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a b s t r a c t

By virtue of the excellent plasticity and tunable transport properties, Ag2S-based materials demonstrate
an intriguing prospect for flexible or hetero-shaped thermoelectric applications. Among them, Ag2S1-xTex
exhibits rich and interesting variations in crystal structure, mechanical and thermoelectric transport
properties. However, Te alloying obviously introduces extremely large order-disorder distributions of
cations and anions, leading to quite complicated crystal structures and thermoelectric properties.
Detailed composition-structure-performance correlation of Ag2S1-xTex still remains to be established. In
this work, we designed and prepared a series of Ag2S1-xTex (x ¼ 0e0.3) materials with low Te content. We
discovered that the monoclinic-to-cubic phase transition occurs around x ¼ 0.16 at room temperature. Te
alloying plays a similar role as heating in facilitating this monoclinic-to-cubic phase transition, which is
analyzed based on the thermodynamic principles. Compared with the monoclinic counterparts, the
cubic-structured phases are more ductile and softer in mechanical properties. In addition, the cubic
phases show a degenerately semiconducting behavior with higher thermoelectric performance. A
maximum zT ¼ 0.8 at 600 K and bending strain larger than 20% at room temperature were obtained in
Ag2S0.7Te0.3. This work provides a useful guidance for designing Ag2S-based alloys with enhanced
plasticity and high thermoelectric performance.

© 2021 The Chinese Ceramic Society. Production and hosting 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

The rapid development of flexible and hetero-shaped electronic
equipment, e.g., wearable electronics and implantable devices, calls
for compatible power generating techniques [1,2]. Deformable,
non-flat thermoelectric (TE) technology that can directly convert
the heat from curved hot surfaces into electricity has thus become a
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popular, promising solution [3e6]. For decades, the deformability
or the complex shape of TE devices has been realized by designing
special device structures [7] or using intrinsically flexible polymers
[8]. Nonetheless, high-performance inorganic thermoelectric ma-
terials (e.g., Bi2Te3 [9e11], PbTe [12e14]) are prevailingly brittle,
which greatly limits the service of these materials in flexible and
hetero-shaped circumstances.

Recently, exceptional room-temperature plasticity was found in
a few inorganic semiconductors such as Ag2S [15,16], InSe crystal
[17e19], and ZnS crystal (in darkness) [20], offering a new option to
integrate deformability together with semiconducting behavior
and decent electrical properties. The plasticity grants the semi-
conductors with decent processibility, machinability and large
deformability, somewhat like metals, which greatly expands the
application realms [21]. Particularly, the Ag2S-based solid solutions
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or alloys show high zT and decent plasticity [22e26]. For the Ag2S1-
xSex system, the materials at room temperature adopt the same
monoclinic structure (P21/c) with a-Ag2S when x � 0.6, but turn to
the orthorhombic Ag2Se-like structure (P212121) when x � 0.7 [24].
Generally, the substitution of Se for S enhances the thermoelectric
performance but impairs the plasticity. Maximum zT ¼ 0.6 at room
temperature is obtained in brittle Ag2Se while decent zT and plas-
ticity can be realized in Ag2S0.4Se0.6 compositions [24].

Compared to the Ag2SeAg2Se materials, the Ag2SeAg2Te system
exhibits more complicated crystal/phase structures and transport
properties [27e29]. A small amount of Te would induce the tran-
sition from the monoclinic to the cubic phase, which greatly en-
hances the thermoelectric performance while retaining the
plasticity [28]. For higher Te content (x ¼ 0.5e0.8), the materials
show more complex structures (including some amorphous char-
acters) and complicated transport properties [27,29]. Despite the
knowledge on the Ag2SeAg2Te alloys, the dependence of phase
structures on Te alloying and temperature is not well understood.
Furthermore, this phase-modulated variation in mechanical and
transport properties remains to be explored.

