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ABSTRACT

Thermoelectric materials are attracting considerable attention to alleviate the global energy crisis by enabling the direct conversion of heat into
electricity. As a class of I-V-VI; semiconductors, AgBiSey is expected to be the potential thermoelectric material to replace conventional PbTe-based
compounds due to its non-toxic and abundant nature of its constituent elements. This review article summarizes the fundamental properties of
AgBiSe,, thermoelectric properties, the effect of different dopants on its transport properties and entropy engineering for cubic phase stabilization
with the detailed description of related techniques used to analyze the properties of AgBiSe,. The current thermoelectric figure-of-merit and ap-
proaches to further improve performance and operational stability are also discussed.

1. Introduction

The limitation of fossil fuel consumption and the efficient utilization of heat as a practical form of energy have been called for in an
effort to alleviate the energy crisis that the world is currently facing [1-3]. Therefore, a solid-state device that can convert heat into
electrical energy - namely, a thermoelectric generator (TEG) -has attracted a considerable attention as a promising technology for a
sustainable future [4-6]. Compared to other waste heat recovery techniques (e.g., heat pumps and steam generators), TEGs have
several advantages stemming from an absence of mechanical moving parts: a silent operation without noise, long-term durability, and
compactness of the device [7,8]. Nevertheless, the commercialization and related market growth of TEG technologies have been
stagnating for a while due to the poor energy conversion efficiency of TE modules [9,10]. Generally, a conversion efficiency of the TE
module is proportional to the dimensionless TE figure-of-merit (2T), which is given by 2T = S%T, /x, where S, 6, T, and « are the Seebeck
coefficient, electrical conductivity, absolute temperature, and total thermal conductivity of a TE material [11-13]. However,
increasing the 2T of a TE material has been extremely complicated by an interplay of each parameter; for example, improving ¢ by
increasing a carrier concentration would increase k and decrease S [14,15].

For decades, several narrow-gap semiconductors have been investigated as promising thermoelectric materials. For example,
BiyTes [10,16-18], CoSbs [19-22], SnSe [23-27], PbTe [12,28-32], Mg3Sb, [33-37], and AgSbTe, [38-40] have exhibited superior
TE properties compared to other classes of materials. Although mostly p-type, GeTe-based materials also exhibit superior TE per-
formance with 2T near 2.0 at 700 K [41-43]. SnSe-based materials have ultrahigh 2T values in both n- and p-type samples [24,25,44].
However, the structural transition of GeTe can cause significant volume change and lead to device failure during operation [45], while
the high TE performance of SnSe is often limited to single-crystal samples only [46]. For the stable operation with high TE perfor-
mance, lead telluride (PbTe)-based materials have been adopted due to their superior TE properties (e.g., intrinsically low thermal

* Corresponding author.
E-mail address: mwoh@hanbat.ac.kr (M.-W. Oh).

https://doi.org/10.1016/j.heliyon.2023.e21117
Received 17 July 2023; Received in revised form 4 October 2023; Accepted 16 October 2023

Available online 18 October 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mwoh@hanbat.ac.kr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e21117
https://doi.org/10.1016/j.heliyon.2023.e21117
https://doi.org/10.1016/j.heliyon.2023.e21117
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Jang et al. Heliyon 9 (2023) e21117

conductivity and high electrical conductivity). However, an alternative to PbTe has been necessary considering the toxicity of Pb and
the related environmental regulations. Under these circumstances, divalent Pb can be replaced by a combination of monovalent group
11 elements and trivalent group 13 elements, where ABX; compounds (A = Cu, Ag, Au; B=Sb, Bi, X =S, Se, Te) have been emerged as
prospective TE material candidates. These compounds are known to exhibit ultralow lattice thermal conductivity due to the presence
of lone-pair electrons in the B-site cations [47,48] and the formation of spontaneous nanostructures [49]. As a result, ABX; compounds
have been considered an intriguing candidate for high performance TE materials.

Among several ABX; compounds, the low abundance of Te in the Earth’s crust has led to the development of selenides [50].
Moreover, when the A-site is occupied by Ag, the lattice thermal conductivity becomes significantly lower compared to the case where
the A-site is occupied by Cu [51]. Therefore, AgSbSe, and AgBiSe, serve as an attractive alternative to the conventional PbTe-based TE
materials. In this review, we will focus on silver bismuth diselenide (AgBiSez)-based TE materials, one of the representative ABX,
compounds with interesting temperature-dependent polymorphism and unconventional transport properties. TE properties of pure
AgBiSe; and some doping strategies to tune the properties are presented, including cubic phase stabilization and related defect
chemistry of AgBiSe,. Finally, remaining challenges for the practical application of AgBiSe; as an energy harvesting device and future
prospects for further improving TE properties of AgBiSe; are discussed.

2. Properties of pure AgBiSe,
2.1. Crystal structure

The crystallographic information of AgBiSe; was first reported by Geller et al. in 1959 [52] and detailed characterization was
performed after the mineral “Bohdanowiczite” is reported by Banas et al. in 1967 [53]. As shown in Fig. 1a, it crystallizes to the
trigonal structure (space group P-3ml) with characteristic Se-Ag-Se-Bi-Se-Ag-Se-Bi-Se-Ag-Se chains separated by metallic Bi
atoms. With an increase in temperature to 510 K, the Bi-Se bonds are weakened, resulting in a slight distortion of the unit cell to the
rhombohedral structure. Since the volume change during this phase transition is marginal, the transition enthalpy is measured to be
small when analyzed by differential scanning calorimetry (DSC). Xiao et al. evaluated a change in bonding environment during this
phase transition [54]. In the trigonal structure, there are two crystallographic sites available for Bi atoms: one for Bi** having a bond
length of 2.993 and 2.981 A, while metallic Bi has a bond length of 3.04 A, presumably due to a weaker bonding from an absence of
electron transfer (Fig. 1b). During the rhombohedral transition, however, the chemical environment of two Bi atoms becomes
equivalent with the same Bi-Se bond length of 3.032 A. Further increase in the temperature to 580 K promotes a rhombohedral to cubic
transition with a possible disordering of Ag and Bi atoms, which will be discussed later. The crystallographic information and physical
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Fig. 1. Crystal structure and polymorphism of AgBiSe,. (a) AgBiSe; crystallizes into a trigonal structure at room temperature and undergoes two
phase transitions upon heating. The Trigonal to rhombohedral and rhombohedral to cubic transition occur at around 510 and 580 K, respectively.
(b) Change in Bi-Se bond length during the trigonal to rhombohedral transition.
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properties of trigonal AgBiSe, are summarized in Table 1.
2.2. Cation configuration and electronic properties

