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We report the synthesis, characterization and thermoelectric properties of lead-free AgSn,SbSe;Te;,
(m=2 and 10) systems. Powder X-ray diffraction patterns and Rietveld refinement results were
consistent with phases belonging to the Pm3m space group. The microstructures and morphologies of
these systems were investigated using scanning electron microcopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM). Parallelepiped bars for transport measurements were prepared
using two methods: the classical method (CM) from melted samples and the spark plasma sintering
(SPS). The AgSn;;SbSe,Te; (m = 2 and 10) systems exhibited typical degenerate semiconductor behavior,
with a carrier concentration of approximately +10%! cm~3. We determined that the Seebeck coefficient
can be substantially increased from approximately +40 pV K~! (CM) to +70 pV K~! (SPS) in AgSn,Sb-
Se,Te;, at room temperature. Consequently, the power factor (5%7) was ~22 pW cm~! K~2. On the basis of
the electrical and thermal transport properties, ZT values of ~0.10 were obtained at room temperature.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The emerging global demand for energy production has

* Corresponding author.

intensified the interest in more effective power generation
methods. The need for energy sources other than fossil fuels has
motivated research on new materials that can be used to exploit
various renewable energy sources, such as solar energy, wind, and
biomass. Thermoelectric materials can be employed in energy-
conversion devices that serve a primary role in global sustainable
power generation [1-5].
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Candidates for materials that exhibit thermoelectric behavior at
moderate temperatures include AgPb,SbTe; ., which is often
abbreviated as LAST (lead, antimony, silver, tin, tellurium)-m, and
Ag(Pbq.,Sny)Pb;;,SbTez m, which is often abbreviated as LASTT
(lead, antimony, silver tin, tellurium)-m [6—13]. These chalcogen-
ides adopt the same crystal structure as bulk PbTe (NaCl-type lat-
tice). Through a combination of a power-factor enhancement and a
strong reduction in thermal conductivity, large values of the figure
of merit ZT = $%0/kior in LAST-m systems (S0 ~34 pW ecm~ ' K2 in
LAST-18) have been observed [7—9]. LAST-m and LASTT-m systems
exhibit p-type semiconductor behavior. Electrical transport studies
have shown that the thermoelectric properties of this system can
be fine-tuned via two compositional parameters: the Pb/Sn ratio
and the AgSbTe; chemical composition. Another example of an
excellent p-type PbTe-based material is (PbTe),-NajxSbyTe; SALT
(sodium, antimony, silver, tin, tellurium)-m [14]. In this system, Na™
ions have the same oxidation state as the Ag" ions in LAST-m. For
fixed values of y and m in (PbTe);;-NajxSbyTe;, the electrical con-
ductivity is a function of the temperature, ¢ ~ T~". The power factor
(S%0) varies as an approximately linear function of y.

High-resolution transmission electron microscopy (HRTEM),
Electron diffraction and EDS microanalysis have shown Ag-Sb-rich
nanostructures embedded in a PbTe lattice in (PbTe),-AgSbTe,
(LAST-m) systems. These nanostructures are considered to be
responsible for substantially reducing the thermal conductivity by
increasing the scattering of the short wavelength phonons at the
interfaces [9,13]. In SALT-m systems, HRTEM investigation revealed
Na-Sb-rich and Pb-rich clusters in the lattice [14]. Therefore, the
electronic behavior of these systems is highly sensitive to the
microstructural arrangements, as the formation of these clusters
both influences the main scattering process of the charge carriers
and possibly their concentration.

ZT values considerably greater than one have been obtained in
nanostructured lead-based materials, such as (PbTe);,-AgSbTe;
systems [6—13]. Because of the strict environmental regulations
anticipated for the use of these systems, new compounds, such as
lead-free p-type AgSn,,SbTe,,n,, n-type AgBiSe,, BiAgSeS, GeTe-
doped AgSbTe, (TAGS), Ago.g5SnSbi.;5Tes and BiSbSTe;, may
constitute attractive alternatives [ 15—22]. Chalcogenides, such as p-
type (SnTe),,-AgSbTe; and (SnTe),;,-AgBiTe; systems, have recently
been proposed as alternatives to lead-based materials because of
their high thermoelectric properties. These chalcogenides exhibit
low thermal conductivities and large positive Seebeck coefficients.
Some investigations of the thermoelectric properties of (SnTe)n-
AgBiTe; systems have revealed a remarkably low thermal conduc-
tivity (k) [23]. For example, the obtained k was ~0.6 Wm~' K™, and
the peak ZT value was approximately 1.1 at ~775 K.

