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ABSTRACT
The effects of the partial V-substitution for Ag on the thermoelectric (TE) properties are investigated for a flexible semiconducting compound
Ag2S0.55Se0.45. Density functional theory calculations predict that such a partial V-substitution constructively modifies the electronic structure
near the bottom of the conduction band to improve the TE performance. The synthesized Ag1.97V0.03S0.55Se0.45 is found to possess a TE
dimensionless figure-of-merit (ZT) of 0.71 at 350 K with maintaining its flexible nature. This ZT value is relatively high in comparison with
those reported for flexible TE materials below 360 K. The increase in the ZT value is caused by the enhanced absolute value of the Seebeck
coefficient with less significant variation in electrical resistivity. The high ZT value with the flexible nature naturally allows us to employ the
Ag1.97V0.03S0.55Se0.45 as a component of flexible TE generators.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171888

I. INTRODUCTION

Thermoelectric generators (TEGs) have attracted considerable
attention due to their ability in converting waste heat into useful
electric power without any mechanical parts. The lack of mechanical
parts makes TEGs free from regular maintenance and uncomfort-
able noises during the process of power generation.1,2 The energy
conversion efficiency, η, of TEGs is an increasing function of ther-
moelectric (TE) dimensionless figure of merit, ZT = S2Tρ−1κ−1,
in which T represents the absolute temperature, and S, ρ, and κ
represent the Seebeck coefficient, electrical resistivity, and thermal
conductivity of the constituent materials, respectively.3 Higher val-
ues of ZT are obtainable with a larger Seebeck coefficient, a lower
electrical resistivity, and a lower thermal conductivity.

At present, TEGs are expected to be power sources for bend-
able/wearable devices such as sensors for detecting gas leaks from

pipelines4 and monitoring human activities.5 Such applications
strongly require the flexible nature of TEG. However, the mate-
rials used in TEGs are usually brittle inorganic compounds, e.g.,
Bi–Te- and Pb–Te-based materials,6,7 and hence lack deformability
and malleability.

Two different kinds of flexible TEGs have been proposed. One
of them is based on brittle inorganic compounds fabricated on a
flexible organic substrate.8,9 Although high ZT values are obtain-
able with such TE materials, the flexibility of this TEG is restricted
by their brittleness. The other flexible TEG design is based on flex-
ible organic TE materials.10–13 In this case, all the components of
this TEG are flexible, but the performance of this TEG is restricted
by the low ZT values of the constituent materials, which typically
possess high electrical resistivity. Thus, the development of TE mate-
rials possessing both high ZT value and flexible nature is strongly
demanded.
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Recently, the ductile nature was reported at room tempera-
ture (RT) for the low-temperature semiconducting phase of Ag2S
(L-Ag2S with the Pearson symbol of mP12 and space group of
P21/c).14–16 This ductile nature is indeed favorable for the devel-
opment of flexible TE materials. Furthermore, its very low lattice
thermal conductivity of 0.5 Wm−1 K−1 helps us to develop TE mate-
rials with a larger ZT.17–19 However, its high electrical resistivity
of 1.0 × 106 mΩ cm of L-Ag2S leads to a very low ZT value of
6.3 × 10−5 at RT.20

To reduce the electrical resistivity, a partial Se-substitution for S
in L-Ag2S was conducted by several different groups.20–23 The partial
Se-substitution drastically increased the electron carrier concentra-
tion at RT from 1.6 × 1014 cm−3 in L-Ag2S to 3.6 × 1018 cm−3 in
Ag2S0.5Se0.5, and the electrical resistivity of Ag2S0.5Se0.5 was subse-
quently reduced to 3.3 mΩcm at RT.20 Consequently, a relatively
large ZT value of 0.26 at RT was achieved with Ag2S0.5Se0.5 keep-
ing the crystal structure of L-Ag2S and the flexible nature.20 The ZT
value of Ag2S0.5Se0.5 at RT was reported to be further improved to
0.44 by a partial substitution of Te for Se with maintaining its flexi-
ble nature.20 However, this value is still too low to be used in various
practical applications.