The cation configuration of cubic AgBiSe; and other ABX; compounds has been complicated because the conventional powder X-
ray diffraction technique may not be an ideal tool to reveal the local environment of a material. However, using the density functional
theory (DFT) calculations, it has been found that ordered cation configurations are energetically favored over the disordered structure
[55]. Hoang et al. estimated the formation energy of cation-ordered AgSbTe, using DFT calculations, and found that the AF-II and
AF-IIb are the most stable structures (Fig. 2a). Careful single crystal X-ray diffraction experiments also confirmed the existence of
cation ordering in AgSbTe, [56]. The observations on the cation ordering of ABX; compounds are important because the cation
configuration can significantly affect to the electronic band structure of a compound. Fig. 2b shows a change in the electronic
density-of-states (DOS) and variation of the pseudogap feature by the cation configuration in AgSbTe,. Hoang et al. found that the
presence of Ag in Sb-Te-Sb-Te- ... chains strongly perturbs the hybridization between Sb and Te, leading to the development of a
pseudogap in the AF-II and AF-IIb structure [55].

Similarly, cubic AgBiSe, is expected to exhibit cation ordering according to the DFT calculations of Xiao et al. where AF-II and AF-
IIb are the most preferred configurations among possible structures [S54]. However, experimental observation of cation ordering in
AgBiSe; has been obscured by the limited thermodynamic stability of cubic AgBiSe; at room temperature, which exists only at
temperatures above 580 K. Manolikas et al. performed transmission electron microscopy (TEM) of cubic AgBiSe, by quenching the
sample from a high temperature [57]. However, selected area electron diffraction (SAED) pattern of the quenched sample showed no
evidence of cation ordering. Neutron diffuse scattering experiments on AgBiSe; crystals were also performed by Niedziela et al. but
only the disordered rock-salt structure was observed at 640 K [58].

However, a recent study on the cubic-stabilized AgBiSes gives us a new insight into the dynamics of cation disordering. It has been
suggested that cubic AgBiSnSes exhibits local cation ordering at room temperature, but the ordering disappears at temperatures above
550 K, which was observed by an in-situ Raman spectroscopy (Fig. 2c and e) [59]. In principle, macroscopic polarizability resulting
from a periodic long-range ordering of atoms is a source of Raman peaks [60]. However, the cation intermixing at high temperatures
would disrupt such periodicity, and no Raman peaks would be observed [54,61]. Given that the cation disordering is thermally
activated at 550 K in cubic-stabilized AgBiSe,, it is reasonable to observe disordered cubic AgBiSe; in several high-temperature
measurements, since the cubic phase is only stable above the temperature at which the cation disordering occurs.

One can evaluate the electronic band structure of cation disordered AgBiSe, by constructing a supercell called “special quasir-
andom structure” (SQS), which mimics a perfectly random structure, as shown in Fig. 2d [62]. It is interesting to note that the
disordered cubic AgBiSe; has no band gap and shows a typical band structure of metals. This is consistent with the calculation results of
Hoang et al. where cation ordering is important for having an electronic band gap [55]. Indeed, the calculated electronic band
structure of cubic AgBiSe, with AF-II cation ordering is significantly different from that of the disordered AgBiSe,, and the band gap is
estimated to be 0.065 eV (Fig. 2g) [50]. Therefore, if one observes a semiconducting behavior in cubic AgBiSey, it could be a sign that
the cation ordering is present in the sample.

Significant efforts have been made to experimentally demonstrate the existence of cation ordering in ABX; compounds. The direct
observation of cation ordering and its relationship to the transport properties was reported by Ma et al. using AgSbTe; crystals in 2013
[49]. Since the formation energy of AF-II and AF-IIb is almost energetically degenerate (only 4 meV/f. u. difference) [55], two ordering
configurations exist simultaneously. This leads to a doubling of the unit cell, resulting in additional diffraction spots in the disordered
lattice (Fig. 2f) [63]. Using a two-beam dark-field imaging technique, Ma et al. estimated the correlation length of the observed su-
perstructure, which is turned out to be approximately 3 nm [49]. Similarly, high-angle annular dark-field—scanning TEM (HAADF—-
STEM) imaging on AgBiSnSes also shows a similar periodic variation of the intensity profile with a period of 2.5 nm, suggesting that the
cation ordering is common in ABX; compounds (Fig. 2e) [64].

Table 1
Crystallographic information and physical properties of AgBiSe; at
room temperature.