One aspect that has not been developed is the preparation of
new lead-free (SnTe);;,-AgSbSe; systems. The experimental results
showed that an anion isovalent chemical substitution (Te is
replaced by Se) causes a decrease of the thermal conductivity and
increase of the powder factor (5%¢) [24,25]. For example, chemical
substitution of Se by Te in LAST-18 (AgPbgSbSe,Teg) resulted in a
material with a kjy of ~0.78 Wm~ K1, which is half of the value
for AgPbgSbTe,. In this work, we report the synthesis, character-
ization and electrical properties of new AgSn;;SbSe;Te,, systems
obtained via the isomorphic substitution of a fraction of the Te by
Se. We successfully synthesized AgSn;SbSe;Te;;; (m =2 and 10) at
high temperatures using solid-state reactions. The parallelepiped
bars used for transport measurements were prepared from melted
samples and by spark plasma sintering (SPS). AgSn;SbSe,Ter,
(m=10) exhibited a lattice thermal conductivity (Kiatt) of
~0.6 W m~'K~L The Seebeck coefficient for p-type AgSn,SbSe;Te,
was ~+70 pV K~! (SPS). These materials showed ZT values of
~0.10 at room temperature.

2. Experimental section
2.1. Synthesis

AgSn,SbSe;Te;;; were synthesized using Ag powder (99.99%,
ALDRICH), Sn powder (99.9+%, ALDRICH), Sb powder (99.99%,
ALDRICH), Se powder (99.99+%, ALDRICH) and Te powder (99.9%,
ALDRICH) in stoichiometric amounts (~2.0 g of compound). The
stoichiometric mixtures were placed into dried quartz tubes under
an argon atmosphere. These quartz tubes were evacuated and
flame-sealed under an argon atmosphere. The reaction ampoules
were slowly heated at 150°Ch~! to 1223 K (950 °C) and maintained
at this temperature for 16 h. The furnace was cooled to room
temperature at ~50°Ch~!. Two methods were used to obtain
suitable parallelepiped-shaped samples for electrical measure-
ments. In method 1, the classical method (CM), the obtained sam-
ples were crushed into powders and placed into a quartz cell with a
parallelepiped shape. This quartz cell was placed into a larger
quartz tube, which was evacuated and flame-sealed under an argon
atmosphere. The quartz tube was used to prevent oxidation of the
pellets by air. This tube was then placed into a furnace at 750 °C for
~4 min and then quickly removed from the furnace. The obtained
ingots were cut and polished for measurements of their electrical
transport and thermal properties. Method 2 was SPS. The selected
fine powders were densified using SPS (SPS-511S, Dr. Sinter) in a
210 mm graphite mold under flowing argon. Many different
experimental conditions were used, with the pressures varied be-
tween 75 MPa and 150 MPa and the temperatures varied between
750K and 800 K. However, most of the pellets contained cracks,
and very few of them did not break. In addition, all of them were
very brittle. They were suitable for thermal diffusivity, low-
temperature Seebeck coefficient and electrical conductivity mea-
surements; however, parallelepiped-shaped samples suitable for
Seebeck measurements at high temperatures could not be pre-
pared. The bars were too brittle and broke when clamped into the
measurement system.

2.2. Structural characterization and chemical analyses

Powder X-ray diffraction (PXRD) patterns were collected at
room temperature on a Bruker D8 Advance diffractometer equip-
ped with a Cu Ka radiation source. Samples were scanned in the
range 5° < 20 <80. XRD patterns were refined by the Rietveld
method using the MAUD software. A standard LaBg sample was
used for measuring the instrumental profile.