We employ, in this study, another approach “a constructive
modification of the electronic structure near the chemical poten-
tial by means of a partial element-substitution” to improve the TE
performance.24,25 For this purpose, transition metals are employed
as impurity elements and expected to produce impurity levels
near the chemical potential of the electronic structure, leading to
an improvement of the TE performance.26–29 This approach is
explained in the supplementary material (Note 1).

Ag2S1−xSex with x ∼ 0.5 was reported to be an n-type semicon-
ductor with a low resistivity of ∼3.3 mΩ cm at RT,20,21 indicating
that the chemical potential is near the bottom of the conduction
band (CB). We expect that a modification of the bottom of CB by
means of a partial element substitution would strongly affect the TE
properties, resulting in an improvement of the TE performance.

In this study, we investigate the effect of the partial
V-substitution for Ag on the TE properties of Ag2S1−xSex with
x ∼ 0.5 by density functional theory (DFT) calculations and exper-
iments. We discuss the V-substitution effects on the TE properties
in terms of not only the electronic structure but also the carrier
concentration.1

II. METHODS
A. Experimental procedure

According to the reported phase diagram,30 the crystal struc-
ture of Ag2S is observed in the composition range of x < 0.6 for
Ag2S1−xSex, preserving the ductile nature of the material. However,
our preliminary experiment revealed that the Ag2Se is often precip-
itated in the composition range of 0.5 < x < 0.6 for Ag2S1−xSex due
to the evaporation of S during the synthesis. To exclude such pre-
cipitation, we have chosen the slightly S-rich nominal composition:
Ag2S0.55Se0.45.

Polycrystalline Ag2−xVxS0.55Se0.45 samples with x = 0, 0.015,
0.03, and 0.06 were prepared by means of the conventional melt-
ing method. Pure Ag (purity 3N, Kojundo Chemical Laboratory), V
(3N, Kojundo Chemical Laboratory), S (4N, Kojundo Chemical Lab-
oratory), and Se (4N, Kojundo Chemical Laboratory) powders were

TABLE I. Mass densities of Ag2−xVxS0.55Se0.45 and the reference value of
Ag2S0.5Se0.5.21

x of Ag2−xVxS0.55Se0.45 Mass density (gcm−3)

x = 0 7.513
0.015 7.544
0.03 7.537
0.06 7.525
Ag2S0.5Se0.5

21 7.729

mixed well in stoichiometric ratios using a set of agate mortar and
pestle. The homogenized powder was sealed into a quartz ampoule
in which the internal pressure was less than 1× 10−2 Pa and placed in
a muffle furnace. The ampoule was heated up to 1273 K in time of 8 h
and maintained at 1273 K for 5 h. The heated ampoule was cooled
down to 573 K in a time of 8 h and naturally cooled to RT in the fur-
nace. Since the sample becomes brittle at low temperatures,18,21 the
obtained ingot was crushed into fine powder at the liquid nitrogen
temperature using a set of alumina mortar and pestle. The obtained
fine powder was densified into a pellet using the pulse current sin-
tering method under the uniaxial pressure of 50 MPa at 673 K for
15 min. In such a process, a large electrical current that directly
passes through the sample would form an inhomogeneous distri-
bution of Ag due to the superionic nature of Ag observed in the
high-temperature phase of Ag2S (H–Ag2S with the Pearson symbol
of cI6 and space symmetry of Im3m).31 To prevent such an unfavor-
able Ag-ion conduction, the top and bottom sides of the sample were
covered with insulating alumina. Table I gives the mass densities for
the sintered pellets. Accordingly, all the densities of the pellets were
confirmed to be at least 97% of the theoretical density.21

Phases involved in the samples at RT were identified using
x-ray diffraction (XRD) measurements with conventional Cu–Kα
radiation (λ = 1.54 Å) equipped in the Bruker D8 Advance and
synchrotron radiation with λ = 0.62 Å at beamline BL5S2 of Aichi
Synchrotron Radiation Facility, Nagoya, Japan. For the latter mea-
surement, the sample was set into a borosilicate capillary with an
inner diameter of 0.5 mm and the exposure time for each measure-
ment was 12 min for a better signal-to-noise ratio. The Rietveld
analysis32 was conducted using RIETAN-FP33 software to examine
the effect of the partial V-substitution on the lattice constants. The
quality of the Rietveld refinements was estimated by calculating Rwp
and RB factors, which are defined by the following equations:

Rwp = [
∑i wi(yi − fi)

2

∑i wiy2
i
]

1
2

, (1)

RB = [
∑K ∣I

K
obs − IK

cal∣

∑K IK
cal

]

1
2

, (2)

where yi, wi, and fi are the measured diffraction intensity, the weight
of the observed points, and the fitting function, respectively. The IK

obs
and IK

cal are the observed and calculated integrated intensities for the
reflection K , respectively.