Empirical formula AgBiSe,
Formula weight 474.7686 g mol !
Crystal system Trigonal

Lattice parameter (a) 418 A

Lattice parameter (c) 19.67 A

Unit cell volume 297.6287 A®
Theoretical density 7.94 g cm ™3
Band gap 0.6 eV
Electrical conductivity 1Scm™
Seebeck coefficient —276 yV K!
Thermal conductivity 0.44Wm K




H. Jang et al. Heliyon 9 (2023) e21117

a b
Z i T T -
|4y .»’.»" e 0" .u’ .U‘w’..,' “>— , AR o L AngTe:

< Chl o4 CAFD] A
AF-I ."..’.»”y‘;" s E ) : Fi
et r‘,-’,’y,- I e :g
t §
St ad 0'”) s"-" .,P """"’ 8 1[AgsbTe] {
. Prgs P o at ; 7,
SR I TS et TR T B o s e
Energy (eV)
c 600 d
1
450 <

2 2

-3 =i

300 >

[0]
<
L

150

100 200 300 400 500 600 700 800 900 1000
Raman shift (cm™)

=-h

~1<E<1meV 1.0

=
_AgyeBijsSes,

I
>
()
S
30 > A4
O o
£
)
c
L

-6.0

[0, 0, L]

Fig. 2. Cation ordering and electronic properties. (a, b) Possible ordered structures of AgSbTe, and the electronic density-of-states of corre-
sponding structures. Reproduced with permission from Ref. [55]. Copyright 2007, American Physical Society. (¢) Temperature-dependent Raman
intensity plot and (e) high-angle annular dark-field-scanning transmission electron microscopy image of AgBiSnSes. (d) Electronic band structure of
AgBiSe, special quasirandom structure. Reproduced with permission from Ref. [59]. Copyright 2022, Wiley-VCH. (f) Elastic neutron scattering
pattern indexed to the rock-salt structure. Red circles indicate superstructure spots. Reproduced with permission from Ref. [49]. Copyright 2013,
Springer Nature. (g) Electronic band structure of AgBiSe, with the AF-II structure. Reproduced with permission from Ref. [50]. Copyright 2021,
Royal Society of Chemistry.

2.3. Thermoelectric properties of undoped AgBiSez

Pan et al. first reported the temperature-dependent TE properties of pure, Nb-, and Pb-doped AgBiSe, in 2013 [65]. The pure
AgBiSe; exhibits a negative Seebeck coefficient for temperatures up to 773 K, implying that the electron is the majority carrier in
undoped AgBiSe; (Fig. 3a). The magnitude of the Seebeck coefficient increases with temperature while the electrical conductivity
decreases (Fig. 3b). This is a typical behavior of a degenerate semiconductor with high carrier concentration. The Seebeck coefficient
and electrical conductivity of pure AgBiSe; are approximately —150 pV K~! and 67 S em ™!, respectively. Two humps are observed in
the electrical properties at 480 K and 580 K (black arrows in Fig. 3a-b), resulting from the phase transitions discussed in Section 2.1.
The carrier concentration of undoped AgBiSe; reported by Pan et al. is approximately 1.8 x 10'° em 2 and the corresponding Hall
mobility is approximately 30 cm? V! s~1. However, Zou et al. reported the Seebeck coefficient and electrical conductivity of AgBiSe,
to be —290 pV K~ and 55 S em ™!, respectively [66]. The carrier concentration measured by Zou et al. was approximately 3 x 10'®
cm ™3, which is relatively lower than that measured by Pan et al.

The temperature-dependent thermal conductivity of AgBiSe; is shown in Fig. 3c. The pure AgBiSe; shows a low thermal con-
ductivity value of 0.65 W m K !at300K. The temperature dependence of the thermal conductivity does not follow the conventional
T~! dependence. Morelli et al. attribute the possible reason for the unconventional behavior of the thermal properties to the high
Griineisen parameter of AgBiSey [47]. Typically, the lattice thermal conductivity, where only the Umklapp process dominates the
phonon scattering is given by
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Fig. 3. Thermoelectric properties of pure and Nb-doped AgBiSe,. Temperature-dependent (a) Seebeck coefficient, (b) electrical resistivity, (c)
total thermal conductivity, and (d) 2T values. Reproduced with permission from Ref. [65]. Copyright 2013, American Chemical Society.

M6%s

A YZnT[ (Equation 1)

KL =

where y is the Griineisen parameter, n is the number of atoms in the primitive unit cell, 8° is the volume per atom, 6 is the Debye
temperature, M is the average mass of the atoms in the crystal, and A is a constant (approximately 3.1 x 107%) [67]. The high Griineisen
parameter implies that the anharmonic scattering of phonons occurs frequently, leading to a short phonon mean free path. However,
under the assumption of the phonon gas model, the mean free path of phonons cannot be shorter than the interatomic distance [68].
Therefore, the unusual thermal transport properties of AgBiSe; can be understood by the result of the high Griineisen parameter and
the extremely short phonon mean free path. The undoped AgBiSe; shows a relatively high 2T value of 0.45 at 773 K, and the Nb doping
even increases it to approximately 1.0 at 773 K (Fig. 3d). This enhancement is the result of Fermi level tuning, which will be discussed
in the following section.

