
ilable at ScienceDirect

Journal of Materiomics 8 (2022) 1095e1103
Contents lists ava
Journal of Materiomics

journal homepage: www.journals .elsevier .com/journal-of-mater iomics/
High-performance and stable AgSbTe2-based thermoelectric materials
for near room temperature applications

Yi Wu a, b, Pengfei Qiu a, b, *, Yuan Yu c, **, Yifei Xiong a, b, c, Tingting Deng d,
Oana Cojocaru-Mir�edin c, Matthias Wuttig c, e, Xun Shi a, b, Lidong Chen a, b

a State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai,
200050, China
b Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing, 100049, China
c Institute of Physics (IA), RWTH Aachen University, Aachen, 52056, Germany
d School of Chemistry and Materials Science, Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou, 310024, China
e Peter Grünberg InstitutedJARA-Institute Energy-Efficient Information Technology (PGI-10), Forschungszentrum Jülich GmbH, Jülich, 52428, Germany
a r t i c l e i n f o

Article history:
Received 14 June 2022
Received in revised form
11 July 2022
Accepted 12 July 2022
Available online 20 August 2022
* Corresponding author. State Key Laboratory of Hig
Superfine Microstructure, Shanghai Institute of Cer
Sciences, Shanghai, 200050, China.
** Corresponding author.

E-mail addresses: qiupf@mail.sic.ac.cn (P. Qiu)
(Y. Yu).

Peer review under responsibility of The Chinese C

https://doi.org/10.1016/j.jmat.2022.07.005
2352-8478/© 2022 The Chinese Ceramic Society. Pub
licenses/by-nc-nd/4.0/).
a b s t r a c t

AgSbTe2-based ternary chalcogenides show excellent thermoelectric performance at low- and middle-
temperature ranges, yet their practical applications are greatly limited by their intrinsic poor thermo-
dynamic stability. In this work, we demonstrate that AgSbTe2-based ternary chalcogenides can be sta-
bilized for service below their decomposition threshold. A series of AgxSb2-xTe3-x (x ¼ 1.0, 0.9, 0.8 and 0.7)
samples have been prepared by the melt-quenching method. Among them, phase pure Ag0.9Sb1.1Te2.1 is
verified by comprehensive structural characterizations from macroscale by X-ray diffraction to micro-
scale by energy-dispersive spectroscopy and then to sub-nanometer scale by atom probe tomography.
This composition is further chosen for the stability investigation. The decomposition threshold of
Ag0.9Sb1.1Te2.1 appears around 473 K. Below this temperature, the chemical compositions and thermo-
electric properties are barely changed even after 720 h annealing at 473 K. The figure-of-merit (zT) value
of Ag0.9Sb1.1Te2.1 below the decomposition threshold is very competitive for real applications even
compared with Bi2Te3-based alloys. The average zT of Ag0.9Sb1.1Te2.1 at 300e473 K reaches 0.84, which is
higher than most other thermoelectric materials in a similar temperature range, promising applications
in miniaturized refrigeration and power generation near room temperature.
© 2022 The Chinese Ceramic Society. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermoelectric (TE) materials can directly convert the low-
grade waste heat into useful electricity [1,2]. The heat to elec-
tricity conversion efficiency is determined by the dimensionless
figure-of-merit zT of materials, which is defined as zT ¼ S2s/kT,
where S is the Seebeck coefficient, s is the electrical conductivity, k
is the thermal conductivity, and T is the absolute temperature [3,4].
The past decades have witnessed considerable success in
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improving the zT of TE materials [5e9]. However, many high-zT
materials exhibit obvious weakness in stability (e.g. oxidation [10],
elemental volatility [11], ion migration [12], and phase transition
[13]), which greatly limits their range of practical applications.