In this work, we studied the phase and crystal structure, me-
chanical properties and thermoelectric performance of Ag2S1-xTex
polycrystalline materials. The content of Te is limited to x � 0.3 in
this work to avoid the complicated mixed or glass-like structures,
as well as potential stability concerns in materials with higher Te
content. It is found that the compositional threshold of the
monoclinic-to-cubic transition at ambient temperature is around
x ¼ 0.16. Both monoclinic and cubic Ag2S1-xTex samples have good
plasticity, and the cubic phase seems to be softer and more ductile.
In addition, cubic Ag2S1-xTex materials possess better electrical
performance and lower lattice thermal conductivity. The zT reaches
a maximum value of 0.8 at 600 K for Ag2S0.7Te0.3.

2. Experiments

2.1. Sample preparation

A series of polycrystalline Ag2S1-xTex (x ¼ 0e0.3) ingots were
prepared by melting and annealing techniques. High-purity ele-
ments Ag (shots, 99.999%, Alfa Aesar), S (pieces, 99.9999%, Alfa
Aesar), and Te (shots, 99.999%, Alfa Aesar) were weighed out and
then sealed in a quartz tube under vacuum. The quartz tubes were
put in the furnace and heated to 1273 K in 20 h and held at this
temperature for 12 h, then cooled down to 823 K in 30 h. After
annealing at this temperature for 2 days, the furnace was cooled to
393 K and held at this temperature for 10 h. Then, the furnace was
cooled to room temperature.

2.2. Characterization

The phase and crystal structures of Ag2S1-xTex samples were
examined by X-ray diffraction (XRD) analysis (D8 Advance, Bruker)
and transmission electron microscopy (TEM, JEM-1400, JEOL) with
selected area electron diffraction (SAED). Phase composition anal-
ysis was carried out by the scanning electron microscopy (SEM,
Supra 55, ZEISS) equipped with energy dispersive spectrometer
(EDS). Hall coefficient (RH) was measured by using the Van der
Pauwmethod (8400 Series, Lakeshore) with a magnetic field swept
from �1 to 1 T. Hall carrier concentration (nH) and Hall mobility
(mH) were derived by the relations nH ¼ 1/eRH and mH¼ sRH,
respectively. Electrical conductivity (s) and Seebeck coefficient (S)
were measured using ZEM3 (Ulvac-Riko). Thermal conductivity
was calculated from the formula k¼lCpd, where the thermal
diffusivity lwasmeasured by using the laser flashmethod (LFA 457,
Netzsch), the heat capacity Cp was derived from Dulong-Petit law,
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and the density d was measured by using the Archimedes method.
The sound speed datawere obtained on an ultrasonicmeasurement
system (UMS-100, Ritec) with shear wave transducers of 5MHz and
longitudinal wave transducers of 10MHz. Bending tests on the bulk
specimens were conducted on a dynamic thermomechanical
analyzer (DMA 850, TA instrument). The specimen size for bending
test was about 2 � 1 � 10 mm3, with the loading rate of 1 N min�1.
Vickers-hardness test was carried out on a Vickers hardness tester
(TUKON-2100B, Instron) under the load of 0.3 kgf. All specimens
were cut directly from the as-prepared ingot.

2.3. Calculations

The first-principles calculations were carried out based on the
projector augmented wave [30] method, as implemented in the
Vienna ab initio [31e33] simulation package. The Perdew-Burke-
Ernzerhof [34] formed generalized gradient approximation were
adopted as the exchange-correlation functional. The cut-off energy
of the plane-wave basis was 350 eV, and the convergence criterion
for total energy was 10�4 eV. The modified Becke-Johnson potential
[35] was utilized to get more accurate band gaps. We adopted a
supercell with chemical formula Ag16S8 and Ag16S7Te to mimic the
pristine and Te-alloyed materials.

