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Abstract

Thermoelectric materials are game-changers, that have the ability to transform waste heat into electrical energy, making them a
potential renewable energy solution to reduce reliance on fossil fuels. The standard metric for evaluating thermoelectric materials is
the dimensionless figure of merit, ZT', which is markedly influenced by lattice thermal conductivity («;). Higher thermal transport
through the lattice lowers the ZT value, reducing the material’s efficiency. Therefore, finding ways to decrease «; is critical for
boosting thermoelectric performance. In our research, we explored an innovative approach by applying a quenching technique
using liquid silicon to reduce thermal conductivity («7) due to lattice vibrations. We compared the lattice conductivity («;) of
materials with and without this liquid silicon quenching process. The results were striking: at 300 K, quenching lowers the lattice
thermal conductivity by about 40.1%, and at 800 K, it is still reduced by roughly 24.7 % compared with pristine PbTe. Even more
impressive, when compared to non-quenched (PbTe)g.95 — (PbS)g.05 alloys, at 300 K, the silicon-quenched sample attains an
additional «; reduction of roughly 16.1%, while at 800 K the extra decrease is about 13.0 %. These findings highlight that liquid silicon
quenching is a highly effective method for lowering «; of PbTe thermoelectric materials. This approach paves the way for developing
next-generation thermoelectric materials that are more efficient, particularly for eco-friendly waste heat recovery applications. Our
work opens new possibilities for sustainable energy innovation.
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1. INTRODUCTION

The worldwide energy crisis and environmental issues caused
by using fossil fuels have accelerated efforts to discover sustain-
able methods for energy harvesting and conversion (Xiao and
Zhao, 2018; Hanus et al., 2019; Parashchuk et al., 2021; Bell,
2008; Snyder and Toberer, 2008). This growing energy crisis
and environmental pressures from fossil fuel consumption have
intensified global efforts toward sustainable energy alternatives,
with fossil fuel availability declining and making the transition
to alternative energy sources increasingly urgent (Widianingsih
et al., 2024; Jahiding et al., 2024; Telussa et al., 2022). With
increasing recognition that energy transition towards renewable
and low-carbon fuels is imperative (Rohendi et al., 2024), ther-
moelectric materials are game-changers, capable of harnessing
waste heat to produce electricity. It makes them a potential

renewable energy solution to reduce reliance on fossil fuels.
Thermoelectric (TE) materials have become a focal point of
research because they provide a solid state means of harvesting
waste heat and converting it directly into electricity-without
any moving parts-thus offering a practical route to enhance
energy efficiency across a wide range of industrial processes
(Ginting et al., 2019; Romero et al., 2015; Tan et al., 2016;
Zebarjadi et al., 2012).

Thermoelectric performance is typically evaluated using
the dimensionless figure of merit, ZT', as shown in Equation

(1).

3 S26T
=

ZT

0Y)

Here, S represents the Seebeck coeflicient, o denotes elec-
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trical conductivity, 7' stands for temperature, and «7 (total
thermal conductivity) indicates the combined thermal con-
ductivity, which includes both electronic («,) and lattice («;)
components. (Ginting et al., 2016; Petsagkourakis et al., 2018;
Zhu et al., 2017; Mao et al., 2020).

Thermoelectric devices operating on the principle of ther-
mopower, generating a voltage differential in response to a
temperature gradient. The efficiency of these devices is funda-
mentally limited by the interdependence of transport param-
eters. It is challenging to simultaneously optimize electrical
conductivity and Seebeck coeflicient while minimizing ther-
mal conductivity (Pei et al., 2012; Gayner and Kar, 2016;
Zhang and Zhao, 2015). Among various strategies to enhance
ZT, reducing (k;) has proven particularly effective. It can be
independently modified without significantly compromising
electron transport properties (Zhang and Zhao, 2015; Li et al.,
2020; Zhao et al., 2016). This is especially important because
(k) is typically the primary contributor to thermal conductiv-
ity in semiconducting thermoelectric materials (He and Tritt,
2017; Yang et al., 2022).

PbTe has become a preferred thermoelectric material for
applications in the 500-850 K range due to its favorable elec-
tronic band structure for charge transport and its inherently low
total thermal conductivity (k7) (Pei et al., 2011; Biswas et al.,
2012; Dughaish, 2002; Heremans et al., 2008). As reported by
Chen Chen et al. (2018) and further supported by Delaire et al.
(2011), the cubic rock-salt structure of PbTe, combined with
its heavy constituent elements and strong anharmonicity, con-
tributes to its relatively low lattice thermal conductivity («;) of
approximately 2.2 W/mK at room temperature. Researchers
have explored various strategies to further reduce «; in PbTe,
including alloying, nanostructuring, and forming composite
systems with other materials.