AgSbTe2-based TE chalcogenides show excellent zT in the low-
and middle-temperature range (300e600 K) [14]. Stoichiometric
AgSbTe2 adopts a cubic rock salt structure (Fm 3 m), where Ag, Sb,
and vacancies randomly occupy the 4a sites while Te atoms occupy
the 4b sites (Fig. 1a) [15]. It has been recently demonstrated that
AgSbTe2 is an incipient metal employing an unconventional
chemical bonding mechanism, coined metavalent bonding (MVB)
[16e20]. This bonding mechanism is responsible for the moderate
band gap (around 0.3 eV) [21], multiple degenerate valence bands
[22], and an ultralow lattice thermal conductivity [23,24], which
are all beneficial factors for thermoelectrics. The TE performance of
AgSbTe2 was firstly reported in the late 1950s [25,26]. Yet, it
attracted extensive attention from the TE community till the first
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Fig. 1. (a) Schematics of the crystal structure of AgSbTe2 cubic d-phase. (b) Reported TE figure-of-merit (zT) of typical AgSbTe2-based ternary chalcogenides [22,33e36,39,47]. (c)
Ag2Te-Sb2Te3 pseudobinary phase diagram proposed by Petzow et al. [40,41]. ‘a000 , 'a'', and 'g' represent the monoclinic Ag2Te phase, cubic Ag2Te phase, and Sb2Te3 phase,
respectively. (d) zT of several AgSbTe2-based ternary chalcogenides before and after annealing at assigned temperature [37,45,46].
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decade of the 21st century [27e29]. The peak zT of stoichiometric
AgSbTe2 ranges from 0.8 to 1.5, sensitively depending on the
fabrication method [30e32]. Upon introducing non-stoichiometry
[33] or exotic dopants (e.g. Zn [34], Se [35], In [36], Ce [37], Sn
[38], and Cd [39]), the zT can be enhanced to as high as 2.6, which is
among the highest values reported in thermoelectrics (Fig. 1b).

Despite the high zTs, the AgSbTe2-based ternary chalcogenides
are metastable. Based on the Ag2Te-Sb2Te3 pseudo-binary phase
diagram proposed by Petzow et al. (Fig. 1c) [40,41], stable AgSbTe2,
which is usually named the d-phase, only exists in a narrow
chemical composition range with a chemical formula of AgxSb2-
xTe3-x (0.72 < x < 0.94) and a small temperature window
(633e847 K). Below 633 K, the cubic d-phase will decompose into
Ag2Te/Sb2Te3 mixtures after experiencing a eutectoid trans-
formation. Interestingly, the metastable cubic d-phase can still be
obtained at room temperature [39,42,43], but it will partially
decompose into Ag2Te/Sb2Te3 mixtures upon heating. For example,
Wu et al. annealed AgSbTe2 at 523 K for 12 960 h and found it
completely decomposed into the Ag2Te/Sb2Te3 mixtures [44]. A
similar phenomenon was also observed by Wy _zga et al. after
annealing AgSbTe2 at the same temperature for 1 month [45].
Cojocaru-Mir�edin et al. annealed Ag16.6Sb30Te53.3 at 653 K for 192 h
and found it partially decomposed into (Ag,Sb)2Te3. Such poor
stability leads to the inferior reproducibility of the TE properties
[46]. Wy _zga et al. found the S of Ag0.9Sb1.1Te2.1 gradually changed
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from 346 mV$K�1 to 195 mV$K�1, while the s changed from
0.7 � 104 S$m�1 to 3.0 � 104 S$m�1 at 310 K during the cycling test
between 300 K and 650 K [47]. Schmidt et al. found that the zT of
AgSbTe1.98Se0.02 at 520 K decreased from 1.48 to 0.75 after
annealing at 613 K for 1 week (Fig. 1d) [45]. Lee et al. found that the
zT of Ce-doped AgSbTe2 at 573 K increased from 0.75 to 1.28 after
annealing at 673 K for 24 h, and then decreased to 0.58 after
annealing at 573 K for 24 h (Fig. 1d) [37].

