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Abstract: We investigate the microstructure evolution of Ag-alloyed PbTe compounds for
thermoelectric (TE) applications with or without additions of 0.04 at. % Bi. We control the
nucleation and temporal evolution of AgyTe-precipitates in the PbTe-matrix applying designated
aging heat treatments, aiming to achieve homogeneous dispersion of precipitates with high number
density values, hypothesizing that they act as phonon scattering centers, thereby reducing lattice
thermal conductivity. We measure the temperature dependence of the Seebeck coefficient and
electrical and thermal conductivities, and correlate them with the microstructure. It is found
that lattice thermal conductivity of PbTe-based compounds is reduced by controlled nucleation
of Ag,Te-precipitates, exhibiting a number density value as high as 2.7 x 10? m~2 upon 6 h aging
at 380 °C. This yields a TE figure of merit value of ca. 1.4 at 450 °C, which is one on the largest
values reported for n-type PbTe compounds. Subsequent aging leads to precipitate coarsening and
deterioration of TE performance. Interestingly, we find that Bi-alloying improves the alloys’ thermal
stability by suppressing microstructure evolution, besides the role of Bi-atoms as electron donors,
thereby maintaining high TE performance that is stable at elevated service temperatures. The latter
has prime technological significance for TE energy conversion.

Keywords: thermoelectric materials; PbTe; thermal conductivity; phonon scattering; phase
transformations; microstructure evolution

1. Introduction

Lead-telluride (PbTe) based compounds are common thermoelectric (TE) materials for the
mid-temperature range (600-800 K) [1]. These narrow band-gap semiconductors (ca. 0.3 eV at room
temperature), which have been thoroughly investigated, offer unique combination of high Seebeck
coefficient, S, with relatively high electrical conductivity, o, and low thermal conductivity, x. Owing to
this combination, single-phase PbTe exhibits a maximum dimensionless TE figure of merit (ZT) value
of ca. 0.8 [2,3], which can approach ca. 2.0 owing to doping and nanostructuring [4-6]. The lattice
thermal conductivity of PbTe is typically 2.2 Wm~!K~! at room temperature [7,8], which is yet far
away from the theoretical alloy limit [9]. This opens up prospects for tuning the TE performance by
introducing lattice defects.

Reports indicate that phonons having low- to mid-range frequencies (i.e., mid- to long-wavelength
range) can be significantly scattered by nanostructured features, such as precipitates [10],
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whereas high-frequency phonons (i.e., of short wavelengths) are scattered by point defects mainly,
e.g., solute atoms and vacancies [11]. In this sense, besides achieving direct enhancement of the TE
performance, understanding basic physical behavior of lattice thermal conductivity of two-phase alloys
based on PbTe is a grand challenge by itself. This may be achieved by distinction between the effects
of nano-particles volume fraction, number density, and average size—on the one hand, and those of
the matrix composition—on the other hand [12,13]. Thorough investigations of the microstructure
formed in PbTe-based ternary and quaternary systems, including its temporal evolution and effects on
TE behavior, have been reported [14-21]. Such effects were particularly studied for Ag-alloyed PbTe
compounds as well [22-26]. Nevertheless, neither of these studies introduces systematic investigations
of the effects of second-phase precipitates’ volume fraction, number density, and average size, as well
as their temporal evolution, on TE transport properties of PbTe-based alloys.

In this study, we focus on Ag-alloyed PbTe-based systems having the potential to form
AgyTe-precipitates dispersed in the PbTe-based solid solution. We perform controlled aging heat
treatments at different temperatures and durations to enhance nucleation of Ag,Te-precipitates
for directly reducing lattice thermal conductivity. It is hypothesized that aging should yield
increased nucleation of Ag,Te-precipitates up to a time limit where over-aging processes take
place [27], which is accompanied by changes in the PbTe-based matrix average composition.
The side-effects on other TE transport properties and, in general, on TE performance are also examined.
This approach was demonstrated by us recently for a ZnO-based system, with clear conclusions
regarding TE performance [28]. In this context, we cope with two main challenges that concern the
materials synthesis process, which are optimization of heat treatment conditions and selection of
the processing routes, such as powder pressing and fast cooling, and highlight the essence of these
factors in determination of the TE performance. Herein, knowledge of the temporal evolution of
PbTe-matrix/Ag, Te-precipitates system’s microstructure upon aging will serve for improvement of
the TE performance of PbTe-based compounds.