Among these various approaches, the binary PbTe-PbS
system has demonstrated exceptional potential. The excellence
of this system is primarily attributed to the combined effects
of alloying-induced scattering and nanoscale structuring that
emerge from phase separation processes. This phenomenon
has been verified through a series of comprehensive studies
conducted by various research groups (Lee et al., 2013; Johnsen
et al., 2011; Ginting et al., 2016, 2019; Samanta et al., 2018;
Girard et al., 2021).

The PbTe-PbS binary system demonstrates exceptionally
low total thermal conductivity (k7), driven by the synergistic
effects of alloying and nanoscale structuring (Lee et al., 2018;
Wu et al., 2015). The limited solubility of PbS within PbTe
induces the formation of nanoscale precipitates during care-
fully controlled cooling processes. These precipitates intro-
duce additional interfaces that effectively scatter phonons while
preserving the electronic transport properties of the matrix
(Johnsen et al., 2011; Yamini et al., 2014). Building on this,
Ginting and colleagues investigated quaternary PbTe—PbSe—
PbS systems and found that incorporating a small PbS fraction
(< 0.07) leads to the formation of nanoprecipitates within the
matrix. This microstructural modification significantly reduces
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lattice-based thermal conductivity (k;) without compromising
the desirable electronic characteristics of the material (Ginting
etal., 2016, 2019; Wang et al., 2019).

Quenching techniques have become an extremely effective
method for tailoring the microstructure and thermal properties
of thermoelectric materials (Zhao et al., 2014a; Wu et al., 2014;
Tian et al., 2012; Nielsen et al., 2018). By rapidly cooling the
material, quenching locks in high-temperature phase arrange-
ments. In addition, it prevents the formation of equilibrium
segregations and producing metastable microstructures that en-
hance phonon scattering. Research has shown that defects and
strain fields introduced during quenching can significantly lower
k; by increasing phonon scattering while largely preserving the
material’s electrical transport properties (Wu et al., 2014; Kor-
rapati et al., 2022). This strategy has proven successful across
various thermoelectric systems, particularly in PbTe-based ma-
terials. PbTe-based materials were effective where quench-
ing has led to enhanced thermoelectric performance through
carefully optimized microstructural characteristics (Zhao et al.,
2014b, 2021; Yang et al., 2020).

In our research, we investigate the effect of quenching using
liquid silicon on the lattice thermal conductivity («;) and ther-
moelectric properties of (PbTe)g.95 — (PbS)g.05 compounds.
Liquid silicon, with its distinct atomic size and electronic char-
acteristics compared to the host material, is expected to induce
significant local strain fields and point defects when introduced
through rapid quenching. This rapid quenching process poten-
tially enhances phonon scattering without adversely affecting
electronic transport (Fu et al., 2021; Liu et al., 2022). Our find-
ings demonstrate that this approach offers a promising route
to more effectively optimize the thermoelectric performance
of PbTe-based materials through strategic microstructural en-
gineering. The results reveal that quenching with liquid sil-
icon significantly reduces lattice thermal conductivity in the
composite material-by 40.07 % at room temperature (300 K)
and 24.72 % at high temperature (800 K), compared to pris-
tine PbTe. Furthermore, when compared to non-quenched
(PbTe)g.95 — (PbS)g.05, the liquid silicon-quenched samples
exhibit additional reductions of 16.18% at 300 K and 12.99% at
800 K. This phenomenon highlights the effectiveness of liquid
silicon quenching in enhancing phonon scattering across the
operational temperature range of these thermoelectric materi-
als.

2. EXPERIMENTAL SECTION

2.1 Materials

Lead, sulfur, tellurium, and sodium with 5 N (99.999%) pu-
rity, each procured from Sigma-Aldrich, were used as starting
reagents for the synthesis.