Developing stable AgSbTe2-based ternary chalcogenides has
become the foremost task for achieving practical applications. In
this work, a series of AgxSb2-xTe3-x (x¼ 1.0, 0.9, 0.8 and 0.7) samples
have been prepared. Among them, only Ag0.9Sb1.1Te2.1 (note that
this composition contains cation vacancies rather than anion in-
terstitials) is found to be phase pure without obvious secondary
phases at room temperature. We thus choose this composition to
study its phase decomposition behavior to avoid the detrimental
impact of secondary phases. The corresponding decomposition
threshold temperature is determined to be around 473 K. Below
this threshold, its chemical compositions and TE properties are
barely changed after long-term annealing at 473 K for 720 h.
Particularly, below 473 K, Ag0.9Sb1.1Te2.1 shows superior zT to most
other typical TE materials. Our work uncovers the composition and
temperature regime for the stable and durable application of
AgSbTe2-based ternary chalcogenides.
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2. Method

Polycrystalline AgxSb2-xTe3-x (x ¼ 1.0, 0.9, 0.8 and 0.7) samples
were synthesized by melt-quenching method. High-quality ele-
ments, Ag (Alfa, 99.99%), Sb (Alfa, 99.99%), and Te (Alfa, 99.99%)
were weighed out according to the stoichiometry and sealed in the
quartz tubes with a high vacuum (~10�4 Torr). The tubes were
heated to 723 K in 12 h, kept at this temperature for 6 h, and then
heated to 1173 K in 4.5 h. After preserving at 1173 K for 6 h, the
tubes were cooled to 725 K in 6 h and kept at this temperature for
2 d. Finally, the tubes were quenched to room temperature. The
ingots were crushed into fine powders and then consolidated by
spark plasma sintering (Sumitomo, SPS-2040) technique in a vac-
uum. The sintering temperature is 673 K and the holding time is
5 min. The sintering pressure is 40 MPa. In the annealing experi-
ments, the samples were sealed in the quartz tubes with a high
vacuum (~10�4 Torr, 1 Torr ¼ 133.322 3684 Pa) and then heated to
the assigned temperature. The phase compositions were analyzed
by X-ray diffractometer with Cu Ka sources (XRD, D8 Advance,
Bruker) and field emission electron microscopy (FESEM, ZEISS,
Supra 55) equipped with Energy Dispersive X-ray Spectroscopy
(EDS, Oxford, UK). The Vicker Hardness (HV) was measured by
using a microhardness tester (hv-1000z) with a load of 0.2 N and a
loading time of 10 s. The details about the TE properties [49] and
ATP measurements can be found elsewhere [50].
Table 1
Phase compositions in AgxSb2-xTe3-x (x ¼ 1, 0.9, 0.8 and 0.7) samples.

Nominal Schemical composition Phase compositions Actual mole fraction
(%)

Ag Sb Te

AgSbTe2 matrix (d-phase) 22.7 27.3 50.0
Ag-rich areas 66.7 33.3

Ag0.9Sb1.1Te2.1 matrix (d-phase) 22.0 26.8 51.2
Ag0.8Sb1.2Te2.2 matrix (d-phase) 19.6 28.7 51.7