2. Experimental Procedure

2.1. Materials Synthesis

In this study we report on two classes of materials; the first one is synthesized by casting, and the
second one by hot-pressing.

As-cast (AC) compounds are synthesized from pure elemental Pb powder (99.96%,
Riedel-de Haén®, Hanover, Germany), Te ingots (99.99%, STREM CHEMICALS®, Newburyport,
MA, USA), and Ag shots (99.999%, Alfa Aesar®) by mixing in the appropriate molar ratios to obtain
the average composition of (PbTe)go5(AgyTe)p 5. We choose this composition since it is within the
single-phase regime at temperatures above 600 °C, and is expected to decompose into a two-phase
mixture, namely AgyTe + PbTe, in a solid-state precipitation process at lower temperatures. The pure
Pb-, Te-, and Ag-raw materials are poured into a 12.5 dia. quartz ampoule, which is evacuated and
refilled with a 120 torr Ar-7% Hj gas mixture to avoid oxidation. The sealed ampoule is subsequently
heated to 1000 °C for 2 h in a vertical programmable tube furnace to enable melting. Termination of
the melting is performed by quenching in iced-water bath, followed by annealing at 700 °C for 24 h to
homogenize the solid solution at the single-PbTe-phase regime and, finally, quenching in an iced-water
bath. In order to precipitate the Ag,Te-phase from the solid solution, the ingot is sliced to disk-shape
specimens, ca. 2 mm thick, and aged at 400 and 450 °C for different durations, as listed in Table 1,
in sealed evacuated ampoules to enable us obtain Ag,Te-precipitates of different sizes and number
densities dispersed in the PbTe-based solid solution.

Hot-pressed (HP) specimens of the (PbTe)g 97(AgyTe)g.03 base composition are prepared in two
batches; the first one does not contain Bi, and the second one contains 0.04 at. % Bi. These compositions
and synthesis method are chosen in a way that allows us to prepare single-phase supersaturated
specimens that are mechanically robust to sustain subsequent TE measurements. First, granules of
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Pb, Te, Ag, and Bi (99.5%, LOBA CHEMIE®, Mumbeai, India) are mixed in the appropriate fractions
and undergo repeated arc melting processes. Then, the solid solution is grinded into fine powder
and heated up to 650 °C (within the single-phase regime) under a pressure of 21 MPa for 0.5 hin a
30 mm dia. die, and then cut into 12.5 mm dia. disks. Then, the specimens are aged at 380 °C for
different durations, as listed in Table 1, in sealed and evacuated ampoules under a 120 torr Ar-7% Hp
atmosphere to initiate nucleation of the Ag,Te-phase, followed by iced-water quenching.

Table 1. A list of the materials” compositions, synthesis conditions, and heat treatments carried out for
each specimen.

Material Aging Temperature [°C] Aging Times [h]
400 0,2,8,32,72,106
As-cast (AC) (PbTe)0495(Ag2Te)g.o5 450 0, 1, 2, 4, 8, 16, 32
Hot-pressed (HP) (PbTe)o.97(Ag2Te)o.03 380 0,0.5,1,2,4,6,8,16,24,48
Hot-pressed (HP) 0.04 at. % Bi + (PbTe)g.97(Ag2Te)o.03 380 0,2,6,48

