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Argyrodite family compounds inherently possess low lattice thermal conductivity (k) due to the liquid-like
behavior of cations and the intimate interplay among mobile ions. Hence, they have become the focus of
discussion in thermoelectrics recently. However, the major bottleneck for further improvement of their
thermoelectric (TE) performance is their low carrier concentration. In this work, we take an advantage of
the unique structure of AggSnSeg, in an attempt to further reduce the lattice part (k) while at the same
time improve their electrical property. The results show that the «, value reduces from 0.17 W K~ m™ to
0.12 W K™ m™ when Ag is substituted for Cu through induced point defects and lattice distortion and
that the power factor (PF) increases from 4.1 yW cm™ K2 to 4.4 pW cm™ K2 at 645 K after enhancing
the Seebeck coefficients. Finally, the maximum ZT value of ~0.85 is attainted for Ag;.95Cup osSNSeg at
645 K, an increase by a factor of 1.3 compared to that of the pristine AggSnSeg. This result demonstrates
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1 Introduction

A growing number of researchers direct their attention to
thermoelectric (TE) applications as the TE materials can directly
convert heat to electricity without moving parts or emitting
greenhouse gases.™ The TE performance can generally be
characterized by the dimensionless figure of merit ZT (ZT =
T(MZO’/K), where T, a, o and « are the absolute temperature, See-
beck coefficient, electrical conductivity, and total thermal
conductivity which is the sum of lattice (ki) and electronic ()
parts mainly. In order to enhance the ZT value, one should
boost o’c called the power factor (PF), which is associated with
electrical transport properties, and reduce « simultaneously.
However, it is still challenging to improve the TE performance
significantly because of the interdependency among the three
parameters (o, o and k).

In the past two decades, many strategies have been devel-
oped, such as the band engineering near the Fermi level>** and
nanomicrostructure engineering.”*** The former aims at opti-
mizing the electronic structure and the latter strengthening
phonon scattering by introducing lattice distortion and nano-
structures. Additionally, some materials with very low intrinsic
thermal conductivity has been attracting much attention, due to
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that the replacement of Ag by Cu in AggSnSeg is an effective way to improve its TE performance.

either resonant bonding,'*" the loosely bonded atoms in atomic
voids with rattling® or “liquid-like behavior”.”* The aforemen-
tioned strategies can generally be realized by off-stoichiometry in
composition and element doping.*** Although the carrier
concentration can slightly be tuned via composition engineering
due to the presence of thermodynamic equilibrium state of the
material, it is found that isoelectronic substitution seems more
effective in reducing the lattice part «;, and modulating the carrier
concentration simultaneously for semiconductors with weak
chemical bonds.”* For example, the substitution of Cu on Ag in
AgyGaSes or Ag for Cu in CugGeSes can decrease k; without
degrading the electrical property.*** Because of the different
features between the Cu-Se and Ag-Se chemical bonds* (see
Fig. S1}), the carrier concentrations of Cu-contained binary chalco-
genides are usually about one order higher in magnitude than those
of Ag-contained counterparts,”*" and the same situation applies to
the ternary argyrodite family compounds.**** This gives us inspi-
rations that the carrier concentration can be enhanced by isoelec-
tronic substitution of elements in terms of their chemical bonds.
In addition, guided by the “phonon-liquid electron-crystal
(PLEC)” concept proposed by Liu et al,* argyrodite-type
compounds has drawn significant attention in thermoelectrics
in recent years. This material has a general formula Ags_p)m
m+Bn+X627 (Am+ _ Li+, Cu+, or Ag+, B — Gas+, Si4+, Ge‘“, Sn4+,
p**, or As’", and X = S, Se, or Te). Due to their complex crystal
structures and weakly bonded Ag or Cu atoms, the argyrodite-
type compounds exhibit intrinsically low «;. For example, Lin
et al. reported that the acoustic phonons of argyrodite AgoGaSeg
has an extremely low cutoff frequency (only ~0.5 THz), which
makes its k; as low as ~0.15 W m~* K ! in the entire

