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The aim of this study is to investigate the influence of PbTe addition on the thermoelectric properties and band parameters of AgSbSe2
at temperatures below room temperature. For this purpose, the polycrystalline (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) samples were
prepared by direct fusion method. The temperature dependences of electrical conductivity, Seebeck coefficient, and thermal
conductivity of (AgSbSe2)x(PbTe)ix (x = 1; 0.9; 0.85) samples were investigated in the temperature range 80-350K. The value of
electrical conductivity of PbTe added samples decreased compared to AgSbSe:. Simultaneously, the inversion of the sign of Seebeck
coefficient (n—p) in (AgSbSe2)x(PbTe)1x (x=0.9; 0.85) solid solutions at temperatures of T > 110K was observed. It was determined
that the effective mass of holes value in (AgSbSe2)x(PbTe)ix (x=0.9; 0.85) solid solutions increased compared to AgSbSe:. It has been
found that the lattice thermal conductivity of (AgSbSe2)x(PbTe)1x (x=0.9; 0.85) solid solutions decreases significantly with increasing
PbTe amount in AgSbSe:.
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INTRODUCTION

Binary silver selenide and related ternary semiconductor materials have a number of valuable functional properties
and are effective, environmentally friendly compounds. Based on these properties, these materials are intensively studied
by many researchers [1-5].

A number of important functional properties of compounds with the general formula ABVXY! (A-Ag, Cu; B-Si, Ge,
Sn; X-Se, S) have been extensively studied. In particular, numerous studies have been conducted on the photo-electrical
properties of chalcogenide glasses containing Ag such as photodoping, photovoltage, and photochemical modification [6-9].

Among these functional properties, one of the most interesting is ionic conductivity. As is known, ionic conductors
are promising materials for the preparation of ion batteries. Possible crystallochemical conditions for the formation of the
superionic state have been shown in studies [10-18]. Many articles have provided detailed information on the ionic
conductivity of binary compounds formed with Ag™ and Cu* chalcogenides [19-21].

The ternary semiconductor AgSbSe; is considered a promising thermoelectric materials due to its thermoelectric
properties, and particularly its very low lattice thermal conductivity [22, 23]. AgSbSe, features a strong anharmonic
bonding arrangement associated with the Sb 5s? lone pair, which leads to strong phonon-phonon interactions that reduce
the lattice thermal conductivity [24]. Additionally, AgSbSe; is a narrow-bandgap semiconductor exhibiting p-type
conductivity with a favourable valence-band structure composed of multiple flat valleys, potentially leading to a high
effective mass of holes and thus the high value of the Seebeck coefficient. The band gap values of AgSbSe, measured by
various methods are in the range of 0.3-1.1 eV [25-27]. This intrinsically low thermal conductivity and the appropriate
electronic band structure make AgSbSe; a promising candidate for thermoelectric applications in the intermediate
temperature range (500-700K) [28-30]. On the other hand, among the traditional thermoelectric materials, PbTe and its
alloys are considered as excellent thermoelectric materials that operate in the medium and high temperature range
(400 K - 800K) [31]. The crystal structure of I-V-VI, group compounds (AgSbSe,, AgSbTe; etc.) is very similar to that
of IV-VI group compounds (PbTe, PbSe, etc.) and all these compounds crystallize in NaCl structure. Therefore, these
materials may be used to prepare solid solutions based on I-V-VI, group compounds [32, 33].

Investigations of AgSbSe, were mainly carried out above room temperature to enhance its thermoelectric
properties [28-30]. Also, the kinetic properties of AgSbSe; and its solid solutions, their electronic structure, mechanisms
of electric charge and heat transport have been little studied at low temperatures [34]. In this study, to address these
questions experimentally, we synthesized (AgSbSe»)«(PbTe),«x (x = 1; 0.9; 0.85) samples and investigated the influence
of PbTe on the thermoelectric properties and band parameters of AgSbSe; at the temperature range of 80-350K.

EXPERIMENTAL METHOD
Synthesis. Polycrystalline (AgSbSe,)«(PbTe)i« (x = 1; 0.9; 0.85) bulk samples were prepared using a direct fusion
method together with mechanical pressing. The constituent elements Ag, Sb, Se, Pb, Te (99,99% purity) in stoichiometric
ratios were sealed in evacuated quartz tubes under a pressure value of 10~* Torr. The tubes were placed in furnace and
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heated slowly (1 K/min) up to 1000 K (AgSbSe; melting point: 908 K) over a period of 12 hours. Then tubes were
maintained at this temperature for 10 hours and gradually cooled to room temperature at the same rate. The obtained
ingots were ground into fine powders to eliminate pores. Then the powders were pressed (under a pressure of 500 MPa)
to form bulk samples with dimensions of 12x5.2x2.4 mm?.