The chemical compositions of the samples were determined by
energy-dispersive X-ray spectroscopy (EDS) in conjunction with
scanning electron microscopy (SEM) carried out on a Bruker Vega 3
Tescan system equipped with Quantax 400 (EDS) microanalyzer.
Samples were mounted onto double-sided carbon tape, which was
adhered to an aluminum specimen holder. High-resolution trans-
mission electron microscopy (HRTEM) and electron diffraction (ED)
patterns were obtained using a JEOL JEM 3000F operating at an
accelerating voltage of 300 kV. Samples were prepared by crushing
the powders under n-butanol and dispersing them over copper
grids covered with a holey carbon film. Semi-quantitative chemical
analyses were carried out using EDS. L-edges were considered for
Ag, Sn, Sb and Te atoms, whereas the K-edge was chosen for Se.

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TG) were performed on a Rheometric Scientific STA
1500H/625 thermal analysis system. DSC/TG curves were acquired
simultaneously for each sample over the temperature range from
room temperature to 1000 °C; the samples were heated at 10°C
min~! under flowing argon at a heating rate of. DSC/TGA heating/
cooling experiments were conducted in argon atmosphere.



S. Figueroa-Millon et al. / Materials Chemistry and Physics 211 (2018) 321—328 323

2.3. Electrical and thermal properties

Samples were cut into rectangular shapes of
~3 mm x 3 mm x 9 mm. Hall-effect measurements were obtained
in a PPMS environment from 20 K to 300 K using a Keithley 6220
current source and a Keithley 2182A nanovoltmeter. The Hall-effect
measurements from 300 K to 450 K were obtained using an ECOPIA
HMS 2000 system (Van der Pauw method). The low-temperature
Seebeck coefficient S and the electrical conductivity ¢ were
measured simultaneously by using a laboratory made system in a
He-free cryostat from 20 K to room temperature (R.T.). The thermal
conductivity was calculated from « = D-Cp-p, where the thermal
diffusivity coefficient (D) was measured using the laser flash
diffusivity method in a Netzsch LFA 427. The samples obtained as
ingots were cut and polished into a parallelepiped shapes with
dimensions of 8 x 8 x ~1.5—2.0mm? for the thermal diffusivity
measurements. The density (p) was determined using the di-
mensions and mass of the samples and was approximately 92—96%
of the theoretical value. The specific heat capacity (C,) values were
determined by calorimetric measurements using a TA Instruments
Discovery DSC calorimeter. Experiments were carried out from R.T.
to 500°C at 10 °C min~! under N,. Sample and sapphire cells were
measured in quadruplicate. The C, measurements show good
agreement with the value estimated from Dulong-Petit Law:
Cp=3R/M, where R is the ideal gas constant and M is the average
relative atomic mass.

3. Results and discussion

3.1. X-ray powder diffraction, thermal and compositional
characterization

PXRD patterns and SEM-EDS analysis indicate that the reaction
products of the nominal composition AgSn;;SbSexTer,.x (x > 2) are
not single phases. For example, the reaction products of the nom-
inal compositions AgSnsSbSesTes and AgSnioSbSegTes are
composed of AgSn,,SbTe;,, Ag,Te, SnTe (~20% of binary compounds)
and some unidentified impurities (Fig. S1- Supplementary mate-
rial). In the cases of AgSn,,SbSe;Te,;,, (m=4, 16 and 18), the
diffraction peaks can be indexed to the Pm3m space group (dis-
torted NaCl-type structure), with the exception of two very weak
peaks (Fig. S2). The PXRD patterns show a very small amount of
Ag,Te impurities. The backscattered image and EDS analysis
(elemental maps) revealed that the samples with nominal com-
positions of AgSn,,SbSe,Te;,, (m = 2 and 10) are uniform throughout
the scanned region (Figs. S3—S4). The AgSn,,SbSe;Te;,, (m = 2, 4, 10,
16 and 18) systems appear to congruently melt at ~607, ~635, ~671,
~714 and ~719 °C, respectively (Fig. S5). A comparison of the PXRD
patterns collected before and after the DSC/TG analyses showed no
significant changes.