2.2 Methods

The synthesis of (PbTe)g.95 — (PbS)g.05 compounds was con-
ducted using a systematic three-step methodology designed to
prevent volatile element loss and achieve compositional unifor-
mity. This approach encompasses precursor preparation, con-
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trolled alloy formation, and consolidation through hot-press
sintering:

2.2.1 Step 1 — Preparation of PbS Precursors

Ultra-pure lead (Pb) and sulfur (S) (Sigma-Aldrich, 99.999%
purity) were portioned in a 1:1 stoichiometric ratio to syn-
thesize PbS. The elemental mixture was sealed in evacuated
quartz ampoules (<107* torr), then heated to 1150°C for 10
hours to ensure complete reaction (Ginting et al., 2016, 2019).
This vacuum environment prevents oxidation and minimizes
sulfur volatilization, yielding homogeneous PbS ingots after
furnace cooling.

2.2.2 Step 2 — Synthesis of Target Compositions

Te (99.999%), and Na (99.999%). All supplied by Sigma-
Aldrich at ultra-high purity grades is to form Na-doped com-
positions with actual sloichiomelry of Pb()igg-;Na().()QTe(].g_;S().(){,,
referred to as (PbTe)g.95 — (PbS)q.05 for simplicity. Sodium
incorporation at Pb sites generates acceptor states that en-
hance hole concentration while maintaining structural stability
(Yamini et al., 2014; Ginting et al., 2019). The powder mixture
was vacuum-sealed (< 1074 torr) and melted at 1100°C for
10 hours to ensure complete homogenization.

2.2.3 Step 3 — Quenching and Consolidation

Following synthesis, samples underwent distinct cooling proto-
cols. One group of (PbTe)g.95 — (PbS)g.05 samples was rapidly
cooled by quenching in liquid silicon. Whereas the control
samples, consisting of pristine PbTe and a separate group of
(PbTe)g.95 — (PbS)q.05, were allowed to cool slowly to ambient
temperature without any quenching. Following quenching, the
specimens underwent a 72-hour annealing treatment at 500°C
to alleviate thermal stress and attain microstructural equilib-
rium (Ginting et al., 2019, 2016). All ingots were manually
ground to fine powders and consolidated via pressure-assisted
sintering using graphite dies (diameter: 12.7 mm) at 500°C
under 40 MPa uniaxial load for 1 hour in vacuum atmosphere
(Ginting et al., 2019).

2.8 Sample Analysis

For phase and structural analysis, powder X-ray diffraction
(XRD) patterns were collected using a D8 Advance instrument
from Bruker (AXS GmbH, Karlsruhe, Germany). Measure-
ments were performed with Cu Ka radiation (1 = 1.5406 A),
with the X-ray tube operated at 40 kV and 40 mA. For detailed
nanoscale morphological analysis, high-resolution transmission
electron microscopy (HRTEM) was carried out using a JEOL
2100F field-emission microscope (JEOL Ltd., Tokyo, Japan),
operated at an acceleration voltage of 200 kV with a point reso-
lution of 0.19 nm. Sample preparation involved precision ion
milling using a Nova 600 NanoLab focused ion beam (FIB)
system (FEI Company, Hillsboro, OR, USA) with a Ga* ion
source, operating at acceleration voltages ranging from 5 to
30 kV to achieve optimal surface quality for imaging. The total
thermal conductivity (k7) was calculated using Equation (2):

© 2025 The Authors.
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KT = P/lcp (2)

where these parameters correspond to the sample’s density
(p), thermal diffusivity (1), and specific heat capacity (Cy), re-
spectively. The density of each specimen was determined using
the Archimedes principle via liquid displacement methodology.
Thermal diffusivity measurements were conducted using a laser
flash apparatus (model LFA-447, NETZSCH, Germany) un-
der controlled temperature conditions. Specific heat capacity
was estimated using the classical Dulong—Petit approximation,
which provides reliable values for solid crystalline materials
within the temperature range investigated.

3. RESULTS AND DISCUSSION

3.1 Phase Identification and Structural Characterization
Figure 1 presents the XRD patterns of pristine PbTe, along
with the alloy of composition (PbTe)g 95 — (PbS)g.95 in both
non-quenched and Si-quenched states. The diffraction data in-
dicate that all specimens retain the characteristic face-centered
cubic (FCC) rock-salt structure (NaCl-type) typical of lead
chalcogenides, with prominent reflections indexed to the (111),
(200), (220), (811), (222), (400), (402), and (422) crystallo-
graphic planes. The (200) reflection at approximately 27.5°
appears as the dominant peak in all samples, confirming the
preservation of the fundamental PbTe crystal structure despite
compositional modification and variations in the cooling pro-
tocol.
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Figure 1. X-ray Diffraction (XRD) Profiles for Pristine PbTe,
Non-Quenched (PbTe)g 95 — (PbS).05, and
Silicon-Quenched (PbTe)g.95 — (PbS)g.05 Samples