Powder X-ray diffraction. Powder X-Ray diffraction (PXRD) analysis was conducted using a Bruker D8 Advance
diffractometer with a CuKa anode (4 = 0.1542 nm), operating at 40 kV and 40 mA. The lattice constants were calculated
using the Rietveld method with EVA and TOPAS software.

Carrier concentration. The values of carrier concentration and Hall mobility at room temperature were derived
from Hall coefficient measurements using by the Van der Pauw method (in direct current and 0,32 T magnetic field) on
the HL5500PC Hall Effect Measurement System.

Electrical transport. The thermoelectric properties were measured simultaneously from liquid nitrogen temperature
to 350K in direct current using four-probe potentiometric method.

RESULTS AND DISCUSSION
Structural characterization
Figure 1 displays the PXRD patterns for (AgSbSe;)«(PbTe)ix(x =1;0.9; 0.85) samples. The results of X-ray analysis
revealed that all samples were single-phase with a cubic NaCl-type structure (Fm3m), with no impurity phases observed.
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Figure 1. Powder XRD patterns of (AgSbSe2)x(PbTe)ix (x =1; 0.9; 0.85)

As seen in Figure 2, the linear expansion in the lattice constants with increasing PbTe concentrations follows the
Vegard’s law for the (AgSbSe;)«(PbTe)i« (x = 1; 0.9; 0.85) samples. The ionic radius of Pb (Te) is larger than of Sb.
Therefore, as larger Pb (Te) is introduced in the place of smaller Sb, the unit cell undergoes a systematic expansion,
leading to an increase in the lattice parameter [29].
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Figure 2. Composition (x) dependence of lattice constants for (AgSbSe2)x(PbTe)ix (x = 1; 0.9; 0.85), and a straight line indicates
Vegard’s law for solid solution
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Electrical transport properties
The temperature dependence of electrical conductivity (o) of (AgSbSe»)x(PbTe) 1« (x=1; 0.9; 0.85) samples over the
80-350 K range is presented in Figure 3.
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Figure 3. Temperature dependence of the electrical conductivity of (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) solid solutions

As observed in Fig. 3, the value of ¢ at below room temperatures is relatively small and exponentially increases
with temperature. However, the value of electrical conductivity of all samples increases with rising temperature.
Additionally, we observed a decrease in the electrical conductivity of PbTe added samples compared to AgSbSe,. At room
temperature, the measured values of o for (AgSbSe)x(PbTe) 1« (x = 1; 0.9; 0.85) solid solutions are 0.4 S-cm™, 0.11 S cm’!
and 0.09 S-cm’!, respectively.

The addition of PbTe to AgSbSe; lead to partial compensation of electroactive acceptor centers, resulting in a
decrease in hole concentration p. Hall measurements at room temperature indicate positive sign of the Hall coefficient
(Ry) for all samples. This indicates that the majority carriers are holes and the samples exhibit p-type conduction. The
carrier concentrations of (AgSbSe;)«(PbTe) .« (x=1; 0.9; 0.85) solid solutions, estimated from measurements of the Ry
(p=1/eRn, where e is the elementary charge) at room temperature, are 5.6-10'7 cm=, 4.8:10'® cm™ and 3.7-10'° cm?3,
respectively. Furthermore, the addition of PbTe to AgSbSe,most likely increases the number of defects in the crystal
lattice. This leads to an increase in the scattering centers of charge carriers and, as a result, to a decrease in the Hall
mobility ¢ (#=o7pe). The Hall mobilities of (AgSbSe:)«(PbTe)«(x=1; 0.9; 0.85) solid solutions at room temperature are
4.2 cm?/V-s, 3 cm?/V-s and 2.3 cm?/ Vs, respectively. Thus, we assume that these two factors together cause a decrease
in the electrical conductivity of (AgSbSe;)«(PbTe)x(x=0.9; 0.85) solid solutions.

The temperature dependence of the Seebeck coefficient (S) of (AgSbSe»)«(PbTe) i« (x=1; 0.9; 0.85) solid solutions
in the 80-350K range is presented in Figure 4.
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Figure 4. Temperature dependence of the Seebeck coefficient in (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) solid solutions