A scanning electron microscope (SEM, Hitachi SU-6600)
equipped with energy-dispersive x-ray spectroscopy (EDX, JEOL
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JED-2140 GS) was used to analyze the grain structure and elemen-
tal distribution in the sample. The acceleration voltage for the SEM
measurement was 20 keV. The phase transition temperature was
investigated using differential scanning calorimetry (DSC, RIGAKU
ThermoPlus EVO2 ESC8231).

The electrical resistivity was measured with the conventional
four-probe method with a DC electrical current. The Seebeck coef-
ficient was determined from the slope of ΔV − ΔT plots using
the steady state method with temperature differences ranging in
ΔT = 0–5 K. For this measurement, a K-type thermocouple was used.
The typical examples of the ΔV −ΔT plots are shown in Fig. S1. Both
electrical resistivity and Seebeck coefficient were measured using
homemade setups.18,34 The uncertainties of these measurements
were estimated to be within ∼5%.21,35

The thermal conductivity, κ, was deduced from κ = DCpd,
in which D, Cp, and d represent the thermal diffusivity, specific
heat, and mass density, respectively. The D and Cp were measured
by the laser flash method (Netzsch LFA457)36 while d was deter-
mined by the conventional Archimedes method (Mettler Toledo
XS205 Dual Range). The uncertainty of κ was estimated to be
∼7%.21 The electronic thermal conductivity κel was calculated by the
Wiedemann–Franz law,

κel = Lρ−1T. (3)

The L is the Lorentz number and defined by the following
formula:37

L = {1.5 + exp(−
∣S∣

116
)} × 10−8

[ V2 K−2
]. (4)

The lattice thermal conductivity κlat is defined by

κlat = κ − κel. (5)

The carrier concentrations ncar of Ag2S0.55Se0.45 and
Ag1.97V0.03S0.55Se0.45 were calculated by the magnetic field-
dependent Hall resistivity ρHall(H) up to μ0H = ±1T (μ0 is the
magnetic permeability in a vacuum). The ρHall(H) was measured
using the conventional four-probe method with Quantum Design
physical property measurement system (QD-PPMS, USA). The Hall
resistivity data ρave

Hall(H) to calculate ncar was determined by

ρave
Hall(H) =

{ρHall(+H) − ρHall(−H)}
2

. (6)

B. DFT calculations
The chemical disorder in Ag2S0.55Se0.45 prevents us from eas-

ily calculating electronic structure. An approximated composition
of Ag2S0.5Se0.5, with which an ordered supercell can be constructed,
was employed for the DFT calculations. This composition approx-
imation is validated in the supplementary material (Note 2). The
structural model of Ag2S0.5Se0.5 was constructed using the cell of
L-Ag2S in which eight Ag atoms and four S atoms exist. Two Se
atoms were substituted for two S, as shown in Fig. 1(a).

A crystal structure model of the partially V-substituted
Ag2S0.5Se0.5 was prepared using a 2 × 2 × 1 supercell of Ag2S0.5Se0.5,

FIG. 1. Calculation models for (a) non-substituted and (b) partially V-substituted
Ag2S0.5Se0.5.

in which one of the Ag atoms was substituted by V, as shown
in Fig. 1(b). The composition for the partially V-substituted
Ag2S0.5Se0.5 model was Ag1.94V0.06S0.5Se0.5.

All the DFT calculations were conducted using the Vienna
ab initio software package (VASP).38,39 The projector augmented
wave (PAW) potential40 was used to treat interactions between the
valence and core electrons. Here, we did not employ the standard
Perdew–Burke–Ernzerhof functional under the generalized gradient
approximation (GGA-PBE),41 but employed the SCAN+rVV1042

functional, which is known as a kind of meta-GGA functionals. Nam
et al.43 reported that although the GGA-PBE functional well repro-
duces the experimental bandgap of L-Ag2S (1.1 eV), it overestimates
the lattice constant of b in L-Ag2S by 0.1 nm. They also claimed that
the SCAN+rVV10 functional reproduces well both the experimental
bandgap and lattice constants for L-Ag2S. We employed, therefore,
the SCAN+rVV10 functional in our DFT calculations.