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature range. As a result, a peak figure of merit ZT (ZT ~
1.5) is attained at 850 K.** Another similar compound CugGeSeg
has a low kg value of 0.2 W m~' K~ ' and Z7 value as high as
1.0.>* For the AggSnSs compound, it is reported that lattice part
k1, is 0.31-0.61 W m~* K~ *,*” much higher than those observed
in AgyGaSes and CugGeSe, and that the recorded ZT value is
only 0.8. Therefore, it is highly likely to improve the TE
performance of AgsSnS if its «;, value can be further reduced.
In this work, we replace Ag with Cu in AggSnSes, in an attempt
to tune the carrier concentration and reduce the lattice part «;, by
introducing point defects. It is found that there are two diverse
effects on «;;: the first one is the increased point defects and lattice
distortion upon the replacement of Ag by Cu, which, as a result,
strengthens the phonon scattering; the second one is that this
replacement weakens the “liquid-like behavior”. Due to the higher
bond energy of Cu-Se (255 k] mol ') than that of Ag-Se
(210 kJ mol ') (Fig. S11) in chalcogenide glasses,® the thermal
conductivities increases. Consequently, we observed a low lattice
part (kp ~ 0.12 W m™ " K" at 645 K. This x value, which is lower
than those of Nb-doped and extra Sn-added AgsSnSeg,”** is mainly
responsible for the improvement in TE performance with the
highest ZT value of 0.85. This work proves that the substitution of
Cu on Ag in AggSnSe, can effectively improve its TE performance.

2 Experimental

2.1 Sample preparation

The four high-purity elements (with the purity > 99.999%, Emei
Semicon. Mater. Co., Ltd. Sichuan, CN) were weighted in stoi-
chiometric ratio and sealed in evacuated quartz ampoules to
synthesize polycrystalline samples of Ags ,Cu,SnSes (x = 0,
0.025, 0.05, 0.075 and 0.1). The mixtures of the four elements
were melted at 1273 K for 48 h and quenched in cold water.
Subsequently, the ingots were annealed at 527 K for 72 h and
then cooled down to room temperature (RT) in furnace.

The ingots were then ball milled for 5 h at a rotation rate of
350 rpm in stainless steel bowls that contain benzinum before
drying. The dried powders were loaded into graphite dies and
sintered using the spark plasma sintering apparatus (SPS-1030)
at 600 K under a pressure of 55 MPa. The obtained pellets have
a density about 98% of the theoretical one.

The obtained samples were ground into square-crossed long
bars with in sizes of about 2 x 3 x 10 mm?® and 2 x 2 x 7 mm?
for electrical property and Hall coefficients measurements
respectively and coin-shaped disks of ¢10 x 1.5 mm?® for
thermal diffusivity measurement.

2.2 Physical property measurements

The electrical transport properties including Seebeck coefficient («)
and electrical conductivity (¢), and the thermal diffusivity (D) at
a temperature ranging from ~RT to ~650 K were measured by
using ZEM-3 (ULVAC-RIKO, Japan) and TC-1200RH (ULVAC-RIKO,
Japan). The thermal conductivities (k) were calculated from the
formula k = pC,D, where p is the density of pellet measured by the
Archimedes method and C, is the estimated heat capacity pre-
sented by Li et al.*® The electronic contributions (k.) is expressed by
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the Wiedemann-Franz (W-F) relation, k. = L,oT, where L, is the
Lorenz number, estimated using the formula L, = 1.5 + exp(—|«|/
116)* (where L, is in 10" W Q K2 and |«| in pv K).

Hall coefficients (Ry) were measured by using a four-probe
configuration in a system (PPMS, Model-9) with a magnetic
field up to +£5 T. The Hall mobility (1) and carrier concentration
(ng1) were calculated according to the formulae u = |Ry|o and ny
= 1/(eRy) respectively, where e is the electron charge.

The TE figure of merits (Z7s) were calculated by the three
parameters mentioned above with a total uncertainty of ~18.0%.