As is known, AgSbSe; is a p-type semiconductor [22-24]. As can be seen in Fig. 4, AgSbSe, exhibits p-type
conductivity in the temperature range of 80-350K. However, in the (AgSbSe:)«(PbTe)x (x = 0.9; 0.85) solid solutions,
the sign of the Seebeck coefficient is negative at temperatures below 110 K, indicating n-type conductivity. It is possible
that the addition of PbTe to the AgSbSe; leads to the formation of shallow donor levels. The ionization of these donor
centers leads to a significantly increase in the contribution of electrons in the Seebeck coefficient compared to AgSbSe:.
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Consequently, for (AgSbSe;)«(PbTe)ix (x =0.9; 0.85) solid solutions, the sign of Seebeck coefficient is negative at
temperatures below 110K (Fig. 4). At 7>110K the Seebeck coefficient changes its sign (n—p) and becomes positive.
Such a change of sign is also manifested at temperature dependence of Hall coefficient. The increase in hole concentration,
most likely resulting from the ionization of deep acceptor centers as temperature rises, leads to the change in the sign of
the Seebeck coefficient. Moreover, the values of Seebeck coefficient in (AgSbSe;)«(PbTe)i« (x =0.9; 0.85) solid solutions
are larger than AgSbSe, (350 wV/K), at room temperature, and the values of S are 701 uV/K and 828 uV/K, respectively.
The increase in the Seebeck coefficient for (AgSbSe;)«(PbTe).x (x=0.9; 0.85) solid solutions compared to AgSbSe, most
probably may be explained by the increased density of states effective mass for holes my, 4,5. Assuming a single parabolic
band model with acoustic phonon scattering (+=0, where r is scattering factor), we calculated the values of effective mass
of holes m;, using the following equations (1)-(3) based on the values of S and hole concentrations p [35]:

_ (empkpr)*?

e EVAUD) (1
25,3)3/2
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E(m) =[] (= 5)x"dx 3

where, 77" is the reduced Fermi energy, F,(7) - the #- order Fermi integral, kg- the Boltzmann constant, 7 - the reduced
Planck’s constant (5=h/2 7)), e- elementary charge.

From these calculations, the value of effective mass for holes m;, at room temperature for (AgSbSe)«(PbTe):x (x=1;
0.9; 0.85) solid solutions were found to be m,, = 0.13mo, m;, = 3.82mo, and m;, = 3.98my, respectively. We suppose that
with increasing temperatures, the high-density charge carriers resulting from the addition of PbTe into AgSbSe, may be
redistributed among multiple energy states within the valence band. This could potentially lead to changes in the electronic
band structure that could affect the material’s properties. In work [36] the authors suggest that such redistribution of the
density of states of charge carriers leads to an increase in the effective coverage of bands. An increase in the number of
charge carriers in the multiple degenerate valence bands can cause a higher value of their density of states effective
mass m". This, is in turn, lead to an increase in the Seebeck coefficient, since S is directly related to m" by the equation of
S = 8m2k3

3eh?
decreased Hall mobility, leading to a decrease in the value of electrical conductivity (¢) in the (AgSbSe,)«(PbTe)i«
(x =0.9; 0.85) solid solutions compared to the pristine AgSbSe, sample. This confirms earlier discussed results on
electrical conductivity and Hall mobility.

We have also investigated the thermal conductivity (k) of the (AgSbSe,)«(PbTe)i«x (x = 1; 0.9; 0.85) solid solutions
in the temperature range of 80-350K. The obtained result is shown in Figure 5.
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Figure 5. Temperature dependence of thermal conductivity of AgSbSe> and (AgSbSe2)x(PbTe)1x (x = 0.9; 0.85) solid solutions

As can be seen from Fig 5, the values of thermal conductivity of (AgSbSe,)«(PbTe).« (x = 0.9; 0.85) significantly
decreased compared to AgSbSe,. We have calculated the electronic contribution in thermal conductivity k. using the
Wiedemann-Franz law: ke-LooT, where Lo= 2.44-10% W-Q/K?is Lorentz number [25], and, for all three samples, ke is
not more than 2%. The obtained lattice thermal conductivity ki values of (AgSbSe;)«(PbTe)«x (x=1; 0.9; 0.85) are low
and 0.85 W/m-K, 0.78 W/m-K and 0.57 W/m-K, respectively.

The main reason for the low thermal conductivity of AgSbSe, and other compounds of the I-V-VI, group is most
likely the disorder of their structure [38]. Moreover, the point defects which exist in the crystal lattice and structural
components may cause low thermal conductivity of AgSbSe,. As mentioned above, AgSbSe; crystallize in disordered
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NaCl type structure. In such structure, the random distribution of non-chalcogenide atoms may cause energetically
favorable (Ag'—Sb®") and unfavorable (Ag'—Ag" and Sb’>'-Sb’") states of Ag" and Sb’" ions in the Ag/Sb
sublattice [39, 40]. Therefore, the presence of regions with orderly and disorderly distributions of Ag and Sb atoms in
AgSbSe;, high anharmonicity of the Sb-Se bonding arrangement [29], displacement of atoms and deformation of crystal
lattice leads to the formation of phonon scattering centers. Consequently, the ki,x value decreases due to increasing
phonons scattering.