2.2. Characterization Methods

2.2.1. Microstructure Analysis

We apply powder X-ray diffraction (XRD) to determine the phases present in the heat treated
ingots. Measurements are carried out using a SmartLab® XRD diffractometer (Rigaku, The Woodlands,
TX, USA) with an angular resolution of 0.02°, applying Cu-K« radiation at the angular range of
20 =20-120°. Data are collected with angular scanning resolution of 0.03° per step. Microstructure
characterization of the samples is carried out using a Ultra Plus® high-resolution scanning electron
microscope (Zeiss, Oberkochen, Germany) (HRSEM) equipped with an 80 mm? active area Oxford®
SDD electron dispersive spectroscopy (EDS) detector with an energy resolution of 127 eV, equipped
with a Schottky field-emission electron gun. In some cases, metallographic polishing of the specimens’
surface is carried out by ion milling employing a Helios NanoLab DualBeam® (FEI, Hillsboro, OR,
USA) G3 UC dual beam focused ion beam (FIB) to reveal the microstructure features. All micrographs
presented in this study are acquired using either secondary or backscattered signals, to be specified
further below, operated in the range between 3 and 15 kV. Finally, the precipitate number density, Ny,
defined as number per unit volume, is determined based on the two-dimensional HRSEM micrographs
showing the AgyTe-precipitates in a contrast that differs from that of the PbTe-based matrix, following
the methodology introduced by us elsewhere [28].

2.2.2. Thermoelectric Property Measurements

We employ the laser flash analysis (LFA) technique, using an LFA-457 MicroFlash® apparatus
(Netzsch, Selb, Germany), to directly measure the thermal diffusivity, «, of disk-shaped specimens
at the temperature range of 25 through 600 or 700 °C, depending on the material. The thermal
conductivity is then calculated from the relationship:

1(T) = a(T) - p- Cp(T) @

where p is the material’s bulk density as evaluated from the sample dimensions and mass, and its
temperature dependence is neglected. C, is the heat capacity, measured indirectly using the LFA with
respect to a standard made of pyroceram 9606 or pure alumina. Electrical conductivity and Seebeck
coefficient values are measured employing an SBA-458 Nemesis® system (Netzsch, Selb, Germany) for
specimens having the same geometry as for the LFA. All of the measurements are carried out under
flowing Ar as a protective atmosphere.
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3. Results

3.1. Microstructure Characterization

We perform XRD analysis for specimens that were hot-pressed prior to aging heat treatments to
assure that the material is a PbTe-based solid solution single phase, or does not contain considerable
amount of Ag,Te-precipitates. Figure 1 presents an XRD pattern collected from a hot-pressed specimen
of the (PbTe)pg7(AgyTe)g o3 composition, which did not undergo further aging heat treatments.
The fully-indexed XRD pattern implies that the material is a single PbTe-phase.
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Figure 1. A fully-indexed powder x-ray diffraction (XRD) pattern acquired from the hot-pressed (HP)
as-pressed, (PbTe)q 97(AgyTe)g o3 series, corresponding with the rock-salt PbTe crystal structure (JCPDS
number 04-002-0317).