Sb-rich areas 2.7 39.2 58.1
Ag0.7Sb1.3Te2.3 matrix (d-phase) 19.8 29.0 51.2%

Sb-rich areas 1.0 40.4 58.6
3. Results and discussion

Due to the intrinsic metastability of the cubic d-phase, the as-
prepared AgSbTe2-based compounds usually include lots of Ag-
rich or Sb-rich secondary phases. These secondary phases might
not only influence the TE properties but also introduce uncertain
effects on the stability. Thus, a phase pure AgSbTe2-based com-
pound is critical for investigating the stability at elevated temper-
atures. For this purpose, herein, we prepared a series of AgxSb2-
xTe3-x (x ¼ 1.0, 0.9, 0.8 and 0.7) samples by the melt-quenching
method. Fig. 2a shows their powder X-ray diffraction (XRD) pat-
terns. The main diffraction peaks can be indexed to the d-phase
with cubic rock salt structure (JCPDS 15e0540) [24]. This proves
that the decomposition rate of the d-phase is slow in the present
fabrication process, which could be due to the small decomposition
Fig. 2. (a) Powder XRD patterns of AgxSb2-xTe3-x (x ¼ 1, 0.9, 0.8 and 0.7) samples. Backscatt
mapping for AgxSb2-xTe3-x with (b) x ¼ 1; (c) x ¼ 0.9; (d) x ¼ 0.8; and (e) x ¼ 0.7, respectiv
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energy difference between the d-phase (�158 meV/cation) and the
Ag2Te/Sb2Te3mixtures (�172meV/cation) [37,48]. No obvious extra
diffraction peaks are observed in the XRD pattern of Ag0.9Sb1.1Te2.1,
indicating that it is a single phase on the macroscale. We also prove
the phase-pure nature of this composition on the microscale and
nanoscale via energy-dispersive spectrometry (EDS) and atom
probe tomography (APT), respectively, as will be elaborated below.
The diffraction peaks belonging to the Ag2Te-like structure are
observed in the XRD pattern of AgSbTe2. Likewise, the diffraction
peaks belonging to the Sb2Te3-like structure are observed in the
XRD patterns of Ag0.8Sb1.2Te2.2 and Ag0.7Sb1.3Te2.3. The peak in-
tensities of the Sb2Te3-like structure are very weak for
Ag0.8Sb1.2Te2.2, but strong for Ag0.7Sb1.3Te2.3. Thus, the prepared
AgSbTe2 is the mixture of cubic d-phase and Ag2Te-like structure
phase, while Ag0.8Sb1.2Te2.2 and Ag0.7Sb1.3Te2.3 are the mixtures of
cubic d-phase and Sb2Te3-like structure phase.

The phase compositions of AgxSb2-xTe3-x (x ¼ 1.0, 0.9, 0.8 and
0.7) samples can be further confirmed by EDS elemental mapping.
As shown in Fig. 2b, homogeneous elemental distributions on
microscale can be only found in Ag0.9Sb1.1Te2.1. In contrast, obvious
Ag-rich areas are observed in AgSbTe2, while Sb-rich areas are
observed in Ag0.8Sb1.2Te2.2 and Ag0.7Sb1.3Te2.3. Combining EDS with
the XRD analysis, the Ag-rich areas are determined as Ag2Te, while
the Sb-rich areas are determined as Sb2Te3 containing a tiny
amount of Ag. The actual chemical compositions of the d-phase in
these four AgxSb2-xTe3-x samples are listed in Table 1. Those of
Ag0.9Sb1.1Te2.1 and Ag0.8Sb1.2Te2.2 are similar with the nominal
chemical compositions, but those of AgSbTe2 and Ag0.7Sb1.3Te2.3 are
ered electron (BSE) images and energy dispersive X-ray spectroscopy (EDS) elemental
ely.
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quite different. This is reasonable since AgSbTe2 and Ag0.7Sb1.3Te2.3
fall beyond the composition range of the d-phase defined by Petzow
et al. (Fig. 1c) [40,41]. However, although both Ag0.9Sb1.1Te2.1 and
Ag0.8Sb1.2Te2.2 fall in the composition range of the d-phase, the final
phase compositions in the prepared products are still different.
Based on the Ag2Te-Sb2Te3 phase diagram, the lower temperature
limit of cubic d-phase is about 673 K for Ag0.9Sb1.1Te2.1, while about
780 K for Ag0.8Sb1.2Te2.2. Thus, during the cooling process,
Ag0.8Sb1.2Te2.2 has a higher degree of supercooling than
Ag0.9Sb1.1Te2.1, which would facilitate the nucleation and growth of
decomposition products [51]. This is responsible for the formation
of Sb-rich areas in Ag0.8Sb1.2Te2.2.