Spin-unpolarized and spin-polarized calculations were per-
formed on the non-substituted and partially V-substituted models,
respectively. The energy cutoff for constructing the plane wave basis
set was 400 eV. The k-mesh for the non-substituted model was
7 × 3 × 3 and 12 × 6 × 6 employed in the crystal structure optimiza-
tion and density of states (DOS) calculation, respectively, while the
k-mesh for the partially V-substituted model was 4 × 2 × 2 and 8 × 4
× 4 employed in the crystal structure optimization and DOS calcu-
lation, respectively. The force threshold to end the crystal structure
optimization was 0.02 eV Å−1.

III. RESULTS AND DISCUSSION
A. Electronic structure prediction from
DFT calculations

The lattice constants of Ag2S0.5Se0.5 were optimized by the DFT
calculation. In Table II, the lattice constants are compared with the
experimental data.21 It reveals that the optimized lattice constants
match the experimental ones with errors of less than 2%. Hence, we
consider that the lattice constants used for the DFT calculation are
reasonable.

The energy–momentum (ε–k) dispersion and DOS for the
non-substituted Ag2S0.5Se0.5 are shown in Figs. 2(a) and 2(b), respec-
tively. A direct bandgap of 0.69 eV is observable at Γ point. This value
is reasonable because it is located between the experimental gaps of
Ag2S (1.1 eV)14 and Ag2Se (∼0.1 eV).19,44 The bandgap reduction
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TABLE II. Lattice constants of Ag2S0.5Se0.5 from the DFT calculation and
experiment.21

a (Å) b (Å) c (Å) β (deg.)

DFT calculation 4.291 6.826 9.699 124.6
Experiment21 4.252 6.946 9.728 125.7

from Ag2S to Ag2S0.5Se0.5 is also supported by hard x-ray photoe-
mission spectroscopy.44 The valence band consists mainly of Ag 4d
orbital, with minor contributions from S 3p, Se 4p, and Ag 5s orbitals
while the CB consists of Ag 5s, Ag 4d, S 3s, S 3p, Se 4s, and Se 4p
orbitals with similar intensities in DOS. The contributions of Ag 5s
and Ag 4d orbitals to the CB suggest that the partial V-substitution
for Ag modifies the bottom of CB.

The ε–k dispersion and DOS for the partially V-substituted
Ag2S0.5Se0.5 are illustrated in Figs. 2(c) and 2(d), respectively.
According to both results, the electronic structures for the up
and down spins are different from each other. The DOS for
the electrons with the down spin shows no states inside the
bandgap while the DOS for the electrons with the up spin shows
V 3d states at the edge of the valence band (ε = εVBM), inside
the bandgap (ε = εVBM + 0.2 eV), and near the bottom of CB
(ε = εVBM + 0.6 eV). The chemical potential μ is expected to be
near the bottom of CB according to the low electrical resistivity of
Ag2S0.5Se0.5 at RT (∼3.3 mΩ cm).20 In this case, the chemical poten-
tial can be located near the V 3d level, leading to the modification of
the TE properties.

In the subsequent experiments, we examine if such a V 3d level
is produced by the V-substitution and improves the ZT value. The
carrier concentration effect on the TE properties is also discussed.

B. Structural and chemical analyses
The synchrotron powder-XRD patterns for the prepared sam-

ples with the composition of Ag2−xVxS0.55Se0.45 (x = 0, 0.015, 0.03,
and 0.06) are illustrated in Fig. 3(a). The main phase for all the
patterns is identified as those from the L-Ag2S type crystal struc-
ture.18 No peaks from secondary phases are observed in the samples
with x ≤ 0.03, but those from V (Pearson symbol of cI2 and space
group of Im3m),45 VS (Pearson symbol of hP4 and space group of
P63/mmc),46 and VS4 (Pearson symbol of mP40 and space group
of C2/c)47 are observed for the sample with x = 0.06. The solu-
bility limit, therefore, is estimated to be less than 2 at. %, which
corresponds to x = 0.06.