Fig. 1 presents the PXRD patterns and the lattice parameters for
the AgSn;;SbSe,Te; samples. Fig. 2 shows a representative Rietveld
PXRD pattern of AgSnyoSbSe;Teqo. In this work, the lattice param-
eters change monotonically as a function of m (Fig. 1b). The change
in the crystallographic anion or cation site preference must affect
the lattice parameters. In these systems, there is no evidence of
immiscibility and the lattice parameters range between the lattice
parameter of AgSbSe; (5.788 A) and that of SnTe (6.309 A). The
AgSn,,SbSe;Te;,;, family of compounds cannot be viewed simply as
solid solutions but instead as a (AgSbSe;)-(SnTe), system. The inset
in Fig. 2 displays lattice parameters as a function of AgSbSe,%,
which was calculated from the 1/(1 + m) molar ratio. The lattice
parameters plotted against AgSbSe,% show linear behavior; this
behavior has previously been observed in AgSn,BiTe,, » and LAST-m
systems (i.e., AgPb,;SbTe;;,.2) [18,23].
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Fig. 1. (a) PXRD pattern of AgSn,;SbSe,Te,,, and (b) plot of lattice a parameters against
m.

3.2. HRTEM analyses

The microstructural features of the prepared samples were
analyzed using HRTEM. Small polycrystals with no polygonal shape
and slightly rough borders were observed, consistent with the
milling process. Mean atomic compositions similar to the expected
compositions were obtained: Agi.0Snz.4Sbi.0Se2.3Tez3 and
Ag1.4Sng.¢Sbg.gSe;.1Tep for m=2 and m =10 (AgSn,,SbSe;Te;,),
respectively. Fig. 3a, Fig. 3b and Fig. S6 (Supplementary material)
present typical crystals with jagged edges and a crease-type
appearance that does not generate extra spots in the ED patterns
obtained for different selected regions. These formations that
endotaxially match the matrix, without clear borders, are probably
related to chemical segregation with respect to the Ag and Sb
contents, which is also observed in LAST-m systems. Well-
delimited nanoprecipitates previously reported in similar systems
were not detected in our case (see Fig. 3c) [20]. The crystals of
m =10 are smaller and more clearly constructed from the aggre-
gation of nanocrystals, as revealed by the very close semicircles in
the fast Fourier transforms (FFTs) (see Fig. 3d). A systematic in-
spection revealed the existence of different types of in-
homogeneities at the nanoscale, which are known to greatly
influence the thermoelectrical response of the materials [26,27]. In
addition, high densities of dislocations and imperfections are pre-
sent in our samples (Fig. S7).

The presence of different contrast zones was detected in the
sample crystals, and these zones were observed to a greater extent,
as shown in Fig. 4. These zones can be interpreted as nanoregions of
different crystallinity that coexist throughout the crystal bulk, as
previously detected in other chalcogenides [28]. This microstruc-
tural characteristic can be linked to the mechanical fragility dis-
played in these materials. In addition, nanoregions with different
orientations or symmetries were detected. In Fig. 5a, the coexis-
tence of [100] and [110] zone axes can be observed, whereas the
presence of [110] and [111]-oriented nanodomains or tetragonal
nanoregions was detected in other cases (Figs. S6 and S8). Streaking
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Fig. 2. Final Rietveld refinement plot of AgSn;oSbSe,Tejo. Observed (open circles), calculated (line) and difference X-ray diffraction profiles are plotted. The insert shows cell a
parameters as a function of AgSbSe, molar %, 100/(1 + m).

Fig. 3. HRTEM images showing EDX spectra and ED patterns for AgSn,SbSe,Te; (a) and AgSn;oSbSe,Teyo (b). HRTEM images showing fast fourier transforms (FFTs) and chemical
compositions for AgSn,SbSe;Te, (c) and AgSn;oSbSe;Te o (d) obtained for different selected regions.
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Fig. 4. HRTEM images with different contrast zones of AgSnioSbSe,Te o that show
nanoregions with different crystallinity (roughly marked by discontinuous white
lines).

is observed, especially for m =10, which is consistent with high
atomic disorder (Fig. 5b). However, short-range atomic ordering,
which causes extra spots or satellite reflections, was observed in
some cases, similar to the short-range atomic ordering in the pre-
viously analyzed parent systems [29].