It is striking that sample x ¼ 0.9 is a pure phase while other
compositions show either Ag2Te (x > 0.9) or Sb2Te3 (x < 0.9) pre-
cipitates. The nominal composition of AgSbTe2 shows identical
cations and anions. However, this atomic configuration is intrinsi-
cally unstable due to the large population of occupied anti-bonding
states in the vicinity of the Fermi energy level, as calculated by the
crystal orbital Hamilton population (COHP) method [52]. Similar
phenomena have been reported in other compounds employing
the same metavalent bonding mechanism such as IV-VI rocksalt
chalcogenides [53] and Ge-Sb-Te [54]. A typical feature of these
systems is that the formation energies of acceptors, e.g., cation
vacancies, are very low. The calculated formation energies for the
Ag and Sb vacancy in AgSbTe2 are 0.016 eV and 0.344 eV, respec-
tively [52]. In contrast, the formation energy of anion Te vacancy is
1.408 eV [52]. A stoichiometric AgSbTe2 will create cation vacancies
spontaneously to depopulate the occupied anti-bonding states and
thus stabilize the system, yielding the formation of Ag-deficient
AgSbTe2 and Ag2Te precipitates. In Ag0.9Sb1.1Te2.1, the population
of occupied anti-bonding states is already reduced by the artificially
introduced Ag-deficiency, thus it shows better stability than the
stoichiometric AgSbTe2. Yet, the limit of the number of acceptors
still exists due to the self-compensation effect. The system simul-
taneously introduces donors to maintain charge neutrality when
increasing the number of acceptors markedly, leading to the for-
mation of defect complexes or precipitates, such as Ag2Te and
Sb2Te3.

Given that Ag0.9Sb1.1Te2.1 is phase pure at room temperature, we
further perform annealing experiments to investigate its decom-
position behavior. Fig. 3a shows the XRD patterns of the
Ag0.9Sb1.1Te2.1 samples after annealing for 12 h at different tem-
peratures (473 K, 498 K, 523 K and 573 K). The patterns for the
samples annealed below 498 K are roughly the same as the pattern
before annealing. However, obvious diffraction peaks belonging to
the Ag2Te- and Sb2Te3-like structures appear when the sample has
been annealed at 523 K. When the annealing temperature has
reached 573 K, the diffraction peaks belonging to the d-phase have
disappeared completely. The remaining diffraction peaks can be
indexed to a mixture of Ag2Te- and Sb2Te3-like structures. This
indicates that the d-phase has decomposed at this annealing step.
Similar phenomena have also been observed by Wu et al. [44] and
Wy _zga et al. [41] when annealing AgSbTe2 at 523 K for a long
duration.

Fig. S1and Fig. 3b show the EDS elemental mapping for the
Ag0.9Sb1.1Te2.1 after annealing for 12 h at different temperatures. All
elements are homogeneously distributed in the sample annealed at
473 K (Fig. S1a). This indicates that there is no significant decom-
position upon annealing at this temperature. Slight inhomoge-
neous element distributions are observed in the sample annealed
at 523 K (Fig. S1b). Particularly, as shown in Fig. 3b, two different
regions with distinct contrasts are observed in this sample. The
stoichiometry in the needle-like areas with bright contrast is close
to Ag2Te, corresponding to the Ag2Te-like structure determined by
the above X-ray analysis. The stoichiometry in other areas with gray
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contrast is close to Ag10Sb35Te55, corresponding to the Sb2Te3-like
structure determined by the X-ray analysis and confirmed by
atomic-scale scanning transmission electron microscopy [46]. The
absence of the Ag0.9Sb1.1Te2.1 region is consistent with the above X-
ray analysis that Ag0.9Sb1.1Te2.1 has almost been completely
decomposed after annealing at 573 K for 12 h.

In order to rule out the possibility of a slow decomposition rate
at a lower temperature, we further perform long-term annealing at
473 K on Ag0.9Sb1.1Te2.1. As shown in Fig. 3c, after annealing at this
temperature for up to 720 h, the XRD pattern still shows no obvious
change compared with the one obtained after annealing for 12 h.
Likewise, Fig. 3d shows that all elements are homogeneously
distributed inside the matrix without any enrichment after
annealing at 473 K for 720 h. No Ag-rich or Sb-rich secondary
phases are observed. These results confirm that Ag0.9Sb1.1Te2.1 is
indeed stable at 473 K. Thus, the above results imply that the
decomposition threshold temperature for the Ag0.9Sb1.1Te2.1 is
above 473 K. At and below this temperature, decomposition does
not occur.