HRSEM analysis is performed for all of the specimens to characterize their microstructures.
Figure 2 displays selected HRSEM micrographs taken from the HP series of specimens with or
without Bi. It is noteworthy that, first, the presence of elongated Ag,Te-precipitates is apparent for
the specimens that were not aged, although they were iced-water quenched and are expected to
comprise a single PbTe solid solution phase. EDS analysis was carried out for additional specimens
to validate the AgyTe-stoichiometry. The average concentrations inferred from analysis of several
large precipitates is 61.7 &= 1.1 at. % Ag; 38.0 £ 1.1 at. % Te; Pb bal. The number densities of these
Ag,Te-precipitates are, however, relatively small. Second, the Bi-free specimens exhibit precipitate
number density that increases up to 6 h aging, then decreases up to 48 h aging, whereas the Bi-alloyed
specimens exhibit relatively low precipitate number densities that do not change significantly with
aging time. For example, quantitative analysis indicates that N, exceeds values as great as 2.8 x 107
and 2.7 x 102 m~3 after 6 h aging of the Bi-alloyed and Bi-free materials, respectively. The respective
number densities reached after 48 h aging are 8.1 x 10'® and 1.1 x 10! m~3. It is also shown that the
Bi-alloyed specimens preserve the morphology of elongated precipitates over aging time, whereas the
precipitate morphology in the Bi-free specimens evolves toward a spheroidal one. This transition takes
place between 4 and 6 h aging.
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Figure 2. High-resolution scanning electron microscopy (HRSEM) micrographs taken from the polished
surfaces of the series of hot-pressed (HP) samples aged at 380 °C for different durations, showing
either needle-shaped or spheroidal Ag,Te-precipitates embedded in a PbTe-based matrix. (a) through
(f) display Bi-free specimens aged for 0, 1, 4, 6, 16, and 48 h, respectively. (g,h) display Bi-alloyed
specimens aged for 6 and 48 h, respectively. (a—c,g,h) are collected applying the back-scattered electrons
(BSE) signal, whereas (d—f) are collected applying the secondary electrons (SE) signal.
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Figure 2 indicates that the Bi-free specimens exhibit strong dependence of the microstructure on
aging time, implying that their TE transport coefficients can be modified and controlled more easily
compared to the Bi-alloyed ones. To draw conclusions on the microstructure temporal evolution of
these specimens on a quantitative basis, we evaluate the number densities of Ag,Te-precipitates for the
Bi-free HP specimens aged at 380 °C, and compare them with those acquired from the AC specimens
aged at 400 and 450 °C. The Ny-values for these specimens are plotted against aging time, and are
shown in Figure 3.
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Figure 3. Precipitate number density (Ny) values measured for the different aging times and
temperatures, plotted for the (PbTe) 95(AgpTe)g o5 as-cast (AC) samples aged at 400 °C (blue circles)
and 450 °C (red squares), as well as for the hot-pressed (HP) (PbTe)q97(AgyTe)o o3 samples aged at
380 °C (black triangles). For the series of samples aged at 450 °C Ny decreases with aging time, whereas
for the samples aged at 400 °C and 380 °C sharp increase of Ny values is indicated for short durations,

followed by a decrease.

It is shown that the Ny-values of the AC specimens that were aged at 450 °C decrease with
aging time, and reach at an asymptotic value, a behavior typical for coarsening or “over-aging” [27].
The 400 °C- and 380 °C-aged ones, however, exhibit a different trend, which is more desirable for
design of TE properties: a maximum value of Ny is achieved for each series.

3.2. Thermoelectric Transport Properties

The temperature dependent electrical conductivity and Seebeck coefficient values are measured for
the HP series of specimens aged for different durations, with or without Bi-additions. Selected results
are displayed in Figure 4a,b, respectively. The electrical conductivity values exhibit a general trend of
increase with increasing temperature, typical for a semiconducting behavior, with an exception for
the as-quenched Bi-alloyed material that indicates decrease in the electrical conductivity from a value
of ca. 750 S-cm ™!, typical for a metallic behavior. Also, this general trend is less pronounced for the
Bi-free materials aged for 48 h. These trends will be discussed further below.
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conductivity values measured for the hot-pressed (HP) series of specimens aged at 380 °C
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(red symbols) materials.
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It is also indicated that most of the Bi-doped samples exhibit electrical conductivity values that
are slightly higher than those of their undoped counterparts up to 450 °C.

Figure 4b presents the Seebeck coefficient values vs. temperature, in which the trend is opposite
to that of the electrical conductivity, as expected. Most samples show decrease in the absolute values
of the Seebeck coefficient as the temperature increases up to 450 °C. Additionally, it is shown that all
samples except one exhibit negative values, indicating their n-type polarity. As expected, the Bi-doped
compounds possess lower absolute values of Seebeck coefficients compared to those of their undoped
counterparts, due to increased charge carrier concentrations. Interestingly, at temperatures higher than
ca. 450 °C, the curves describing the doped and undoped states converge.

Thermal conductivity values are evaluated based on Equation (1) by direct measurements of
thermal diffusivity and room temperature values of the materials” densities, which are listed in Table 2
for the HP series. Selected results appear in Figure 4c. All «(T)-curves exhibit similar values and trends.

Table 2. A list of hot-pressed (HP) samples’ bulk densities, as measured after the different aging
heat treatments.