3.3. Thermoelectric properties

Fig. 6 shows the temperature dependence of the electrical
conductivity (¢) and Seebeck coefficient (S) for the parallelepipeds
of AgSn,;SbSe;Te;;, (m =2 and 10). The ¢ decreased almost linearly
with increasing temperature (78—300K). As shown, compounds
with m=2 and 10 prepared by CM method exhibit electrical con-
ductivities of ~1490 and ~3200S cm™! at R.T, respectively, which
are similar to those of AgSn;;SbTe;;., (1800S cm ! for m=2 and
2800S cm™! for m = 10) [18]. The electrical conductivities ¢ for the
samples prepared using SPS were ~492Scm~' and
~1620Scm~! (m =2 and m = 10, respectively). The values of ¢ for
the samples prepared using SPS were approximately half the values

L

M

Fig. 5. HRTEM images for AgSn;oSbSe,Te;o revealing nanoregions with different ori-
entations (a) and corresponding FFTs (b). The white superimposed on the images in-
dicates the interplanar distances.

of ¢ for the samples prepared using CM. The positive values of the
Seebeck coefficient indicate that the transport properties are
dominated by holes. The positive values of S are consistent with the
results of the Hall measurements (see below). The measured See-
beck coefficient is low, approximately +35 pV K~! at 300K, and
steadily increases with increasing temperature. This value is
approximately two times lower than the values of AgSn;,;,SbTey;. 2
systems and compares very well with SnTe,
approximately +40 pV K~! at 300K. A power factor of S%¢
~2.0uW cm~'K~2 was obtained at 300K. The power factors in
AgSnmSbTe, o are 5—12 pW ecm~ ! K2 at 300K [18]. However, the
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Fig. 6. The electrical conductivity ¢ and Seebeck coefficients as a function of temperature for AgSn,SbSe,Te; (a) and AgSnyoSbSe,Teqo (b) prepared by CM and SPS. (c) A repre-
sentative linear plot of the Seebeck coefficient S versus temperature for AgSn,SbSe,Te, and the carrier concentration as a function of temperature for AgSnoSbSe;Teyq (d).

Seebeck coefficients of the AgSn,SbSe;Te, sample prepared using
SPS are larger than those of the melted samples prepared using CM
(Fig. 6). The Seebeck coefficients for the prepared samples using SPS
were approximately +70 pV K '(m = 2) and
approximately +40 pV K1 (m = 10) at 300 K. A power factor of $%c
~22 uW cm~ K2 (SPS) was obtained for m = 2 at 300K, which is
approximately ten times larger than the value obtained for the
samples prepared using CM. It means that the concentration of
electroactive defects is dependent on the synthesis process. Indeed,
both methods can be described as “out-of-equilibrium”, with
different thermal processes that should lead to different concen-
tration or distribution of defects. This finding indicates that the
synthesis and densification process strongly influences the defect
chemistry of these materials and, therefore, their electrical trans-
port properties.

The Hall coefficients are positive in the temperature range
studied, which is indicative of p-type behavior. Fig. 6d shows the
hole concentrations as a function of temperature for AgSnioSb-
Se,Te1p. The hole concentrations were almost constant until
~300K, with a carrier concentration of ~3.5 x 10! cm 3. Kanatzidis
et al. reported values of ~5 x 10?! cm~3 for Agg.g5SnSby.15Tes [17].
The hole mobility is not particularly high: approximately
5.0-8.0cm?>V~-15~! between 78 and 300K. The AgSn;,SbTe, . »
systems showed carrier mobilities between 120 and
30cm?V-1S~L These materials show typical degenerate semi-
conductor behavior. These results are consistent with the behavior
previously reported for AgSn,BiTey, > and can be attributed to the
high carrier concentration [23].