The lattice constants obtained by the Rietveld analysis are
illustrated in Figs. 3(b)–3(d). The partial V-substitution has less sig-
nificant effects on the lattice constants. The very small effects can be
attributed to the low solubility limit of V in the Ag sites (less than
2 at. %). Note that the measured powder XRD data, simulated pat-
terns, the difference between simulated and measured patterns, peak
positions, Rwp-factor, and RB-factor are shown in Fig. S2.

The DSC results for Ag2−xVxS0.55Se0.45 (x = 0, 0.015, and 0.03)
are shown in Fig. 3(e). The Ag2S0.55Se0.45 possesses an endothermic
peak at 365 K, which is close to the reported transition temper-
ature of 355 K for Ag2S0.5Se0.5.20 Within the solubility limit (less
than 2 at. %), the partial V-substitution for Ag leads to a monotonic
increase in the phase transition temperature. Such behavior suggests

FIG. 2. (a) Energy–momentum dispersion and (b) total (black) and projected DOS (the other colors) for non-substituted Ag2S0.5Se0.5. (c) Energy–momentum dispersion
for the partially V-substituted Ag2S0.5Se0.5. The solid and dashed lines correspond to the dispersions of electrons with up and down spins, respectively. (d) Total (black)
and projected (the other colors) DOS for the partially V-substituted Ag2S0.5Se0.5. The upper and lower lines correspond to the DOS for electrons with up and down spins,
respectively.
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FIG. 3. (a) Synchrotron powder-XRD patterns measured for Ag2−xVxS0.55Se0.45 with x = 0, 0.015, 0.03, and 0.06. Simulated XRD patterns of L-Ag2S18 and peak positions
from V,45 VS,46 and VS4

47 are also shown. (b)–(d) Lattice constants of (b) a, (c) b, and (d) c obtained by the Rietveld analysis. (e) DSC results for Ag2−xVxS0.55Se0.45 with
x = 0, 0.015, and 0.03.

FIG. 4. SEM images and EDX mappings for Ag2−xVxS0.55Se0.45 with x = (a) 0, (b) 0.015, (c) 0.03, and (d) 0.06.
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that V is properly substituted for Ag and affects the free energies of
Ag2S0.55Se0.45.

The SEM images together with the EDX elemental mappings
are shown in Fig. 4. We find no cracks and voids in all the samples.
In addition, uniform distributions of the elements are observed with
x = 0.0, 0.015, and 0.03 while the precipitations of V and its sulfides
are observed with x = 0.06. These results are consistent with the solu-
bility limit of 2 at. % estimated by the XRD measurement [Fig. 3(a)].
We already confirmed the consistency of the Cu–Kα XRD patterns
for the powders and pellets of Ag2−xVxS0.55Se0.45 (x = 0, 0.015, 0.03
and 0.06): a typical example is shown in Fig. S3. Therefore, these
results indicate that the characteristics of the pellets and powder are
consistent.

C. TE properties and performance
The temperature and composition dependences of the electrical

resistivity are shown in Figs. 5(a) and 5(b), respectively. The elec-
trical resistivity of the sample with x = 0 decreases with increasing
temperature. This behavior is related to the electron–hole excita-
tion in typical semiconductors. We also note that the V-substitution
provides little effect on the trend of the temperature dependence
of electrical resistivity. The electrical resistivity of Ag2S0.55Se0.45 is
6.38 mΩ cm at 316 K, which is comparable with the reported value
of ∼3 mΩ cm for Ag2S0.5Se0.5 at 316 K.20 Such a low electrical resis-
tivity suggests that the chemical potential is located near the bottom
of CB. The V-substitution with x = 0.015 and 0.03 makes the elec-
trical resistivity only slightly higher than the value with x = 0. More

FIG. 5. (a) Temperature and (b) composition dependences of the electrical resistivity, (c) temperature and (d) composition dependences of the Seebeck coefficient, and (e)
temperature and (f) composition dependences of the thermal conductivity for Ag2−xVxS0.55Se0.45 with x = 0, 0.015, 0.03, and 0.06.
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V-substitutions (x = 0.06) lead to a reduction in the magnitude of
the electrical resistivity from those with x = 0.015 and 0.03. This
reduction can be attributed to the precipitations of V and its sulfides
observed in Figs. 3(a) and 4(d).