2.3 Compositions and structural analyses

The X-ray diffraction (XRD) patterns of Ags_,Cu,SnSes (x = 0,
0.025, 0.05, 0.075 and 0.1) were obtained on an X-ray diffrac-
tometer (XRD, D8 Advance) instrument operated at 50 kV and 40
mA (Cu Ko radiation, A = 0.15406 nm) in the 26 range from 10°
to 110° with a step size of 0.02°, and the XRD patterns were
refined by utilizing a X'Pert Pro, PANalytical code. The lattice
constants a, b and ¢ were directly attained from the Rietveld
refinement on the XRD patterns with an error less than 0.3-
0.4%. A high-resolution transmission electron microscopy
(HRTEM; JEM-2010F) operated at 200 kV was employed to
observe the microstructures of Ag;.95Cug ¢sSnSes.

The absorption coefficient measurements and UV absorp-
tion spectra analyses for the powders were carried out using
a PerkinElmer Lambda 950 UV-VIS-NIR spectrophotometer.

The phase transition was studied by a differential scanning
calorimeter (DSC), which was conducted in a Netzch STA 449 F3
Jupiter equipped with a TASC414/4 controller with a heating
rate of 5 K min~ ' under an argon atmosphere.

3 Result and discussion
3.1 Compositions and structures

The scanning electron microscopy (SEM) image of the surface-
polished sample Ag;o5Cug¢sSnSes was observed, and only
a few pores can be seen, as shown in Fig. S2a (ESI).T From the
EDS patterns and mappings of the elements (Fig. S2b-f¥), there
are slight segregations of the elements (Ag, Cu, Sn and Se)
within the grains, indicating that the elements are not distrib-
uted uniformly.

The X-ray diffraction patterns of Ags_,Cu,SnSes (x = 0, 0.025,
0.05, 0.075 and 0.1) are summarized in Fig. 1a. The diffraction
peaks of all the samples can be well indexed to the low-
temperature B-phase (space group: Pmn2,, ICSD #95093) with no
impurities identified. Besides, the main diffraction peaks shift to
the high angle site as the Cu content increases (Fig. 1b), indicating
a shrinking in the crystal structure. This is due to the smaller ionic
radius of Cu" (0.77 A) than that of Ag" (1.15 A) and can be further
verified by the decreased lattice parameters (g, b, ¢), as shown in
Fig. 1c. The parameter ¢ reduces remarkably while a and b exhibit
only a slight decreasing tendency. Besides, they all decrease line-
arly, conforming to Vegard's law. This suggests that element Cu is
fully incorporated into the AgsSnSes matrix.

In order to check the phase transition in the measured
temperature range, the XRD analysis to the sample AgsSnSeg at
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Fig. 1
26-30°; (c) lattices constants (a, b, c) as a function of x value.

various temperatures (300 K, 373 K, 450 K and 600 K) is carried
out. The results are presented in Fig. 2a. It is noted that the
material undergoes a phase transition from the orthorhombic
B-phase (ICSD #95093) to the cubic y-phase (PDF #19-1133) at
~370 K. The low-temperature B-phase is widely considered as
a non-superionic phase while the high-temperature y-phase is
a superionic one with highly mobile silver ions. At 450 K, all of
the Agg ,Cu,SnSeg (x = 0, 0.025, 0.05 and 0.075) materials are
indexed to cubic y-AggSnSes (PDF #19-1133) without any
impurities identified (see Fig. 2a and b).