The existence of the decomposition threshold of Ag0.9Sb1.1Te2.1
can be further confirmed by the measurement of TE properties.
Fig. 4a-c shows the Seebeck coefficient (S), electrical conductivity
(s), and power factor (PF) for the Ag0.9Sb1.1Te2.1 samples after
annealing at different temperatures. These properties are sensi-
tively related to phase distribution in the corresponding sample.
Thus, they will be significantly modified if decomposition occurs.
As shown in Fig. 4aec, the S, s, and PF for the samples annealed at
453 K and 473 K for 12 h are similar to those for the Ag0.9Sb1.1Te2.1
sample without annealing. Furthermore, even after annealing at
473 K for 720 h, the S, s, and PF are still similar to those for the as-
prepared sample. The differences are within ±7% for S, s, and PF.
These findings confirm that Ag0.9Sb1.1Te2.1 does not decompose
after the annealing at 453 K and 473 K. The sample annealed at
498 K has similar s but smaller S compared to the as-prepared
sample. With further increasing the annealing temperature to
523 K and 573 K, the relevant properties, i.e. S, s, and PF are
significantly changed. This is in line with the decomposition that
takes place at these annealing temperatures. Based on these results,
the stable TE performance range of Ag0.9Sb1.1Te2.1 is plotted in
Fig. 4d. In this range, Ag0.9Sb1.1Te2.1 can be stably utilized, as
confirmed by the almost overlapped s and S in the cycling test
(Fig. S4).

The above EDS results show elemental distributions on the
micrometer scale. Yet, phase separation starts on a smaller length
scale, related to the size of the critical nucleus needed to surmount
to form a new phase. Hence, we performed APT to characterize the
elemental distribution on the sub-nanometer scale [55e57]. The
results obtained help us to determine the decomposition mecha-
nism of the Ag0.9Sb1.1Te2.1 sample. Fig. 5 shows the elemental dis-
tributions of Ag0.9Sb1.1Te2.1 characterized by APT. No nano-
precipitates are detected, corroborating the phase-pure nature of
this composition as prepared. Interestingly, we observed a high
number density of planar defects (edge-on view in the figure) in-
side the matrix as depicted by the iso-composition surfaces of 17%
(in mole) Ag and 30% (in mole) Sb (Fig. 5a). These planar defects are
consistent with the stacking faults characterized by transmission
electron microscopy (TEM) [46]. The distance between two adja-
cent stacking faults ranges from 10 nm to 30 nm. The chemical
width of each stacking fault is around 1 nm. The linear composition
profile across these stacking faults (Fig. 5c) indicates their Ag-
deficient and Sb-enrichment feature in agreement with Cojocaru-
Mir�edin et al. [46]. The stoichiometry of the matrix between
stacking faults is very close to the nominal composition of
Ag0.9Sb1.1Te2.1. Combining the previous microstructures revealed by
TEM with the present APT compositions, these stacking faults are



Fig. 3. (a) XRD patterns for Ag0.9Sb1.1Te2.1 after annealing for 12 h at different temperatures (473 K, 498 K, 523 K and 573 K). (b) BSE image and EDS elemental mapping for
Ag0.9Sb1.1Te2.1 after annealing for 12 h at 573 K. (c) XRD patterns for Ag0.9Sb1.1Te2.1 after annealing at 473 K for different durations (0 h, 12 h, 168 h and 720 h). (d) BSE image and EDS
elemental mapping for Ag0.9Sb1.1Te2.1 after annealing at 473 K for 720 h.