The temperature and composition dependences of the See-
beck coefficient are shown in Figs. 5(c) and 5(d), respectively.
The absolute value of the Seebeck coefficient for all the cases
decreases with increasing temperature. This trend is consistent
with the temperature dependence of electrical resistivity [Fig. 5(a)].
Notably, the absolute value of the Seebeck coefficient becomes sig-
nificantly enhanced by V-substitution with x = 0.015 and 0.03. The
Ag2−xVxS0.55Se0.45 with x = 0.06 possesses the absolute value of
the Seebeck coefficient smaller than that with x = 0.015 and 0.03.
This reduction can be attributed to the precipitations of V and
its sulfides and is consistent with the electrical resistivity shown
in Fig. 5(b).

The V-substitution with x = 0.03 makes the absolute value of
the Seebeck coefficient ∼1.6 times larger from −165 to −259 μV K−1

at 316 K, but makes the electrical resistivity only ∼1.2 times larger
from 6.38 to 7.46 mΩ cm at 316 K. Consequently, the power fac-
tor (PF = S2ρ−1) at 316 K is ∼2.1 times larger by the V-substitution
with x = 0.03. To clarify the carrier concentration effect on this
larger power factor, the carrier concentrations were estimated by the
measurements of the magnetic field-dependent Hall resistivity. No
significant differences in the carrier concentrations of Ag2S0.55Se0.45
(7.7 × 1018 cm−3) and Ag1.97V0.03S0.55Se0.45 (1.1 × 1019 cm−3) were
observed, suggesting that the larger power factor is not attributed
to the difference in the carrier concentration, but to the modifica-
tion of the electronic structure near the chemical potential by the
V-substitution.

The electrical resistivity for Ag1.97V0.03S0.55Se0.45 is also low (less
than 8 mΩ cm at T < 350 K), indicating that the chemical poten-
tial is still near the bottom of CB. Following our prediction from
the DFT calculations, the V 3d state is located around the bottom
of CB. Considering the obtained results that the V-substitution (0.5
and 1 at. %) enlarges significantly the Seebeck coefficient but slightly
the electrical resistivity, with the Boltzmann transport equation [Eqs.
(S1), (S2), and (S5)], we conclude that the V 3d state is distributed at
ε = μ + 1.6kBT, but not at ε = μ.

The temperature and composition dependences of the thermal
conductivity are illustrated in Figs. 5(e) and 5(f), respectively. For
x = 0, the thermal conductivity ranges from 0.5 – 0.65 Wm−1 K−1

regardless of the temperature. This value is comparable with that
reported for Ag2S0.5Se0.5 (∼0.5 Wm−1 K−1) at RT.21 The low ther-
mal conductivity can be attributed to the anharmonic vibration of
Ag ions.21 The V-substitution is found to cause a less significant
effect on the thermal conductivity. This result indicates that the
anharmonic vibration of Ag ions and the corresponding lattice ther-
mal conductivity are insensitive to the local V-substitution. The
electronic and lattice thermal conductivities were calculated using
Eqs. (3)–(5) and the results are shown in Fig. S4. The results show
that the lattice thermal conductivity is around 0.5 Wm−1 K−1. This
value is consistent with the reported value for Ag2S1−xSex system.21

The very low lattice thermal conductivity observed at 350 K for
Ag2S0.55Se0.45 can be attributed to the effect of the phase transition.48

Finally, the effects of V-substitution on the PF and ZT of
Ag2S0.55Se0.45 are illustrated in Figs. 6(a) and 6(b), respectively. As
already discussed, the PF is improved by the V-substitution of 1
at. % (x = 0.03). At 350 K, the PF value becomes ∼2.5 times larger
from 0.48 mW m−1 K−2 for Ag2S0.55Se0.45 to 1.1 mW m−1 K−2 for