Generally, phase transition is unfriendly to practical appli-
cation for thermoelectric devices because of the thermal
expansion stress created between different phases.”®*** There-
fore, it is necessary to reduce the phase transition temperature
(T.) and extend the temperature range in application. In this
work, it is observed that T, decreases with an increase in the
content of Cu, as shown in Fig. 3a, and the detailed relation of
T. to the x value is summarized in Fig. 3b. The depression of 7.
can be ascribed to the increase in the configurational entropy
(AS) upon the incorporation of Cu into Agg ,Cu,SnSeg,*” which
can be determined by the following formula:****

N
AS = —kp Z xin(x;) 6))]

=1
where kg is the Boltzmann constant, x; the composition of each
N
species, and Y x; = 1.
i=0
It is observed that, the calculated configurational entropy
(AS) of Agg ,Cu,SnSeq gradually increases with the x value

(a)

600 K 4
450K
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(a) X-ray diffraction patterns of the Ags_,Cu,SnSeg (x =0, 0.025, 0.05, 0.075 and 0.1) powders; (b) close-up view of the patterns between

rising, as manifested in Fig. 3c. This indicates that the
increased AS is mainly responsible for the depression of T..
Such a phenomenon has been reported in many works.***” For
example, the incorporation of AgSbSe, in GeSe increases the
configurational entropy (AS) and promotes the formation of
a high symmetry phase, thus improving the TE performance.*®
Besides, the highly tunable entropy caused by atomic substi-
tutions can strongly scatter phonons and reduce the lattice
thermal conductivities.**

The absorption coefficient (4) as a function of photon energy
(hv) is presented in Fig. 4a, and the experimentally determined
bandgap (E,) using a full spectra (Ahv)* (hv) is shown in Fig. 4b.
It is observed that the optical band gap (E,) of intrinsic AggSnSes
is ~0.8 eV, agreeing well with the previously reported values.'**
After Cu is added to the AggSnSes, E, decreases from 0.8 at x =
0 to 0.73 at x = 0.1, as shown in Fig. 4c, indicating a narrowing
in the bandgap. This is critical because the drop in E, allows the
thermal excitation of electrons to the conduction bands to be
easier, thus increasing the carrier concentration, and improving
the transport properties.** The presence of the another peak
with an energy of 0.65 eV in absorption coefficient might be
related to the intravalence-band transition (split-off band to
heavy- or light hole band).*

3.2 Transport properties and TE performance

In order to have a deep understanding of the electronic trans-
port properties upon doping, the Hall coefficients (Ry) at room
temperature (RT) are measured, and the Hall carrier concen-
tration (ny) and mobility (u) are calculated (Fig. 5a). It is

(b)
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(@) PXRD patterns of AggSnSeg at 300 K, 373 K, 450 K and 600 K; (b) PXRD patterns of Ags_,Cu,SnSeg (x = 0, 0.025, 0.05, 0.075) at 450 K.
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observed that the ny value enhances from 1.93 x 10'® cm ™2 at x
=01t08.61 x 10" cm ™~ at x = 0.1, comparable to that reported
by Acharya et al.>® Usually, the mobility u decreases because of
ionized impurity and carrier scattering.’** However, the
mobility u in the present work is laying in the range of 1.17 X
10> em”> V7' 57" and 1.34 x 10> cm® V' s7! when x value
increases from 0 to 0.075 and remains almost unchanged, and
then it drops as the x value exceeds 0.075. Such a phenomenon,
which is also observed in the Zn; ,Al,O system,* is attributed
to a novel micro/nano-structure that provides a favorable crys-
talline framework for rapid electron transfer. In this work, we
speculate that the almost unchanged mobility at x < 0.075 is
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x=0 x=0.025 (|| x=0.05 ||| x=0.075
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Fig. 4 (a) Absorption coefficient (A) as a function of photon energy
(hv) for different x values; (b) experimentally determined bandgap
using full spectra (Ahv)? (hv), based on the measured coefficients (A);
(c) bandgap (Eg) as a function of x value.
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due to the limited change of the effective mass (m*), as shown in
Fig. 5b, as all the Seebeck coefficients at RT follow the Pisarenko
relation when m* = 0.055m,, determined by the eqn (2),
assuming that the present materials are degenerate semi-
conductors (single parabolic band, energy-independent scat-
tering approximation).*® Only the « values at x = 0.1 are much
high above the Pisarenko relation line.

wr(G) g

Here, « is Seebeck coefficient and m* is the effective mass of the

8wy’
 3ek?

carrier.