2.4. Doping strategies for controlling electrical properties

AgBiSe; has a relatively low electrical conductivity (~1 S cm™!) compared to other known TE materials such as AgSbTe, (~160 S
cm’l) [38,69], SboSisTeg (~550 S cm’l) [70,71], and SnTe (~8000 S cm’l) [72,73]. Therefore, improving the electrical conductivity
by tuning the Fermi level would be one of the most feasible ways to increase the 2T values of AgBiSe,. Since AgBiSe; is intrinsically an
n-type semiconductor, most research has been focused on incorporating donor defects into AgBiSe;. For example, Guin et al.
substituted halogen elements (e.g., Cl, Br, and I) in Se sites to increase the electron concentration [74]. According to a simple valence
electron counting rule, for a given halogen element X, substituting Se sites into X donates one electron per X atom by the following
defect equation: Se§.—X3.+ €. The measured electron concentration of undoped, 2 % Cl-doped, 2 % Br-doped, and 2 % I-doped
AgBiSe; was 5.85 X 108 em™3, 3.72 x 10'° em ™3, 4.63 x 10'° cm ™3, and 3.98 x 10'° em~3, respectively. It can be noted that the
doping efficiency of Br is the highest among the halogen elements, presumably due to similarities in ionic radius (198 pm and 196 pm
for Se?~ and Br~, respectively [75]) and electronegativity (3.37 and 3.45 for Se and Br, respectively [76]) as expected by the
Hume-Rothery rules. Interestingly, the carrier concentration remained similar (~4.65 x 10'° cm~3) while the doping concentration
was doubled (i.e., 4 % halogen doped), implying that the maximum solubility limit might be reached already at 2 % doping con-
centration. Fig. 4a-c shows the effect of halogen doping in AgBiSe,. The electrical conductivity increases as a result of the increased
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Fig. 4. Modulation of electrical properties of AgBiSe,. Temperature-dependent electrical conductivity (a, d, g), Seebeck coefficient (b, e, h), and
power factor (c, f, i) upon doping. (a—c) Electrical properties of halogen doped AgBiSe,. Reproduced with permission from Ref. [74]. Copyright
2015, Royal Society of Chemistry. (d-f) Electrical properties of AgBiSe, by adding excess Se. Reproduced with permission from Ref. [80]. Copyright
2020, American Chemical Society. (g-h) Electrical properties of Cu-doped AgBiSe,. Reproduced with permission from Ref. [50]. Copyright 2021,
Royal Society of Chemistry.

carrier concentration, and the Seebeck coefficient decreases according to the inverse relationship between the carrier concentration
and the Seebeck coefficient [7]. One can also increase the electron concentration of AgBiSey by substituting cations to form donor
defects. For example, Pan et al. incorporated Nb atoms into Ag sites to increase the electron concentration, resulting in an improved
electrical conductivity of ~200 S cm™! at room temperature [65]. The maximum carrier concentration achievable with Nb doping was
approximately 8.2 x 10'° em 3, which is slightly higher than that for Br-doped AgBiSe,. In is also known to be an effective donor when
replacing Ag sites [77-79].

The electrical properties of AgBiSe, can also be tuned by controlling the stoichiometry of the starting materials to adjust the
chemical potential of the constituent elements. Li et al. demonstrated that both electrical conductivity and carrier polarity can be
controlled by the amount of elemental Se before melting (Fig. 4d-f) [80]. They found that the Seebeck coefficient becomes positive in
the presence of excess Se, while the Seebeck coefficient becomes negative when the Se content is deliberately reduced. Understanding
the mechanism to achieve p-type conduction in AgBiSe; is of high importance because AgBiSe; is expected to show significantly
improved TE properties when holes dominate charge conduction [81]. However, achieving p-type conduction in AgBiSe; has been
challenging due to the extremely low p-type dopability of AgBiSe;. For example, AgSbSe; is known to be an intrinsically p-type
semiconductor [82], but substitution of Bi sites for Sb in AgBiSe, does not significantly increase the hole concentration [83] or even
shows n-type properties despite being heavily doped with Sb [84]. Pb doping at Bi sites is known to reproducibly convert AgBiSe; from
n-to p-type, but it is impractical to be used as a TE material because the low p-type dopability of AgBiSes results in an extremely high
resistivity of Pb-doped AgBiSes [65]. Therefore, the finding that Se-related defects determine the carrier polarity is helpful in un-
derstanding the defect environment of AgBiSe,. In addition, Li et al. found that the introduction of Ag vacancies does not increase the
hole concentration, although Ag vacancies were expected to be the defect responsible for the p-type conductivity in AgBiSe, by the
experiments and computational results of Xiao et al. [54].
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Finally, band engineering of AgBiSe, can be achieved by incorporating Cu to the Ag sites, as shown in Fig. 4g-i. Jang et al. reported
the band nestification of conduction bands to improve the power factor (PF) of n-type AgBiSe, [50]. The band nestification is a type of
band convergence, where multiple electronic bands are in an energetically degenerate state to increase the valley degeneracy [12].
However, unlike band convergence, which shows multiple degenerate bands at different k-space locations, band nestification refers to
an increase in valley degeneracy by converging two or more electronic bands at the same k-space location [85]. In both cases, the
multiple bands should result in improved TE properties owing to the increased DOS effective mass but preserved carrier mobility;
however, the band nestification may be beneficial in the material system where intervalley scattering is significantly detrimental to the
overall TE properties [86]. Experimentally, Jang et al. observed a significant increase in the DOS effective mass after the cubic phase
transition in Cu-doped AgBiSe; sample, while it remained similar in the trigonal structure. Using the DFT calculations, it was found
that the incorporation of Cu atoms into L1;-type AgBiSes increases the valley degeneracy at the T-point, and hypothetical cubic
compound CuBiSe; had the highest valley degeneracy at the T-point among all AgBiSe;—CuBiSe, alloys. The increased valley de-
generacy due to Cu doping was also confirmed in the D4 structure, but not in the trigonal structure; therefore, improved electrical
properties should be observed only after the cubic phase transition in Cu-doped AgBiSe;. Indeed, the PF values are significantly higher
in CABS-27 (the sample with the highest Cu concentration) after 523 K, which supports the idea that the band nestification effect is
present in the cubic phase. Unlike the carrier concentration tuning, band convergence or band nestification does not necessarily follow
a conventional trade-off relationship between the Seebeck coefficient and electrical conductivity, which results from the inversely
proportional relationship between the inertial effective mass and carrier mobility [87]. Therefore, Cu-doped AgBiSe, shows high PF
values at 773 K owing to the synergistic enhancement of the DOS effective mass and the electrical conductivity (see Table 2).