FIG. 6. Composition dependence of (a) PF and (b) ZT of Ag2−xVxS0.55Se0.45 at 316 and 355 K. (c) ZT values of Ag1.97V0.03S0.55Se0.45 with reported values for the flexible
compounds: Ag2S0.5Se0.5,20 Ag2S0.5Se0.45Te0.05,20 Ag2S0.7Se0.295I0.005,23 Ag2S0.4Te0.6,49 Ag2S0.71Te0.29,50 and Ag1.975S0.5Te0.5.51 (d) Bent thin pieces made of the bulk
Ag2−xVxS0.55Se0.45 with x = 0 and 0.03.
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Ag1.97V0.03S0.55Se0.45. The ZT value at 350 K also increases ∼2.2 times
larger from 0.32 for Ag2S0.55Se0.45 to 0.71 for Ag1.97V0.03S0.55Se0.45.
Therefore, our scenario that the V-substitution constructively mod-
ifies the bottom of CB and improves the TE performance of
Ag2S0.55Se0.45 is validated.

In Fig. 6(c), the temperature dependence of the ZT values for
Ag1.97V0.03S0.55Se0.45 is compared to those reported from other flexi-
ble inorganic TE materials: Ag2S0.5Se0.5,20 Ag2S0.5Se0.45Te0.05,20

Ag2S0.7Se0.295I0.005,23 Ag2S0.4Te0.6,49 Ag2S0.71Te0.29,50 and
Ag1.975S0.5Te0.5.51 We find that the ZT values of Ag1.97V0.03S0.55Se0.45
are relatively high in comparison with the reported values
at temperatures less than 360 K. It should be mentioned in
addition that Ag1.97V0.03S0.55Se0.45 possesses the flexibility like
Ag2S0.55Se0.45 as shown in Fig. 6(d) and that the TE performance of
Ag1.97V0.03S0.55Se0.45 remains even after hundreds of the bending
cycles as explained in the supplementary material (Note 3) with Fig.
S5.52,53 Therefore, we expect that Ag1.97V0.03S0.55Se0.45 can be used
in future flexible TEGs.

IV. CONCLUSIONS
We tried to improve the TE performance of Ag2S0.55Se0.45 by

partial element substitution for Ag. From the DFT calculations,
we predicted that the partial V-substitution for Ag produced V 3d
states at the bottom of the CB. Such V 3d states were expected to
affect the TE properties and lead to an improvement in the TE per-
formance. Experimentally, we revealed that 1 at. % V-substitution
(x = 0.03 of Ag2−xVxS0.55Se0.45) increased the power factor by a fac-
tor of ∼2.3 at 350 K. This increase was caused by the significant
increase in the absolute value of the Seebeck coefficient with less
significant variation in the electrical resistivity. The larger power fac-
tor was attributed not to the change of the carrier concentration
but to the V 3d states at the bottom of CB. With the help of the
low thermal conductivity of 0.5–0.65 Wm−1 K−1, the ZT value of
Ag1.97V0.03S0.55Se0.45 reached 0.71 at 350 K. The obtained ZT values
were found relatively high in comparison with those reported for
other flexible TE materials below 360 K. From these results, we sug-
gest that Ag1.97V0.03S0.55Se0.45 can be utilized for the development of
flexible TEGs suitable in the energy harvesting applications in the
future.

SUPPLEMENTARY MATERIAL

See the supplementary material: the ∆V − ∆T relationships
for Ag2S0.55Se0.45 and Ag1.97V0.03S0.55Se0.45 in Fig. S1; the observed
synchrotron powder XRD data, simulated patterns, the difference
between simulated and observed patterns, peak position, Rwp-factor,
and RB-factor in Fig. S2; XRD patterns for the powder and pellet
of Ag2S0.55Se0.45 in Fig. S3; electronic and lattice thermal conduc-
tivities of Ag2−xVxS0.55Se0.45 in Fig. S4; bending cycle dependence
of the electrical resistivity and Seebeck coefficient in Fig. S5; win-
dow functions of W0, W1, and W2 in Fig. S6; band structures and
gaps of Ag2S, Ag2S0.75Se0.25, and Ag2S0.5Se0.5 in Fig. S7; the method
of the constructive modification of the electronic structure near
the chemical potential in Supplementary Note 1; the validity of the
approximation of the composition (Ag2S0.55Se0.45 → Ag2S0.5Se0.5)
in Supplementary Note 2; and the description about bending cycle

dependence of the electrical resistivity and Seebeck coefficient in
Supplementary Note 3.
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