The drop of u in x = 0.1 is probably attributed to the
increased effective mass and the introduced point defects that
play a dominant role in impeding the carrier mobility.>®

The temperature-dependent electrical transport properties
are depicted in Fig. 6, where the Seebeck coefficients («) are
demonstrated in Fig. 6a. The Seebeck coefficients of all the
samples are negative throughout the entire temperature range,
indicative of the n-type conduction behavior. The systematic
decrease in |«| with x values increasing below 353 K (phase
transition temperature) is in line with the increased carrier
concentration, as was observed in Cu,PSes compound.** On the
other hand, the composition dependence of the |a| for the
samples doped with Cu becomes complicated. A similar
appearance also happens to the electrical conductivities, as
shown in Fig. 6b, in which the electrical conductivities of doped
AggSnSes are higher at a low temperature but lower at the
elevated temperatures. This may be related to the structural
transformation from Pmn2, to FA3m. Finally, the highest power
factor of 4.35 W cm ™" K2 is attainted at 645 K in Ag;.os-
Cuyp,05SnSes, slightly higher than that of the pristine AgsSnSeg
(4.11 pW em ™" K7?).

The temperature dependent of the total thermal conductiv-
ities (k) and the lattice thermal conductivities (x.) are displayed
in Fig. 6¢ and d. The « value decreases until the phase transition
temperature (7.), and then increases with the temperature
increasing, similar to those reported in ref. 7. Over the entire
temperature range, the total thermal conductivities (k) are very
low, within the scale of 0.15-0.45 W K ' m™'. This value
approaches the amorphous limit, based on the Cahill model
described below:

T i 2 T\? (9T X3¢~
Kmin = (g)g‘kB V3Zvi (6[) JO ex — 1

o (24)(5)"

Here, kg and V are Boltzmann constant and the average volume
per atom, respectively, v; the sound velocity of the three sound
modes (one longitudinal mode and two transverse modes) and
0; the corresponding cutoff frequency for these modes. The
calculated glassy limit Ky, is 0.44 W K 'm™*, which is revealed
in the dotted line illustrated in Fig. 6¢c. However, in terms of
calculation, we surprisingly observed that the measured «
values are even lower than that estimated in the measuring

dx (3)
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= 0.1 are much high above the Pisarenko line.

temperature range (300-650 K). This abnormal appearence is
also observed in the Cu,PSeg (ref. ** and ®') and Cu,X (X = S, Se,
Te)®>** systems. Such a phenomenon can be regarded as
a softening or loss in some phonon modes, and it makes no
contributions to the thermal conductivity.

In addition, most of the samples gives lower thermal
conductivities than that of the pristine sample at high
temperatures. In addition to that, the « value at high tempera-
tures reduces with the x value increasing until at x = 0.05, after
which it enhances continuously. The minimum «,;, value is
0.34 W K * m™* at ~650 K for the sample at x = 0.05. It is
considered that the reduction of x at elevated temperatures
arises mainly from two parts: one is the degraded electrical
conductivity (k.) with an elevating temperature, as shown in
Fig. 6d, and the other is the reduction of lattice part «y, resulting
from strongly intensified phonon scattering by point defects.
The ki, is attained by subtracting the k. from «, where k. can be
calculated via the Wiedemann-Franz law k. = L,Tc, and Lorenz
factor (L,) is estimated by the measured Seebeck coefficients.