The temperature dependence relationship of the Seebeck coef-
ficient for degenerate semiconductors is given by

_ {8n2/3k§(r+3/2) "

35/3eh2

m*

()"
where S is the Seebeck coefficient, m* is the effective mass, kg is
Boltzmann's constant, e is the charge of an electron, h is Planck's
constant, and n is the carrier concentration. The Seebeck coefficient
was fit in the corresponding temperature range of 78 K< T < 300K,
from which the effective mass (m*) was obtained. Fig. 6¢ shows a
representative plot for AgSnipSbSe,;Teig. The Seebeck measure-
ments for AgSnqoSbSe,Teig imply a large m* ~4.7 mg with an
acoustic phonon scattering mechanism (r=—1/2) and m* ~ 1.6 mg
with an ionized impurity scattering mechanism (r = 3/2), respec-
tively. AgSn,SbSe,Te; exhibits m* ~3.4 mg, with and acoustic
phonon scattering mechanism (r = —1/2) and m* ~1.2 mg with an
ionized impurity scattering mechanism (r=3/2), respectively.
Large effective masses, m* ~6 mg, have been observed in
Agp.g55nSby.15Tes [18]. A plot of the Seebeck coefficient against Ina
exhibits linear behavior (Fig. S9). The slope was ~65 pV K~!, which
is larger than the classical value of 0.73 pV K~ (8S/alng ~ kg/e). This
behavior at high temperature has been observed in other thermo-
electric systems, such as Ag(Pbq.,Sny)nSbTey 2 [30].

The temperature dependence total thermal conductivity (ktot)
and electrical conductivity at high temperatures for AgSnioSb-
SesTeqp is shown in Fig. 7. The temperature dependence of the
thermal diffusivity is shown in Fig. S10. The electrical conductivity
(o) decreased almost linearly with increasing temperature (Fig. 7a).
The Kot values are ~3.0Wm~ 'K~ ' at 300K and ~25Wm™ 'K at
900K. These values are comparable to the values of ki in



S. Figueroa-Millon et al. / Materials Chemistry and Physics 211 (2018) 321-328 327

(a) 1.2

1.1
. 1.0
£ 0.9

0.8

Adj. R-Square = 0.999
0.7

0.6 ——————————————
56 57 5.8 59 6.0 6.1 6.2 6.3 6.

InT
(b)35'
@ ° ®
3.0 8,
e g - \K
'x tot
e 251 . °°o°°°°°
= 000
v o \K
2.0 2

s
280 320 360 400 440 480 520
T(K)

Fig. 7. Plot of the natural logarithm of the electrical conductivity ¢ versus the natural
logarithm of the temperature (a) and thermal conductivity . and electron thermal
conductivity k. as a function of temperature (b) for AgSn;oSbSe,Te;o prepared by CM
method.

AgSnysSbTey;,  which  are  ~34Wm 'K 'at 300K and
~22Wm~ K !at 800K [23]. The electron thermal conductivity
(ke) was calculated using the Wiedemann-Franz relationship:

kKe=LoT (2)

where T is the absolute temperature, ¢ is the electrical conductivity,
and L is the Lorenz number, which is L = m2k¥/3e? =2.45 x 10-
8 W Q K~2. The value of the Lorenz number depends on the carrier
concentration. In our case of degenerate semiconductor behavior,
this value is a very good approximation. Our results indicate that
the ke is the most important contribution to ko at high tempera-
tures (T > 450 °C). The lattice thermal conductivity (kja¢t) decreases
with an increase temperature (Kjatt = Kot -Ke). The Kaie value of
AgSnoSbSesTeqg at 300K is ~0.6 Wm™'K'!, which is comparable to
the Kiaee of AgPb12Sn4Sbg.4Tezg (~0.7 Wm™ K1) [30].

4. Conclusions

AgSn,,SbSesTe;,, (m =2 and 10) systems were successfully pre-
pared at high temperatures using solid-state reactions. HRTEM
revealed the existence of different types of inhomogeneities at the
nanoscale and nanoregions of different crystallinity. This micro-
structural characteristic can be linked to the mechanical fragility
exhibited by the materials. The transport properties of p-type
AgSn;;SbSe,Te, systems exhibit typical degenerate semiconductor
behavior. The Seebeck coefficient can be increased from
~+40 pV K~1 (CM) to ~+70 pV K~! (SPS) in AgSn,SbSe,Te; at room
temperature (S%s ~ 22 pyW cm~! K~2). On the basis of the electrical
and thermal transport properties, ZT values of ~0.10 were obtained
at room temperature.
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