3. Results and discussion

3.1. Phase and crystal structures

The monoclinic and cubic crystal structures of Ag2S are depicted
Fig. 1a and 1b. Cations and anions fully occupy the fixed sites in
monoclinic structure while the cations partially occupy the atomic
sites in the cubic structure [36]. Fig. 1c shows the room-
temperature XRD patterns for Ag2S1-xTex. The diffraction peaks
for the samples with x < 0.16 are well indexed to the monoclinic
structure with the space group of P21/c, isostructural with a-Ag2S
(Fig. 1a). When x exceeds 0.16, the materials transform into the
cubic structure (Im3m) that resembles the mid-temperature
structure of Ag2S (Fig. 1b). No impurity phases were detected by
the XRD data for all Ag2S1-xTex compounds. EDS analysis (Fig. 2a)
also confirmed that Ag, S and Te are homogeneously distributed in
the samples. Based on the above results, it can be concluded that
the phase transition composition between the monoclinic and cu-
bic structures in Ag2S1-xTex alloys should be around x ¼ 0.16 at
300 K.

According to the previous study [37], the S sublattice in the
monoclinic structure can be viewed as a distorted bcc lattice with
the b angle being 99�350 rather than 90� (Fig. S1). The biggest dif-
ference between the monoclinic and cubic structures is the
arrangement of silver atoms. In a unit cell of a-Ag2S, four silver
atoms occupy two different positions. However, it was reported
that four silver atoms statistically occupy 42 positions in the unit
cell of b-Ag2S [37]. Such a random disorder of Ag atoms could be
one of the key reasons that lead to the broad humps in the XRD
patterns (Fig. 1c) and the amorphous ring in the selected area
electron diffraction (SAED, Fig. 2c) of the cubic phase. Moreover, the
SAED patterns of Ag2S0.94Te0.06 (Fig. 2b) and Ag2S0.76Te0.24 (Fig. 2c)
well match the structure of monoclinic Ag2S along [001] and that of
cubic Ag2S along [111] respectively, furtherly confirming the phase
transition in Ag2S1-xTex materials.

The synergetic effect on phase structures by Te content and
temperature is studied by the differential scanning calorimetry
(DSC) analysis (Fig. 1d). With Te content x increasing from 0 to 0.14,
the monoclinic-to-cubic transition temperature decreases gradu-
ally from 450 K to 275 K. For x¼ 0.16, there are multiple continuous



Fig. 1. Crystal structures of (a) monoclinic a-Ag2S and (b) cubic b-Ag2S. The crystallographic data were taken from refs. 15 and 36. The two different signs of Ag atoms in the cubic
structure denote two types of Ag atoms with an occupancy of 26.7% and 14.6% at the 12d and 6b sites, respectively. (c) XRD patterns for bulk Ag2S1-xTex (x ¼ 0e0.3) samples. (d) DSC
patterns for Ag2S1-xTex materials. (e) Dependence of phase structure on temperature and Te content.

Fig. 2. (a) Backscattered electron (BSE) image and elemental energy dispersive spectroscopy (EDS) mappings of Ag2S0.84Te0.16. Selected area electron diffraction (SAED) patterns of
(b) Ag2S0.94Te0.06 and (c) Ag2S0.76Te0.24.
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endothermic peaks, indicating the existence of mixed phases.
When x reaches 0.18, no obvious peaks were observed above 300 K,
indicating the pure cubic phase. Based on the experiment data, the
“phase diagram” is thus depicted in Fig. 1e.

Te substitution plays a similar role as thermal annealing in
facilitating the monoclinic-to-cubic transformation. This can be
intuitively understood from the simple thermodynamic principles
[38]. Due to the much more possible occupational options of Ag
atoms, the cubic phase should exhibit a higher configuration en-
tropy than the monoclinic one. According to the G¼H�TS relation,
the Gibbs free energy decreases more sharply with temperature in
the high-entropy phase; that is, the cubic phase is prone to be
formed at higher temperatures (Fig. S2a). On the other hand, partial
substitution of Te for S increases the configurations of the anion site
to the same extent for cubic and monoclinic phases. Nonetheless,
658
the total occupancy configurations of the system should be the
multiplication of the occupancy configurations at the cation site
and those at the anion site. Therefore, the increase in total entropy S
or configurations by Te alloying is larger in the cubic phase that
already has a larger number of cation states, leading to a lower
Gibbs energy (Fig. S2b). It should be noted that the actual role of Te
substitution in modifying the crystal structure should be more
complicated than discussed above. For example, AgeTe bond is
weaker than the AgeS bond, which may also promote the cation off
site and disorder.
3.2. Mechanical properties