Generally, the temperature dependence of the lattice part
(k) is quite different from that of the total k, as the «;, value
increases with temperature at T < 550 K and drops at high
temperatures. This presence can be seen in many other Agg-
SnSes compounds,**® but its nature is hard to unravel yet at the
moment. One of the possible explanation is that above 550 K the
electrical conductivities (¢) have a sharp increase (Fig. 6b),
which implies that the carrier concentration increases signifi-
cantly, thus enhancing the phonon scattering of the carriers and
reducing the «;. The another reason is the creation of the point
defect Cusg upon Cu substitution on Ag, thus enhancing the
phonon scattering at high temperatures. On the other hand, the «;,
above T first decreases until at x = 0.05 and then increases with an
increase of the x value, indicating the presence of other scattering
mechanisms, in addition to the scattering on the points defects.
Since the highly mobile silver or copper ions in the argyrodite
compounds are distributed in disorder at elevated temperatures
due to relatively weak chemical bonding between Ag-Se or Cu-Se,*
the superionic argyrodites generally have inherent ultra-low lattice
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Fig. 6 Electrical and thermal properties of Agg_,Cu,SnSeg (x = 0, 0.025, 0.05, 0.075, 0.1). (a) Seebeck coefficients («) as a function of
temperature; (b) electrical conductivities (o) as a function of temperature; (c) total thermal conductivities (k) as a function of temperature; (d)

lattice thermal conductivities (k).
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thermal conductivity because of liquid-like behavior of cations in
a relatively larger unit cell. On the other hand, the Cu-Se bond is
stronger compared to Ag-Se in most compounds (see Fig. S1t), as
mentioned above. The stronger the bonding is, the higher the
sound velocity.”** In this regard, there is a dual effect that regu-
lates «;: one is point defects formed by cation substitution, which
reduces the lattice part «;,”” and the other is the introduction of
stronger Cu-Se bond than Ag-Se, which increases the «;, value.
That is why we observed the minimum k;, ~ 0.12WK 'm 'atx =
0.05 and 645 K.

In order to elucidate the ultra-low lattice part in the high
temperatures at x = 0.05, we estimate the K, by using the Slack
and Morelli model®®® given below, where the interactions
among the phonons themselves via anharmonic Umbklapp
processes are only concerned.

AM,, 036
v2n3T
2.43 % 107
A= —43514 0238 )
1- —=— ==
Y Y

Here v is the Gruneisen constant (y = 2.4)" and A = 2.94 X
10~%. M,, = 97.03 is the average atom mass in the atomic mass
unit, 6° the volume per atom, © (163 K)** the Debye temperature
and n (n = 30) the number of atoms in the primitive unit cell. In
terms of the estimation above, we obtain the curve of estimated
k1, values with temperature, as shown in Fig. 6d in dark cyan
line, where it is observed that the estimated «i min value
decreases as the temperature rise and it is only ~0.1 WK ' m™"
at 645 K, very close to the measured minimum value (~0.12 W
K~ ' m™"). This confirms that the replacement of Ag by Cu can
effectively reduce the lattice part k.

Combined with the three parameters («, g, k), we estimate
the ZT values that are shown in Fig. 7. The highest ZT value of
~0.85 is achieved for Ag; 5Cuy ¢sSnSee at 645 K, which is about
30% higher than that of the pristine AggSnSe,. It is noted that
the reported ZT value (above unity) by other researchers is
attained at 800 K or even higher.'****** If we compare the TE
performance at 645 K, the present ZT value is comparable to or
a little higher than those from others. Since above 645 K the
samples failed holding their shapes during the electrical prop-
erty measurement in our work, we have no results above 645 K.

0.9F
= —O0— x=0
N —o—x=0.025
gost  on
- I - //
o S
i 0.0p 7 . .

300 400 500 600 700

Temperature, T/ K

Fig. 7 TE figure of merit (Z7) as a function of temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In this work, a series of argyrodite type compounds Agg_,Cu,-
SnSeg (x = 0.025, 0.05, 0.075 and 0.1) have been prepared and
their TE performance examined. The results reveal that the
lattice thermal conductivities reduces significantly without
degradation of the electronic transport properties. The
minimum «;, ~ 0.12 W K~ ' m™! is attained at x = 0.05 at 645 K,
in a good agreement with that (0.1 W K" m™" at 645 K) esti-
mated by using the Slack and Morelli model. Consequently, the
maximum Z7 value of ~0.85 is achieved for Ag; 95Cug.o5SnSe; at
645 K, comparable to or a little higher than those in the other
AgsSnSes samples at the corresponding temperature.
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