Furthermore, it is known that silver chalcogenides are high-ionic-conductivity materials [41, 42]. The silver ions
leave their positions as the temperature increases, and intensifying more energetically favorable state of the crystal lattice.
As a result, the defects in the crystal structure insignificantly decrease and thermal conductivity slightly increase with
rising temperature. Simultaneously, also this factor causes the distortion of the crystal lattice and as a result, the ki, value
decreases caused by increasing phonons scattering.

Thus, all mentioned above factors most probably collectively lead to a decrease of the ki« value of AgSbSe; due to
increasing phonons scattering. The addition of PbTe to AgSbSe; increases the disorder of the crystal lattice, which
ultimately leads to a significant decrease in the lattice thermal conductivity in (AgSbSe»)«(PbTe)i (x=0.9; 0.85) solid
solutions.

CONCLUSIONS

In summary, we observed that the electrical conductivity of (AgSbSe;)x(PbTe)ix (x = 0.9; 0.85) solid solutions
decreased compared to AgSbSe; in the 80-350 K temperature range. Simultaneously, the inversion of the sign of Seebeck
coefficient (n—p) of (AgSbSe;)x(PbTe)ix (x=0.9; 0.85) at temperatures of 7>110K occurred most likely due to the
ionization of deep acceptor centers. Additionally, we observed higher values of the hole effective mass in
(AgSbSe)«(PbTe) 1« (x=0.9; 0.85) compared to AgSbSe,, which is due to the increase in redistribution of the density of
states of charge carriers in the multiple energy states of the valence band. This enhances the Seebeck coefficient value of
(AgSbSe»)«(PbTe)i (x=0.9; 0.85) solid solutions. Moreover, the strong phonon-phonon interactions due to the high
anharmonicity in the Sb-Se bonding arrangement, effective scattering of phonons by the disordered crystal lattice and
point defects lead to the low lattice thermal conductivity ki, of the (AgSbSe»)«(PbTe)i« (x=0.9; 0.85) solid solutions
compared to pristine AgSbSe,.

The results obtained in this study provide directions for future research- including nanostructuring, doping, band
convergence, and defect engineering to enhance the properties of thermoelectric materials.
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BILIUB JIOAABAHHSI PbTe HA EJIEKTPUUHMIA 3APS] TA TEIUIOIIEPEHOC B AgSbSe:
A.A. Cagaunosal, P.I. Cenim-3age!, A.C. Badacsa', A.A. OpymxkoBa®
nemumym izuxu Minicmepemea nayxu i oceimu Asepbaiiosicancoroi Pecnyonixu, AZ-1143, Azepbaiiodican
’Minzauesipcoruii Oepocasnuti ynieepcumem, Az-4500, Azepbaiiocan

MeTo10 IIbOTO JOCTIJDKEHHS € BUBUYEHHS BIUIMBY J1oAaBaHHs PbTe Ha TepMmoenekTpuuHi BIacTHBOCTI Ta mapameTpH 30H AgSbSe: 3a
TeMIepaTyp HK4Ye KiMHaTHOI. JIsi IbOro METOJOM TPSIMOTO CIUIABJIEHHS OYJIO BHMIOTOBJICHO MOJIKPHCTANIYHI 3pa3Ku
(AgSbSe2)x(PbTe)1x (x = 1; 0,9; 0,85). ocnmipkeHO TeMIEpaTypHi 3aJIe)KHOCTI €IEKTPONPOBIAHOCTI, Koedimienta TepMoEPC Ta
TeIuIonpoBigHOCTI 3pa3kiB (AgSbSe2)x(PbTe)ix (x = 1; 0,9; 0,85) B nianasoni Temnepatyp 80-350 K. 3HaueHHs eeKTPONPOBIAHOCTI
3paskiB 3 fogaBaHHAM PbTe 3menmmiocs mopisHsHo 3 AgSbSez. OqHovacHO criocTepiranacs iHBepcis 3Haka koediuienTa TepMoEPC
(n—p) y TBepaux pozunnax (AgSbSe2)x(PbTe)ix (x =0,9; 0,85) 3a remneparyp T>110K. Byno Bu3HaueHO, 0 3HAUCHHS €()EKTUBHOL
Macu Jipok y TBepamx pozumHax (AgSbSex)x(PbTe)ix (x = 0,9; 0,85) 306inbmryersest nopisaiaHo 3 AgSbSe:. Byno BusBieno, mo
I'PaTKOBA TEIUIONPOBiHICT TBepAuX po3unHiB (AgSbSe2)x(PbTe)ix (x = 0,9; 0,85) 3HaUHO 3MEHIIY€ETHCS 31 30UIBIICHHSIM KiTBKOCTI
PbTe B AgSbSe:.

Kuro4oBi ciioBa: mepmoenekmpuunuil mamepiai, eiekmponposionicms, koepiyichm 3ecbexa, menionpogionicme, epekmusna maca