Bulk Density (g-cm—3)

Aging Time (h)
Bi-Free Bi-Alloyed
0 8.00 7.86
1 7.65 7.42
2 7.82 7.45
6 7.97 7.37
18 7.85 7.38
48 7.97 7.58

The bulk density is 7.60 g-cm~3 on average for the AC series. To evaluate the effects of
AgyTe-precipitates on thermal conductivity via phonon scattering mechanism, it is required to
derive the lattice component of thermal conductivity, x;. This is implemented applying the
following relationship:

K = Ke + Ky 2)

where «, is the electronic component of thermal conductivity, and is evaluated relying on the measured
electrical conductivity, Figure 4a, utilizing the Wiedemann-Franz relationship [29]:

ke = LoT 3)

where L is evaluated using a semi-empirical expression derived by Kim et al. [30], and is a function of
S. It is valid for deviations from the degenerate limit, and was validated for PbTe-based compounds,
as well. We calculate L for all samples and temperatures utilizing the measured S-values appearing in
Figure 4b.

Figure 5 shows the temperature dependent lattice component thermal conductivity for the (a)
Bi-free and (b) Bi-doped HP samples aged for 0, 6, and 48 h. Both types of samples show a similar
trend of decreasing thermal conductivity with increasing temperature, which is associated to Umklapp
phonon scattering [8]. For temperatures larger than 500 °C the x;-values seem to increase with
temperature, which deviates from the Umklapp-behavior; this is probably due to phenomena that are
not considered by the expression of L, such as bipolar effects [30].
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Figure 5. The temperature dependent lattice thermal conductivity values evaluated from the measured
thermal and electrical conductivities applying the Wiedemann-Franz relationship for the hot-pressed
(HP) series of specimens aged at 380 °C for 0 (diamonds), 6 (squares), and 48 h (stars), for the (a) Bi-free
(blue symbols) and (b) Bi-alloyed (red symbols) materials.

Interestingly, it is indicated that the Bi-free compounds exhibit the lowest «; values for 6 h aging,
whereas 48 h aging leads to maximum x; values. Conversely, the Bi-alloyed compounds exhibit «;
values with increasing order of their aging times. These trends will be discussed further below.

4. Discussion

4.1. Materials Processing and Microstructure Evolution

It is indicated in Figures 2 and 3 that the materials microstructure, particularly the
AgpTe-precipitate number density, can be controlled by selecting the appropriate synthesis procedures
and aging heat treatments. The specimens aged at 450 °C show an undesirable behavior, in which Ny,
monotonously decreases with aging time, starting from a relatively large value of ca. 3 x 10! m=3.
This means that the onset of Ag,Te-precipitates nucleation takes place already during the quenching
process. This can be explained by combination of the following factors. First, the PbTe matrix is highly

supersaturated with Ag atoms, so that quenching from the single-phase region to two-phase region
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(below 450 °C) is inadequately fast. Second, the diffusion rate of Ag in the PbTe-matrix might be fast
enough to enable the onset of Ag,Te nucleation just below the PbTe-solvus. Based on this experimental
work, as compared to calculations of the expected cooling rates for cylindrical telluride ingots (in direct
contact with the quartz wall) conducted by Ikeda et al. [15], we estimate the cooling time of the center
of the ingot to be between 30 and 60 s until it reaches room temperature. This is sufficient to enable
nucleation of the AgyTe precipitates at intermediate temperatures. Ag is known to be a fast diffusing
element in PbSe with Dy = 7.4-10~8 m?.s~! and Q = 33.77 kJ-mole!; valid for the temperature range
of 400 through 850 °C [25], where Dy and Q are the pre-exponential diffusion coefficient and activation
energy, respectively. This corresponds to a diffusion length, v/Dt, of ca. 265 um for 1 min annealing
at 650 °C. Ag diffusion is expected to be faster in PbTe than in PbSe, since the former has a larger
lattice constant [31], given that both have the same crystal structure and Ag diffusion should occur
in interstitial mechanism [25]. Thus, due to the high diffusivity of Ag, it is reasonable that nanoscale
precipitates form during quenching [26]. Lowering the aging temperature from 450 °C to 400 °C
enables achieving slower kinetics and lower diffusion rate of Ag atoms in the PbTe matrix at the same
time with increased nucleation rate, I, of the AgyTe-phase, Equation (4) [27]:

AG* + AGD) @

Iocexp(— T
B

Here, AG' is the critical energy for nucleation, and is decreasing with increased degree of
super-saturation [27]; AGp is the critical energy for mass transport; and kp is the Boltzmann constant.