Fig. 4. (a) Electrical conductivity (s), (b) Seebeck coefficient (S), and (c) power factor (PF) for the Ag0.9Sb1.1Te2.1 samples after annealing 12 h at different temperatures (453 K, 473 K,
498 K, 523 K, and 573 K). The data after annealing at 473 K for 720 h are also included. (d) Room-temperature S, s, and PF as a function of annealing temperature. The stable and
unstable temperature windows are plotted for Ag0.9Sb1.1Te2.1.
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Fig. 5. Three-dimensional atom probe tomography (3D-APT) maps for Ag0.9Sb1.1Te2.1 without annealing at two different areas to illustrate the elemental distributions near (a)
planar stacking faults and (b) grain boundary. Linear concentration profiles of Ag (red), Sb (blue), and Te (green) across the (c) planar stacking faults and (d) grain boundary as
indicated by the black arrows in (aeb).
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related to the double-Te layers [58,59]. In contrast to the Ag-
deficient feature at stacking faults, we observed Ag-enrichment at
one curved individual planar defect (edge-on view in the figure)
which should be a grain boundary (GB) given the distinct number
density and composition of stacking faults, as highlighted by the
Ag-rich isosurface in Fig. 5b. The linear composition profile across
the GB within a cuboid region of interest (Fig. 5d) indicates Ag
enrichment and Sb/Te depletion at the GB area. Besides the
chemical composition information, APT also detected an abnormal
bond-breaking behavior for this material, showing an unusually
high probability to form several distinct fragments upon a single
successful laser pulse, named “probability of multiple events”
(PME¼ 75%). This large PME value is a hallmark ofMVB compounds
[60], corroborating the unconventional chemical bonding mecha-
nism of Ag0.9Sb1.1Te2.1. Given the unique property portfolio of MVB
compounds that enables outstanding TE performance [61], the high
PME value is a direct indicator of remarkable TE materials.

According to the classic nucleation theory, the critical nucleation
radius for heterogeneous nucleation is much smaller than that for
homogeneous nucleation. The stacking faults and grain boundaries
characterized by APT provide heterogeneous nuclei. The Ag-
enrichment and Sb-enrichment feature at the GB and stacking
1100
fault, respectively, is indicative of the embryo of the secondary
phase. This could explain the Ag2Te precipitates surrounding GBs
observed in AgSbTe2 by Lee et al. [62]. Cojocaru-Mir�edin et al. [46]
observed a high number density of stacking faults in the as-
quenched AgSbTe2 but mainly (Ag,Sb)2Te3 secondary phase in the
sample after annealing at 380 �C for 192 h. This is indirect evidence
that the stacking faults could be the precursors of Sb2Te3 pre-
cipitates. More proofs should be given by in-situ experiments and
could be interesting for future work.

Comparing with other AgxSb2-xTe3-x (x ¼ 1.0, 0.8, and 0.7)
samples, Ag0.9Sb1.1Te2.1 has not only the highest phase purity, but
also the best TE performance. Fig. 6 shows the TE properties of
AgxSb2-xTe3-x from 300 K to 500 K. The flexion around 400 K in the S
curve of AgSbTe2 is caused by the monoclinic-cubic phase transi-
tion of Ag2Te, as confirmed by the existence of one endothermic
peak near this temperature in the heat flow curve of AgSbTe2
(Fig. S5) [63]. With decreasing x, the s is gradually increased
(Fig. 6a), while the S is decreased (Fig. 6b) over the entire tem-
perature range. In the d-phase, the number of cations (Ag and Sb) is
less than that of anions (Te), yielding the existence of cation va-
cancies inside the cubic structure. These cation vacancies act as
acceptors to provide extra holes, resulting in the p-type conduction



Fig. 6. Temperature-dependent (a) Seebeck coefficient (S), (b) electrical conductivity (s), (c) thermal conductivity (k), and (d) TE figure of merit (zT) for AgxSb2-xTe3-x (x ¼ 1.0, 0.9, 0.8,
and 0.7) samples.

