation 460
Sn,SbS, 15 0.30 Polycrystal 461
Sn,BiS, 15 0.28 Polycrystal 461
Li4OSe 1.75 (average) Calculation 462
CaCIF 3.77 (average) Calculation 463
SrCIF 3.04 (average) Calculation 463
PbCIF 1.66 (average) Calculation 464
PbBrF 1.14 (average) Calculation 464
PbIF 0.90 (average) Calculation 464
BasSn,Te; 35757673 0.36 Polycrystal 465
Ba,;SnsTe) 339515 161 0.38 Polycrystal 465
o-CuSCN 1.2 (average) Calculation 466
p-CuSCN 2.4 (average) Calculation 466
Ba;GeTeS, 0.57 Polycrystal 467
Ba,4Si,SbgTes,(Tes) 0.50 Polycrystal 468
Ba,Sb,Se 0.43 (average) Calculation 469
Ba,Sb,Te 0.53 (average) Calculation 469
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group velocities, and unusual atomic motion. As can be seen in layered
Cu-based oxychalcogenides, Ag-based oxychalcogenides, and Bi-based
oxy(fluoro)chalcogenides, they have high controllability of blocking
layers and carrier transport layers by the choice of constituent ele-
ments. Not introduced in this paper, various kinds of crystal structures
have been found in mixed-anion layered compounds.'***® **
Designing the buildup of carrier transport and blocking layers in lay-
ered structures provide an opportunity to control their electronic and
phonon transport properties, which cannot be realized by conventional
3D material systems. Further enhancement of ZT can be expected by
expanding the material system with other chemical compositions and
different layers.

C. Mixed-anion compounds with heteroleptic
polyhedra

Mixed-anion compounds featuring heteroleptic coordination
polyhedra, where a single cation is coordinated by two or more differ-
ent anions, are characterized by local structures that are significantly
more distorted than their homoleptic counterparts. Such local symme-
try breaking not only induces crystal field splitting that affects elec-
tronic band structure but also impacts phonon band structure and
thermal transport due to bonding heterogeneity, where both strong
and weak bonds coexist within the same coordination polyhedron.
These heteroleptic structures are observed not only in materials with
relatively simple crystal structures, such as perovskite-based ones, but
also in anion solid solutions where different anions become ordered
under specific conditions. Additionally, unique heteroleptic coordina-
tion can arise in complex crystal structures not observed in single-
anion compounds. A common feature among this class of materials is
their low lattice thermal conductivity. Although still relatively underex-
plored, they are promising candidates for thermoelectric materials. To
discover new heteroleptic material groups, high-throughput screening
using DFT calculations™* **° and structure prediction schemes
employing various algorithms*””*** are being actively utilized.
Furthermore, systematic searches for materials with anion ordering
based on crystallographic considerations have recently also been
reported.””!

Finally, we would like to note the currently unsolved challenges
and future prospects toward the development of mixed-anion thermo-
electrics. The mixed-anion compounds have large degrees of freedom
for the choice of the constituent anions and their arrangement, but
most of which still remains unexplored. Further exploration of new
mixed-anion compounds with various anions, such as hydride, nitride,
halide anions, and more complex anion compositions, will be highly
desirable for discovering new thermoelectric functionalities. In addi-
tion, theoretical study on exploration and analysis leads the research
on mixed-anion materials, but the experimental validation using single
crystals and epitaxial thin films would be beneficial for advancing
deeper understanding. In particular, mixed-anion compounds with
heteroleptic polyhedra have only recently gained attention as a class of
ultralow lattice thermal conductivity materials. Compared to theoreti-
cal analyses, there are still relatively few experimental demonstrations
of ultralow thermal conductivity and experimental analyses, such as in
situ neutron scattering and atomic displacement parameter measure-
ments. Therefore, further experimental verification and detailed char-
acterization are strongly needed. Additionally, currently discovered
mixed-anion compounds typically exhibit low electronic conductivity

REVIEW pubs.aip.org/aip/are

in many cases. This is especially the case with the mixed-anion com-
pounds with heteroleptic polyhedra. While they tend to have very
strong local distortions, it remains a general fact that the electronic
transport and phonon transport possess different length scales.
Therefore, exploration and development of innovative doping methods
should be further carried out to explore the possibility of effectively
enhancing the electronic transport in such compounds. Addressing
these challenges will pave the way for exploring the potential applica-
tions of thermoelectric modules using mixed-anion materials in the
future.

We hope this review will provide valuable insights for new design
route for high performance thermoelectric materials based on mixed-
anion strategy. Conventionally, thermoelectric property modification
is carried out by cation site engineering. On the other hand, anion site
engineering provides an additional degree of freedom to manipulate
electron and phonon transport. We expect the mixed-anion strategy to
offer great potential for finding new classes of high-performance ther-
moelectric materials.
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