The major differences between the AC and HP series are the synthesis method and composition.
First, the HP samples are less brittle and are easier to handle during the subsequent measurements,
with somewhat larger bulk density values compared to the AC ones, Table 2. Second, the HP series
contains smaller concentrations of Ag (3.3 at. %) compared to AC (5.0 at. %). The reduction of
Ag-concentration in the HP series enabled us avoiding formation of primary Ag,Te-precipitates during
quenching owing to reduced degree of super-saturation.

It is shown in Figure 3 that 6 h aging at 380 °C is the critical condition for obtaining an adequately
high value of Ny = 2.7-10%° m~3. Such value was found to be enough to initiate phonon scattering
in PbTe [32,33]. After reaching at this peak Ny, an over-aging stage begins, in which the precipitates
coarsen [27], and their effect on phonon scattering is expected to diminish.

Comparison between the microstructures obtained for the Bi-doped and Bi-free materials that
underwent identical aging conditions shown in Figure 2—on the one hand, and the obtained Ny values
shown in Figure 3—on the other hand, is very instructive. First, it is observed that Bi greatly suppresses
temporal evolution of the precipitates. This is manifested by relatively large, needle-like precipitates,
several micrometers long, which appear in the Bi-doped samples; this size is preserved for a wide range
of aging times. Conversely, their undoped counterparts exhibit small precipitates (tens of nm dia.) for
6 h aging, and large precipitates (ca. 500 nm dia.) for 48 h aging. This implies that Bi atoms encourage
“pinning” of the Ag,Te-precipitates to their original sizes. Second, Bi additions affect the morphology
of the precipitates. Whereas the undoped samples exhibit needle-shaped precipitates that evolve into
spheroidal ones between 4 and 6 h aging, the Bi-doped samples contain only needle-shaped ones.
This can be explained by coherent interfaces existing between the PbTe-matrix and Ag,Te-precipitates
due to small lattice mismatch [25]. The degree of coherency decreases during precipitate growth [27];
however, Bi-additions preserve high degree of coherency, possibly due to interfacial segregation,
as observed in a different PbTe-based system [34].

4.2. Electronic Transport Properties

In this section we will explain the complicated behavior shown in Figure 4, starting from the
Bi-free materials. Generally, all samples exhibit an inverse relation between o and IS/, that is, as one
increases the other one decreases with dopant concentration, which is expected [29]. Most samples,
however, exhibit increase of o and decrease of |S| with increasing temperature. This is opposite to the
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behavior observed for heavily-doped semiconductors [29], which is associated to the fact that charge
carrier activation occurs from the Fermi level to higher energy states in the conduction band. Rather,
these trends are often observed for intrinsic or lightly-doped semiconductors, where such behavior
originates from the thermal activation of charge carriers across the band gap. This is, however, not the
case here. Our explanation for this trend is based on the increase of Ag solubility limit in PbTe with
increasing temperature, which leads to dissolution of Ag,Te-precipitates and increase of the extrinsic
charge carrier concentration with increasing temperature [24]; this raises the Fermi energy to levels
closer to the conduction band.