Fig. 7. Comparisons on the (a) average zT (zTavg) between 300 and 475 K and (b)Vickers hardness for Ag0.9Sb1.1Te2.1 and several typical TE materials. The zT data are taken from
references [67e73]. The Vickers hardness data are taken from references [74e80].
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and positive S [28]. With decreasing the x in AgxSb2-xTe3-x, the
number of cation vacancies is increased, which is the main reason
for the increased s and the decreased S. Unfortunately, the carrier
concentration of AgSbTe2-based compounds is very difficult to be
accurately measured due to the existence of highly mobile elec-
trons that dominate the Hall measurements [43,64,65]. Based on
the Goldsmid and Sharp's formula [66], the band gap (Eg) of
Ag0.9Sb1.1Te2.1 is estimated to be around 0.25 eV, which is slightly
lower than the measured optical band gap for AgSbTe2 [23,36].
Fig. S2 shows that Ag0.9Sb1.1Te2.1 has the highest power factor
(PF ¼ 14.2 mW$cm�1$K�2) among these four samples. The thermal
1101
conductivity (k) also increases with increasing the x (Fig. 6c), which
is mainly attributed to the increased contribution from charge
carriers (Fig. S3). Finally, Fig. 6d presents that the zT of
Ag0.9Sb1.1Te2.1 is the highest among these samples. Its zT is about
0.5 at 300 K and 1.1 at 475 K. As shown in Fig.1b, this zT value can be
still largely improved by doping external elements, such as Cd [39],
Zn [34] and Se [22].

Generally, the maximum zT of AgSbTe2-based ternary chalco-
genides appears at the temperature range 500e700 K, such as
zT ¼ 2.1 at 573 K for AgSbTe1.85Se0.15 [22], zT ¼ 2.6 at 573 K for
AgSb0.94Cd0.06Te2 [39], zT ¼ 1.9 at 585 K for AgSb0.96Zn0.04Te2 [34],
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and zT ¼ 1.35 at 650 K for Ag(Sb0.93In0.07)Te2 (Fig. 1b). Being limited
by the decomposition temperature, the present zT of Ag0.9Sb1.1Te2.1,
1.1 at 475 K, is lower than these zTs. However, it should be noted
that this zT value is obtained in the stable temperature range of
Ag0.9Sb1.1Te2.1. Furthermore, this zT value is already much higher
than most of the other TE materials in a comparable temperature
range. Fig. 7a plots the average zT (zTavg) between 300 and 475 K for
Ag0.9Sb1.1Te2.1 and several typical TE materials. The zTavg is 0.84 for
Ag0.9Sb1.1Te2.1. This value is lower than that of the best room-
temperature TE material, i.e. Bi2Te3-alloys [67], but it is much
higher than other TE materials (e.g. PbTe [68], skutterudites [69],
and GeTe [70]) in the same temperature range [71e73]. In addition,
Fig. 7b shows that the Vickers hardness of Ag0.9Sb1.1Te2.1 is much
higher than that for Bi2Te3-alloys, indicating that it has a better
ability to withstand the external mechanical stress or vibrations
[74e80]. Thus, Ag0.9Sb1.1Te2.1 has considerable potential for appli-
cations in miniaturized refrigeration and power generation in the
low- and middle-temperature ranges.

4. Conclusions and outlook

In this work, the means have been explored to improve the
stability of AgSbTe2-based ternary chalcogenides. Phase pure
Ag0.9Sb1.1Te2.1 stands out from a series of AgxSb2-xTe3-x samples for
the stability and TE performance investigations. The results indicate
that the decomposition threshold of Ag0.9Sb1.1Te2.1 appears around
473 K. Below this threshold, Ag0.9Sb1.1Te2.1 has quite good stability,
exhibiting scarcely changed chemical compositions and TE prop-
erties after long-term annealing (720 h at 473 K). The zT of
Ag0.9Sb1.1Te2.1 at 475 K is 1.1, which is superior to most other TE
materials in a comparable temperature range. Combining the good
stability below the decomposition threshold, high zTavg at
300e475 K, and good mechanical performance, Ag0.9Sb1.1Te2.1 is a
competitive TE material for applications in miniaturized refrigera-
tion and power generation near room temperature. Besides, APT
results provide an important hint that the Ag-rich grain boundaries
and Sb-rich stacking faults could be embryos for heterogeneous
nucleation and thus accelerate the decomposition of the com-
pound. Eliminating these defects or inhibiting the segregation of Ag
to grain boundaries by doping could be an effective way to further
stabilize the compound.
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