The room-temperature mechanical properties of Ag2S1-xTex
(x ¼ 0e0.3) are shown in Fig. 3. Nearly all the samples exhibit large



Fig. 3. (a) Stressestrain curves for bending test at 300 K. (b) Vickers Hardness under the load of 0.3 kgf and (c) Young's modulus, shear modulus and Poisson ratio derived from the
measured sound speed; the calculation details are given in SI.
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bending strains above 20% without fracture (Fig. 3a). The ultimate
strain is lower (~7%) for the x ¼ 0.16 sample, which may be related
to the mixed phase structures hindering the dislocation slipping. A
larger yield strength (around 400 MPa) is also observed for this
sample. Generally, the yield strength is around 100 MPa for
monoclinic samples, and 50 MPa for cubic phases. Consistently, the
value of Vickers hardness decreases from 38.1 for Ag2S0.94Te0.06
(monoclinic) to 22.5 for Ag2S0.76Te0.24 (cubic) as shown in Fig. 3b.
The better plastic deformability of the cubic phase can be under-
stood from the lower generalized stacking fault energy (GSFE) as
previously reported [28]. The elastic parameters (Young's modulus,
shear modulus and Poisson's ratio) derived from measured sound
speed, are roughly independent of Te content (Fig. 3c). The average
sound velocity of Ag2S1-xTex is as low as 1190 m/s, much smaller
than most thermoelectric materials (such as 1691 m/s for AgInTe2
[39], 2067m/s for Cu2Se [40], 3224 m/s for CoSb3 [41]). This reflects
a “soft” lattice of Ag2S1-xTex and suggests a low lattice thermal
conductivity.
3.3. Electrical transport properties

Fig. 4aec shows the electrical transport properties of Ag2S1-xTex
materials. Te substitution changes the conduction behavior from
the non-degenerate type (x ¼ 0, 0.06) to the degenerate one
(x ¼ 0.12e0.3). Generally, the electrical conductivity (s) increases
and the Seebeck coefficient (S) decreases with Te content. Again, the
mixed-phase sample with x ¼ 0.16 shows an irregular conductivity.
The abrupt change of s and S vs. temperature in x ¼ 0 and x ¼ 0.06
samples should be caused by the monoclinic-to-cubic phase tran-
sition. The power factor (PF) at room temperature was greatly
enhanced from 1.1 � 10�3 mWcm�1K�2 for x ¼ 0 to 4.8 mWcm�1K�2

for x ¼ 0.3. A maximum PF reaches 6.6 mWcm�1K�2 at 600 K for
x ¼ 0.24 and 0.3.

The carrier concentration nH and the mobility mH are shown in
Fig. 4d. In the monoclinic realm, nH increases sharply from the or-
der of 1014 cm�3 for pristine Ag2S to 1018 cm�3 for x ¼ 0.14, which
leads to the enhanced electrical conductivity, decreased Seebeck
coefficient as well as the altered temperature dependence (Fig. 4a
and b). The donor is believed to be the Ag interstitials or anion
vacancies [42]. Since the AgeTe bond is longer, weaker and less
ionic than AgeS bond, the defects are more prone to be formed in
the Te-alloyed samples. In addition, 12.5% Te alloying at the S sites
noticeably reduces the band gap (Fig. S3), which also contributes to
the increased nH. Interestingly, the mobility is roughly unchanged
(~70 cm2V�1s�1) by Te substitution in the monoclinic region,
reflecting the compensating impacts from the sharpened band
edge (reduced effective mass from 0.243me for Ag2S to 0.207me for
Ag2S0.875Te0.125) and the intensified alloy scattering of carriers.