It should be noted that Ag is an n-type dopant in Ag-saturated PbTe due to formation of interstitial
Ag defects [24], therefore yields negative S-values, whereas for low concentrations Ag atoms act as
acceptors. During aging, nucleation and growth of the Ag,Te-phase take place, and Ag-atoms are
consumed and depleted from the PbTe-matrix. Therefore, S-coefficients become less negative with
increasing aging time, Figure 4b. Interestingly, the Bi-free sample aged for 48 h shows very low
electrical conductivity, and its S-coefficient is positive and changes its sign to negative upon heating,
implying a transition from p-type to n-type behavior. This can be explained considering that after
48 h aging the volume fraction of AgyTe is the greatest, so that the amount of Ag-atoms dissolved
in the PbTe-matrix is the smallest. This is because Ag,Te precipitates act as p-type dopants in PbTe,
in analogy with Na,Te and K;Te, where Na* or K* substitute for Pb*? [23]. Ca. 1% solubility of
Ag,Te in PbTe apparently results in compensated defects and very low concentration of extrinsic
charge carriers (<10'® cm~3), possibly since half of the Ag atoms occupying interstitial sites donate
one electron compensating for the remaining Ag substituting for Pb. The occurrence of Ag as both
an n- and a p-type dopant has been reported previously [35]. Overall, Ag-solubility increases with
temperature so that |S| is decreasing with temperature for all cases. Moreover, Ag,Te-precipitates
dissolve at temperatures as high as 450 °C, which is manifested by convergence of all curves at this
temperature for both Bi-alloyed and Bi-free compounds, Figure 4b.

The behavior of the Bi-alloyed compound is easier to comprehend, since Bi-dopants serve
always as donors in PbTe. The as-quenched Bi-alloyed sample exhibits decreasing o- values with
growing temperatures starting from ca. 750 S-cm~! at room temperature. This behavior can be
explained as follows. At the beginning of the measurement cycle Bi atoms, acting as electron donors,
are homogeneously dispersed in the matrix that contains very few Ag,Te-precipitates per unit volume.
During SBA analysis the temperature reaches 700 °C, followed by slow cooling. We hypothesize that
Bi-atoms prefer to segregate to the interface between the PbTe-matrix and the Ag,Te-precipitates to
reduce the total interfacial free energy. Once Bi-atoms segregate to these interfaces, their concentration
in the PbTe-matrix decrease. The electrical conductivity of the ‘0 h” sample is relatively high and keeps
decreasing with temperature since the PbTe-matrix is sufficiently enriched by Bi. The samples aged for
6 h and more contain less Bi-atoms dissolved in the PbTe-matrix, so that their electrical conductivities
are smaller than that of the ‘0 h’ one, and they behave as in the non-degenerate limit, Figure 4a.
This also explains why S-values become more negative with aging time. We note that this suggested
mechanism relies on the scenario of interfacial segregation of Bi-atoms to the PbTe/Ag,Te interfaces.
To the best of our knowledge, this has not been reported in literature, however was validated by us
from first-principles [36].

4.3. Thermal Transport Properties

Figure 5 shows an interesting behavior, in which the Bi-free compounds exhibit the lowest x;
values for 6 h aging, whereas 48 h aging leads to maximum «; values. Conversely, the Bi-alloyed
compounds exhibit x; values with increasing order of their aging times. This can be elucidated
considering the role of Ag,Te-precipitates in phonon scattering. The Bi-free samples exhibit decrease
in x;-values with aging time from the as quenched state up to 6 h due to the significant increase of Ny
to values as large as 2.7 x 10?2 m~3; such Ny-value was found to be adequately high to initiate phonon
scattering with sufficient intensity to reduce thermal conductivity by tens percent [32]. Conversely,
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x;-values increase from 6 h aging up to 48 h aging, which seems to deviate from the trend introduced
before. This is explained by the role of the degree of matrix supersaturation in scattering phonons,
as utilized by us previously [28,37]. The as-quenched sample comprises non-equilibrium, strained,
and super-saturated PbTe solid solution that relaxes upon aging. For the as-quenched state, this is the
dominating mechanism for phonon scattering. With growing aging time, the matrix strains relieve,
however Ny increases. For longer aging times, N, decreases due to coarsening with simultaneous strain
relief; therefore, the lattice thermal conductivity grows to values even larger than for the as-quenched
state. The interplay between these competing factors determine the temporal evolution of x; shown in
Figure 5a. For comparison, the trends shown in Figure 5b for the Bi-alloyed samples are somewhat
different: x;-values keep increasing with aging time. This is because the Ny-values of these samples
are too low, so that precipitates do not play any significant role in phonon scattering. Instead, matrix
relaxation remains the only mechanism, and this yields continuous increase of x; with aging time.
To demonstrate the significant influence of precipitates having the same Ny-values as in Figure 3 on x;,
we calculate x;(T) for 10 nm radius precipitates dispersed in PbTe-matrix having different Ny-values
applying the Callaway model with parameters that are conventional for PbTe-matrix [32,33], and the
results are shown in Figure 6.