2.5. Phonon engineering of AgBiSe, with doping and alloying

As mentioned above, AgBiSe; has the high Griineisen parameter, which leads to an extremely low lattice thermal conductivity and
unconventional temperature dependence. However, in the trigonal structure, there are some reports that have analyzed the doping/
alloying effects of isovalent impurities (e.g., Te doping on Se sites or Sb doping on Bi sites). Goto et al. reported the effect of Te alloying
in AgBiSe; and found that the reduction of the lattice thermal conductivity at room temperature is mainly dominated by the both the
mass and strain contrast arising from the Te alloying (Fig. 5a-d) [88]. The undoped AgBiSe; showed the lattice thermal conductivity
value of approximately 0.6 W m~! K~! at 300 K, but it showed a gradual decrease with increasing Te concentration. The
Debye-Callaway modelling of the theoretical lattice thermal conductivity is helpful to understand the reduction of the lattice thermal
conductivity with doping. The total scattering rate (inverse of the relaxation time) of the phonons is given by the sum of the scattering
rates for each process by Matthiessen’s rule. For example, considering Umklapp process, normal process, and point defects scattering,
the total scattering rate is given by:

Ty =75 + 173 + 1 (Equation 2)

where U, N, and PD denote Umklapp, normal, and point defects scattering, respectively. Assuming that the scattering rate of Umklapp
and normal processes remains similar upon doping, the point defects scattering mechanism should be responsible for the reduced
lattice thermal conductivity. The scattering rate by point defects is given by:

Table 2
Summary of thermoelectric properties of n-type AgBiSe,-based materials.
Composition Preparation Seebeck Electrical Total thermal 2T Ref.
methods” coefficient (pV/K) conductivity (S/cm) conductivity (W/m-K)

Ago.96Nbg 04BiSex MS + SPS —215 200 0.7 1@ [65]
773K

AgBiSe; ;Teg s SSR + HP —145 185 0.6 0.6 @ [88]
773 K

Ago.985IN0.015BiSes MS + SPS —185 125 0.5 0.7 @ [78]
773 K

AgPbBiSe; 95Clo.02 MS —155 180 0.5 09 @ [74]
810 K

Ago.97Geo.03Bio.o7Se1.97 BR —-105 330 0.25 1.1 @ [90]
748 K

Ago.992BiIng gosSe1.650.4 MS + BM + SPS —220 80 0.33 09 @ [79]
773 K

Cug.27Ago.73BiSes MS + SPS -210 190 0.56 1.1 @ [50]
773 K

Ago.93BiSes MS +CP + A —-160 60 0.6 0.32 @ [89]
600 K

(Ag0.995IN0.005B15€1.9950.01)0.905(Ag25€)0.0s ~ MS + BM + SPS  —150 180 0.4 0.94 @ [77]
773 K

& MS: melting and solidification; SSR: solid state reaction; HP: hot pressing; BR: Bridgman method; BM: ball milling; CP: cold pressing; A: annealing.
The thermoelectric properties summarized in the table are the values at which the maximum zT value is measured.
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where V, 0, v, and I is the average atomic volume, phonon frequency, average sound velocity, and point defects scattering parameter.
Here, the origin of I comprises of two components: mass and strain contrast between host and the guest atoms. I" is mathematically
expressed by:

2 2
I'=x(1—x) [(A/g[“) + & <ﬂ> } (Equation 4)

A.B YA B

where the first term accounts for the mass contrast between A and B atoms, while the second term reflects the strain contrast resulting
from the difference of the atomic radius between A and B atoms. The measured lattice thermal conductivity in Fig. 5d is well fitted by
the theoretically expected lattice thermal conductivity with the point defects scattering model when two contributions are considered
simultaneously. However, the theoretical lattice thermal conductivity is significantly overestimated when the strain contrast is
neglected and only the mass contrast is included in the calculation. The difference in molar mass between Se (78.96 g mol ') and Te
(127.6 g mol™?) is approximately 47.1 %, while the difference in ionic radius between Se?~ (198 pm) and Te?~ (221 pm) is only 11.0 %.
This means that the lattice strain has a significant effect on the suppression of phonon transport in a material. However, the thermal
conductivity data of AgBij4SbySey alloys reported by Bernges et al. are puzzling to understand the thermal behavior of AgBiSes
(Fig. 5b—e) [83]. Here, the isovalent counterpart, Sb, was used as a dopant to substitute Bi sites. The percentage difference in atomic
mass between Bi (208.9804u) and Sb (121.76u) is 52.7 %, while that arising from the ionic radius difference between Bi (103 pm) and
Sb (76 pm) is 30.2 %. In this case, the contribution of strain contrast was much higher compared to the case of AgBiSe, 4Tey alloys, but
Bernges et al. successfully fitted the theoretical lattice thermal conductivity of AgBi;.xSbySes alloys without including the effect of
strain contrast. Therefore, a more sophisticated study on the effect of dopants on the thermal behavior of AgBiSe; should be performed.

The reason for the complicated thermal transport properties of AgBiSe; may be related to the formation of antisite defects in
AgBiSe; [89,90]. Bocher et al. investigated the effect of introducing Ag vacancies on the TE properties of AgBiSey by synthesizing
non-stoichiometric Ag; xBiSes samples. Interestingly, the lattice thermal conductivity of stoichiometric AgBiSe, (approximately 0.91
W m~! K1) is lower than that of Ag vacancy-doped Ag 99BiSey (approximately 1.1 W m~' K1), which is contraty to the result ex-
pected from the point defects scattering model (Fig. 5¢). However, X-ray refinement study on vacancy-introduced AgBiSe; samples
revealed that the existence of Bi-on-Ag (Biag) antisite defects, and the concentration of Bipg decreases with increasing Ag vacancy
concentration. They claimed that the faster movement of Bi®* ions is possible with increasing the vacancy concentration, because
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vacancy sites act as a pathway for the diffusion process. This observation may explain why the wide range of the lattice thermal
conductivity values is reported for the undoped AgBiSe,. The concentration of vacancies and the resulting antisite defects can vary
depending on the synthesis conditions and the purity of the starting materials. In addition, the high volatility of Se may lead to an
unexpected stoichiometry that is different from the nominal composition. Therefore, an unusual increase in the lattice thermal con-
ductivity with vacancy doping could be explained by the reduced Bisg concentration, as shown in Fig. 5f.