Upon the phase transition, both nH and mH largely increase from
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1.4� 1018 cm�3 and 81 cm2V�1s�1 for x¼ 0.14 to 4� 1019 cm�3 and
222 cm2V�1s�1 for x ¼ 0.18, respectively. In the cubic realm
(x > 0.16), nH moderately decreases while mH greatly increases with
increasing Te content. Since it is difficult to accurately calculate the
band structure of the complex cubic phase, here we tentatively
explain this phenomenon through simple intuitions [43]. Te sub-
stitution for S should decrease the bond ionicity, which lowers the
carrier effective mass. According to the single parabolic band (SPB)
model [44], a smaller m* substantially leads to the reduced carrier
concentration and increased mobility for degenerate
semiconductors.
3.4. Thermal transport and thermoelectric figure of merit

Fig. 5a shows the total thermal conductivities (к) as a function of
temperature for Ag2S1-xTex samples. The pristine Ag2S exhibits a
low thermal conductivity of 0.47 Wm�1K�1 at RT. With Te alloying,
к increases from 0.45 Wm�1K�1 for Ag2S0.94Te0.06 to 1.0 Wm�1K�1

for Ag2S0.82Te0.18 at RT due to larger contribution of electronic
thermal conduction. The discontinuous breaks in x ¼ 0, 0.06 and
0.12 samples are ascribed to the phase transition. The lattice ther-
mal conductivity кL was calculated via кL ¼ к�LsT, where L is the
Lorentz factor estimated based on the measured Seebeck coeffi-
cient. At room temperature, кL is 0.3e0.6 Wm�1K�1 for monoclinic
phases (0 � x � 0.14) and decreases to 0.1e0.2 Wm�1K�1 for the
cubic samples (0.18� x� 0.30). The ultralow кL of the cubic phase is
attributed to the disordered Ag ions loosely bonded to the anions, a
demonstration of “electron crystal phonon glass (or liquid)” sce-
narios [45e50]. The zT as a function of temperature is shown in
Fig. 5c. At room temperature, the highest zT is around 0.3 for
x ¼ 0.3. At 600 K, the zT of Ag2S0.7Te0.3 sample is around 0.8, which
is comparable to the reported results [28].
4. Conclusion

In conclusion, the correlation between composition, crystal/
phase structure, thermoelectric and mechanical properties was
established for Ag2S1-xTex (x ¼ 0e0.3) ductile semiconductors. Te
substitution for S can effectively lower the monoclinic-to-cubic
phase transition temperature. The compositional threshold for
the phase transition at ambient temperature is around x ¼ 0.16.
Compared with the monoclinic phase, the cubic phase is more
ductile and softer with better electrical performance and lower кL.
The thermoelectric performance is also greatly improved by Te
alloying. Maximum zT reaches 0.3 at 300 K and 0.8 at 600 K for the
composition of Ag2S0.7Te0.3. This study clarifies composition- and
phase-dependent thermoelectric and mechanical properties of S-
rich Ag2S1-xTex system, which will advance the understanding and
development of ductile semiconductors for flexible or hetero-



Fig. 4. Temperature dependence of (a) electrical conductivity (s), (b) Seebeck coefficient (S), and (c) power factor (PF). (d) Te content dependence of carrier concentration (nH) and
mobility (mH) at 300 K for Ag2S1-xTex samples.

Fig. 5. Temperature dependence of (a) thermal conductivity (k), (b) lattice thermal conductivity (kL), and (c) zT for Ag2S1-xTex.

L. Peng, S. Yang, T.-R. Wei et al. Journal of Materiomics 8 (2022) 656e661
shaped thermoelectric applications.
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