0 100 200 300 400 500 600 700

Lattice thermal conductivity, «, (W-m'K")

Temperature (°C)

Figure 6. The temperature dependent lattice thermal conductivity values calculated based on the
Callaway model for PbTe-matrix containing precipitates of 10 nm radius and three different number
densities: Ny = 107, 1019, and 102° m—3, denoted by blue solid, black dashed, and red dotted
lines, respectively.

It is indicated that «; is sensitive to precipitate number density variations in the range simulated,
which corroborates our analysis.

4.4. Thermoelectric Performance

We examine the effects of aging and microstructure evolution on the TE figure of merit, ZT.
Figure 7 shows the temperature dependent ZT-values calculated for the HP series of both Bi-alloyed
and Bi-free materials, together with selected values reported in literature for other n-type PbTe.

Interestingly, it is indicated that ZT is extremely sensitive to microstructure evolution for the
Bi-free compounds, and is almost insensitive to it for the Bi-alloyed ones. Additionally, the Bi-free
ones exhibit maximum ZT-values that are greater than those of the Bi-alloyed ones. Most importantly,
ZT significantly improves due to 6 h aging with respect to the raw material (as-quenched), which is
associated to the decrease of x; thanks to precipitation of the Ag,Te-phase. The maximum ZT value
obtained is ca. 1.4 at 450 °C, which is one of the largest ones reported for n-type PbTe [38-43].
Subsequent aging for 48 h results in drastic decrease of ZT for the undoped specimens, whereas
that of the Bi-doped specimen only slightly decreases. This can be explained by coarsening process
taking place in the undoped specimen after 48 h aging, Figures 2 and 3, which increases lattice
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thermal conductivity and reduces electrical conductivity. Furthermore, Bi alloying suppresses the
microstructure evolution and reduces the Ny-values, Figure 2, which leads to only a slight reduction
of ZT after 6 and 48 h aging. This clarifies the positive effects of Bi in stabilizing the material’s
microstructure against evolution, and thereby in preventing deterioration of TE performance. All of
the above imply that good control and understanding of the evolved microstructure help us to employ
two-phase materials for TE applications.
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Figure 7. The temperature dependent thermoelectric figure of merit, ZT, evaluated for the hot-pressed
(HP) series of specimens aged at 380 °C for 0 (diamonds), 6 (squares), and 48 h (stars) for the Bi-free
(blue symbols) and Bi-alloyed (red symbols) materials. Selected data for n-type PbTe from literature
are plotted for comparison.

5. Summary and Conclusions

Our investigation of Ag,Te precipitation in undoped and Bi-doped (PbTe); _(AgyTe)x compounds
includes materials synthesis in two different routes, namely casting and hot-pressing, aging heat
treatments, microstructure characterization, and TE property measurements. It was found that
Ag,Te-precipitate number density can be controlled by changing the average composition as well as
heat treatment temperature and duration. A maximum precipitate number density value as high as
2.7 x 10?Y m~3 was achieved for the Bi-free compounds after 6 h aging at 380 °C, yielding ZT = 1.4 at
450 °C. This is one on the largest values reported for n-type PbTe compounds, and is associated
to improved phonon scattering efficiency. Subsequent aging results in precipitate coarsening,
which causes drastic increase of thermal conductivity and decrease of electrical conductivity. This is
associated to a reduction of phonon scattering efficiency by both precipitates and matrix strains, as
well as depletion of Ag-solutes from the PbTe-matrix. Interestingly, Bi-doping results in stagnation of
microstructure evolution, maintaining thermally stable TE performance. Overall, this study provides
us with fundamental understanding and practical tools necessary to design TE properties in PbTe-based
compounds as well as in other two-phase systems.
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