2.6. Entropic stabilization of cubic AgBiSe, and its properties

Although the temperature-dependent polymorphism of AgBiSe; is scientifically intriguing and deserves to be studied in depth, the
huge volume change during the phase transition and significant formation of Bi,Se3 secondary phases due to the low phase stability of
trigonal AgBiSe, have been serious problems for the practical application of AgBiSe, for a power generation purpose [66]. Therefore, a
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Royal Society of Chemistry. (i) Calculated electron localization function (ELF) map of AgSbSe,. The asymmetric distribution of lone-pair electrons
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electronic polarization of L1, NaSbSe, by an external electric field. The dipole moment is the strongest in Sb atoms. Reproduced with permission
from Ref. [111] Copyright 2008, Royal Society of Chemistry.



H. Jang et al. Heliyon 9 (2023) e21117

concept of entropy engineering has been recently introduced to stabilize cubic AgBiSe, at room temperature by means of suppressing
an abrupt change in physical properties for a reliable operation at high temperatures. In general, the cubic phase transition occurs
when the Gibbs free energy of the cubic phase is lower than that of the trigonal (or rhombohedral) phase. The difference in the Gibbs
free energy between the trigonal and cubic phases can be expressed as follows:

AGr_c=AHg ¢ — TASg_¢ (Equation 5)

where AGg_¢, AHgr_¢, and ASg_¢ is the difference of Gibbs free energy, enthalpy, and entropy of the rhombohedral-to-cubic phase
transition. AGg_¢ of pure AgBiSe; is expected to be zero at approximately 573 K, since DSC analyses indicate that the phase transition
occurs at that temperature [64,91]. Assuming that the phase transition enthalpy (AHg_¢) remains constant, increasing the transition
entropy (ASg-_¢) would be an effective way to lower the temperature that is required to compensate AHg_¢. One can note that ASg_¢
can be increased by adding multiple chemical components in a material to include a contribution from mixing entropy, ASy;.
Thermodynamically, the ideal ASy;, is approximated as follows:

N
AS,ix= —R in In x; (Equation 6)
i=1

where X; is the atomic fraction of element i, kp is the Boltzmann constant, and N is the number of elements [92,93]. Indeed, it has been
experimentally observed that the transition temperature decreases as the number of elements increases in several material systems [50,
91,94-98].

Typically, AgBiSe; is alloyed with the group 14 elements such as Ge [99,100], Sn [64,101-103], and Pb [104-107] to form solid
solutions and stabilize the cubic phase (Fig. 6a). For example, Huaxing et al. investigated the effect of PbSe alloying on the transition
temperature of AgBiSey, as shown in Fig. 6b. They found that the cubic phase coexisted with the rhombohedral phase in (AgBi-
Ses)o.8s(PbSe)o.12, while only the cubic phase was stable when the PbSe fraction was above 0.18. The calculated mixing entropy of
(AgBiSes);.x(PbSe)y alloys is shown in Fig. 6¢c. The mixing entropy increases with increasing x up to 0.5, and then decreases. Inter-
estingly, Roychowdhury et al. [99] and Jang et al. [64] reported the stable cubic region to be above 30 % of the alloying end-member
in AgBiSes—-GeSe and AgBiSex-SnSe solid solutions, respectively. Since the mixing entropy does not account for the difference of
chemical species in the calculation, it is reasonable to assume that contributions other than increased mixing entropy affect the sta-
bilization of cubic AgBiSe,. Similarly, Sb alloying to Bi sites can increase ASy; to stabilize the cuibic phase AgBiSey [108].

The thermoelectric properties of AgBiSep,—GeSe alloys are shown in Fig. 6d-g. GeSe is intrinsically a p-type semiconductor with a
positive Seebeck coefficient for 300700 K. The reason for this p-type conduction is mainly due to the formation of Ge vacancies, which
are thermodynamically preferred in both Ge-rich and Se-rich conditions [109], although the hole concentration of undoped GeSe is
relatively low (~10%® cm™3) [110]. However, 35 % alloying of AgBiSe, completely converts GeSe into an n-type semiconductor,
showing a strong electron-donating property of AgBiSe; when used as an alloying end-member. It should be noted that the defect
chemistry of GeSe, AgBiSe,, and their alloys may be significantly different due to the change in crystal structure upon alloying. The
reported electrical properties of AgBiSe>—GeSe alloys are those of cubic-phase-stabilized compositions (alloying fraction over 30 %).
The electrical conductivity of AgBiSe,-alloyed GeSe is significantly enhanced due to the increased carrier concentration (~3.29 x 10*®
cm ™) compared to that of undoped GeSe. The temperature dependence of Seebeck coefficient and electrical conductivity of AgBi-
Sey-GeSe alloys show non-degenerate characteristics. Temperature-dependent lattice thermal conductivity in Fig. 6f is clearly showing
a unique thermal behavior of cubic phase AgBiSey. GeSe shows a typical T~* dependence of the lattice thermal conductivity, revealing
its Umklapp-process-dominant phonon transport. However, other AgBiSe,—GeSe alloys do not show a significant decrease in the lattice
thermal conductivity upon alloying, which is in directly contradiction to the results expected by the Debye-Callaway model. As dis-
cussed in Section 2.2, the spontaneous nanostructure of cubic I-V-VI; semiconductors may limit the phonon mean free path down to the
interatomic distance, resulting in the minimal lattice thermal conductivity of a material and moderately high zT values (Fig. 6g).

Another possible explanation is the presence of lone-pair electrons which contribute significantly to the high lattice anharmonicity.
Nielsen et al. studied the thermal behavior of cubic I-V-VI; semiconductors and found that the lone-pair-containing materials share two
common characteristics: the extremely low lattice thermal conductivity and the unchanged lattice thermal conductivity with alloying
or temperature [111]. The lone-pair electrons exist in the s-orbital of the group V element in I-V-VI; semiconductors, and exhibit high
polarizability in response to the external electric field (Fig. 6j). Therefore, the perturbation of the electron density by the vibration of
the atoms (which acts similarly to the external electric field) will induce a huge dipole moment of the lone-pair electrons, contributing
to the increased electrostatic interactions between atoms and high lattice anharmonicity. Dutta et al. demonstrated the existence of
lone-pair electrons in AgSbSe, by electron localization function (ELF) via DFT calculations. ELF is a measure of electron localization in
the crystal lattice, where ELF = 1 represents the perfect localization, ELF = 0.5 corresponds to the electron gas, and ELF = 0 represents
the absence of electron localization [112]. Typically, the two-dimensional projection of ELF directly reveals an existence of lone-pair
electrons by the asymmetric distribution of high ELF regions near a given element, as in the case of lone-pair electrons in AgSbSes
(Fig. 61). Alternatively, it can be visualized by polarization current density under an applied external field, as demonstrated by Nielsen
et al. in L1, NaSbSe; (Fig. 6j) [111].

Interestingly, lone-pair electrons are often stereochemically active, resulting in an off-centering of cations in compounds with a
rock-salt structure [48,113-115]. This can be measured experimentally using a sophisticated powder X-ray diffraction (XRD) tech-
nique called pair distribution function (PDF) analysis. The conventional powder XRD technique uses the Bragg diffraction where
long-range periodicity is strongly reflected in the measured spectra. However, it is relatively difficult to characterize materials that are
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nanocrystalline, highly disordered, or not fully periodic using conventional powder XRD [116]. PDF uses both the Bragg diffraction
and diffuse scattering to obtain the short-range order and atomic-scale features by the Fourier transform of diffraction intensities. The
atomic PDF, G(r), is given by:

Onin

/ 0[S(Q) — 1]sin(Qr)dQ (Equation 7)

0-0

[\

G(r) =

where Q is the magnitude of the scattering vector, S(Q) is the normalized scattering intensity, r is the radial distance, and Qmqx is the
cutoff of the obtained signal [117]. Using this technique, Dutta et al. found that the undistorted rock-salt structure cannot adequately
fit the short-range-order region (2.5 A < r < 3.5 A), although it gave a satisfactory fit for long-range-order region (r > 3.5 A) in cubic
AgPbBiSes (Fig. 6h) [104]. However, the fit was improved using a cation off-centered structure in the short-range-order region. This
observation confirms the cation off-centering in cubic AgBiSe,-based compounds and suggests that stereochemically active lone-pair
electrons may be present in these materials.
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Fig. 7. Control of point defects for achieving bipolar dopability in AgBiSe,. (a) B-site cation dependent Seebeck coefficient of ABX; compounds. (b)
Effect of Se vapor annealing on the Seebeck coefficient of cubic (AgBiSes)o 6(SnSe)o 4. Reproduced with permission from Ref. [64]. Copyright 2022,
Wiley-VCH. (c) Schematic diagram showing a typical configuration of saturation annealing. Reproduced with permission from Ref. [118]. Copyright
2019, Royal Society of Chemistry. (d) Ternary phase diagram of AgBiSe, and two representative thermodynamic conditions for Ag-poor and Bi-poor
(blue) and Ag-rich and Bi-rich (red). (e) Calculated point defect formation energy under two thermodynamic conditions from (d). Reproduced with
permission from Ref. [64]. Copyright 2022, Wiley-VCH. (f) The concentration of Biag with Ag vacancy doping in trigonal AgBiSe,. Reproduced with
permission from Ref. [89]. Copyright 2017, Royal Society of Chemistry. (g) Hall carrier concentration of trigonal-phase single crystal AgBiSe,
showing hole-dominated conduction property. Reproduced with permission from Ref. [119]. Copyright 2022, IOP Publishing Ltd. (h) Change of
conduction type in AgBiSes,y. Reproduced with permission from Ref. [80]. Copyright 2020, American Chemical Society.
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2.7. Defect-controlled conduction type and bipolar dopability of AgBiSe,

TE devices mainly consist of alternating n- and p-type legs; therefore, the bipolar dopability of TE materials is critical for the
realization of TE modules. However, most AgBiSe,-based materials are known to exhibit n-type properties. As shown in Sections 2.3
and 2.4, most AgBiSep-based TE materials exhibit negative Seebeck coefficients, implying that electrons are majority carriers. In
principle, the conduction type of an intrinsic semiconductor without any impurity should be determined by the intrinsic point defects
present in the material. Because of its n-type nature, AgBiSe, was thought to have Se vacancies (Vse), which would act as electron
donors [80]. However, this claim is puzzled by the sign of the reported Seebeck coefficient of AgBiSs, AgBiSes, and AgBiTe;, where all
three compounds exhibit electron-dominated charge transport (Fig. 7a). Furthermore, when the B-site cation is changed from Bi to Sb,
the sign of the Seebeck coefficient becomes positive. Therefore, it is reasonable to assume that the B-site cation is determining the
conductivity type in ABX; compounds. In other words, Bi-based compounds have more donor-like defects, while Sb-based compounds
have more acceptor-like defects.

Jang et al. experimentally demonstrated a sign reversal of the Seebeck coefficient before and after Se vapor annealing in AgBi-
Sex-SnSe alloys [64]. For example, (AgBiSez)o.6(SnSe)o 4 initially showed p-type conductivity at room temperature, but changed to
n-type semiconductor at 773 K and did not return to p-type after cooling (Fig. 7b). This phenomenon is observed only when the sample
is measured under high vacuum, and the sample retains its p-type property under He cover gas. However, when the sample was sealed
with elemental Se and annealed at 773 K for 24 h, the sample recovered the p-type property. This process is called “saturation
annealing,” which is used to study phase boundary effects by subjecting samples to different thermodynamic conditions and measuring
the change in properties [34,118]. Typically, saturation annealing is performed by annealing the sample with saturating media that
has a slightly off-stoichiometric composition compared to the original sample. For example, PbTe can be prepared in either Pb-rich or
Te-rich conditions by annealing PbTe samples with Pbg 51Teg 49 (for Pb-rich samples) or Pbg 49Teq 51 (for Te-rich samples) as shown in
Fig. 7c [118]. Similarly, annealing (AgBiSes)o.6(SnSe)o.4 with elemental Se would push the thermodynamic condition of a sample
toward Se-rich conditions.

To compare the phase boundary effect in AgBiSe,, two representative thermodynamic conditions (Ag-poor, Bi-poor/Ag-rich, Bi-
rich) can be considered to calculate the defect formation energy of cubic AgBiSe; by DFT (Fig. 7d-e). In both cases, the formation of
Biag is the most preferred donor-like defect, while acceptor-like Vag compensates Biag. However, compared to the Ag-rich and Bi-rich
condition, the formation energy of Biag is significantly higher, so the Fermi level is shifted closer to the valence band maximum. From
this calculation result, we can see that i) Bisg antisite defects are the predominant defect leading to the n-type conduction type of
undoped AgBiSe, and ii) excess Se conditions (Se-rich environment) increase the formation energy of Biag to decrease the electron
concentration. In fact, the presence of Biag in trigonal AgBiSe, was detected by the X-ray refinement study of Bocher et al. which means
that the overall n-type properties of AgBiSe,-based materials could be due to Biag antisites (Fig. 7f) [89]. Furthermore, the recent Hall
measurement study on stoichiometric trigonal-phase AgBiSe; single crystal revealed its p-type conduction property, suggesting that
the slow crystallization of AgBiSe; could reduce Biag concentration and the remaining Vag could be responsible for the p-type con-
ductivity (Fig. 7g) [119]. Similarly, the n-to-p-type transition by excess Se precursor in AgBiSe, could also be reasonably understood by
the suppressed formation of Biag as well (Fig. 7h).

3. Summary and outlook

We have reviewed the recent progress of AgBiSe; as a prospective TE material with high-performance capabilities in terms of lone-
pair electron physics, spontaneous nanostructures, doping strategies, and thermal properties. While a number of research on TE
materials is focused on reducing the lattice thermal conductivity, an intrinsically low lattice thermal conductivity of AgBiSe, provides
a room to focus on enhancing the electrical properties. Carrier concentration tuning by aliovalent element doping or inducing band
nestification have been introduced as feasible ways to improve electrical properties of AgBiSe;. In addition, the temperature-
dependent polymorphic property of trigonal AgBiSe, can be modulated by entropy engineering via alloying other endmembers
such as GeSe, SnSe, and PbSe. Since the 2T values of AgBiSe, are typically high at above 700 K, the AgBiSes-based high-temperature TE
device would experience significant volume change during the operation due to polymorphic phase transformation, which is a major
concern for the operational stability and overall performance of the AgBiSe,-based TE device. Therefore, it is imperative to design
room-temperature stable cubic AgBiSe; with high 2T values. In addition, metallization and contact resistance, and thermal expansion
coefficient mismatch between electrodes and AgBiSe; should be considered.

There are several unresolved issues from material aspect that should be investigated to understand the properties of AgBiSe; for
practical applications. First, although Se vapor annealing has been introduced to stabilize the p-type conduction property of AgBiSes-
based alloys, prolonged operation of AgBiSe, at high temperatures would cause a loss of Se due to its high volatility. Therefore, the
intrinsic stability of AgBiSe, should be improved for fabricating stable TE modules. To achieve this goal. Finding suitable dopants to
increase the stability of Se in the AgBiSe; lattice could be considered (e.g., improved chemical stability of copper selenides by indium
doping [120]). One can also design a composition that can significantly suppress the formation of donor-like antisite defects. For
example, p-type conductivity has been observed in AgBiSe,-AgSbSe; alloys, presumably due to the prevention of donor-like Biag
antisite defects and the formation of acceptor-like Vg defects [83]. Although the property of these systems has not yet been stabilized,
this observation suggests that the intrinsic conductivity type can be controlled through the use of defect engineering. Second, a
comprehensive characterization of the ordering and disordering of AgBiSe, should be performed. The electrical properties of cubic
AgBiSe; change significantly before and after cation ordering and disordering; however, there are only few reports investigating the
structural properties of ordered AgBiSe;. In situ spectroscopic measurements could be helpful to understand the high-temperature
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structural properties. Finally, a computational technique to simulate complex structure of cubic AgBiSes should be developed to
understand the defect chemistry and electronic band structure of pure and doped cubic AgBiSe,. Currently, the effect of dopants in
cubic AgBiSe; is calculated using an SQS cell [64,101]. However, SQS is designed to mimic disordered alloys, while cubic AgBiSe, has
some degree of cation ordering. Therefore, in combination with experimentally measured structural information, a structural model
should be developed to describe the real crystal structure of cubic AgBiSes.

The 2T value of AgBiSe; is still about 1 at 773 K, which is much lower compared to other state-of-the-art TE materials [65,74].
However, several known strategies such as band convergence [121,122], lattice softening [123,124], and grain boundary engineering
[125,126] have yet to be applied to AgBiSes-based TE materials, which can further improve the zT value. This would lead to the
development of environmentally benign Pb-free TE devices with high performance capabilities for sustainable technologies.
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