Detailed examination of the diffraction patterns highlights
several notable distinctions between samples. The pristine
PbTe exhibits particularly sharp diffraction peaks, indicating
excellent crystallinity with minimal lattice defects or strain.
When comparing the non-quenched (PbTe)q .95 — (PbS)g.05

Page 1089 of 1095



Ginting et. al.

composite to pristine PbTe, we observe slight peak position
shifts attributable to lattice parameter adjustments resulting
from partial substitution of Te?" ions (ionic radius 2.21 A)
with smaller S$2” ions (ionic radius 1.84 A). This substitutional
effect generates modest lattice contraction while maintaining
the parent rock-salt structure, confirming successful formation
of a PbTe-PbS solid solution.

The silicon-quenched (PbTe)g.95 — (PbS)g.05 sample dis-
plays distinctive features compared to its conventionally cooled
counterpart. Most significantly, its diffraction peaks exhibit
moderate broadening, particularly evident in the (200), (220),
and (400) reflections. This broadening phenomenon stems
predominantly from two mechanisms. First, the rapid cooling
during liquid silicon quenching introduces substantial micros-
train into the crystal lattice through the formation of point
defects, dislocations, and other structural imperfections. Sec-
ond, the accelerated cooling inherently restricts grain growth,
potentially yielding reduced crystallite dimensions compared
to slowly cooled specimens (Biswas et al., 2012; Zhao et al.,
2014b). The combined effect creates enhanced phonon scat-
tering centers within the material matrix while preserving the
fundamental crystal structure.

3.2 TEM Characterization of Silicon-Quenched (PbTe)g 95—
(PbS)0.05

Figure 2 presents the TEM characterization of silicon-quenched
(PbTe)g.95 — (PbS)g.05. Low magnified TEM image TEM im-
age (Figure 2a) reveals crystalline regions with visible lattice
fringes alongside areas of varying contrast. This indicates strain
fields and structural defects induced by rapid silicon quenching.
These nanoscale features include localized lattice distortions
and potential nanoprecipitates at interfaces, which serve as
effective phonon scattering centers.

The corresponding Fast Fourier Transform pattern (Figure
2b) confirms the material’s predominantly single-crystalline
nature with a face-centered cubic structure, consistent with the
XRD-identified rock-salt phase. However, subtle spot elonga-
tion and diffuse scattering between primary diffraction points
indicate the presence of lattice strain and potential short-range
ordering introduced during the quenching process. The TEM
analysis reveals that silicon quenching induces a hierarchical
range of structural modifications—from atomic-scale defects to
nanoscale interfaces—while preserving the fundamental crys-
tal structure. These multiscale features collectively enhance
phonon scattering across a broad spectrum of vibrational fre-
quencies. This mechanism accounts for the significant reduc-
tion in k; observed in the silicon-quenched samples compared
to both pristine PbTe and conventionally cooled composites.

8.8 Thermal Conductivity (x7) as a Function of Tempera-
ture

Figure 3 presents the dependence of total thermal conductivity

(x7) on temperature for the three investigated samples: pristine

PbTe, as well as the non-quenched and Si-quenched states of

the (PbTe)q.95(PbS)g.05 alloy. All samples exhibit a decreasing

© 2025 The Authors.
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trend in k7 with increasing temperature, which is consistent
with enhanced phonon—phonon Umklapp scattering processes
typical of crystalline semiconductors (Tian et al., 2012).

Figure 3 demonstrates that, over the 300-800 K range,
pristine PbTe exhibits greater «7 than its (PbTe) . 95-(PbS) .05
counterpart in both untreated and liquid silicon quenched states.
At 800 K, pristine PbTe exhibits 7 of roughly 4.8 Wm™ K1,
which declines to about 1.8 Wm™'K-! at 800 K, consistent
with established literature values for single-phase lead telluride
(Pei et al., 2011). At 300 K, the non-quenched (PbTe)( 95—
(PbS) .05 composite shows a total thermal conductivity of
roughly 8.5 Wm™' K-!, which decreases to about 1.2 Wm™K-!
at 800 K. Liquid silicon quenching of the (PbTe) 95(PbS).05
alloy yields the largest drop in overall k7, reaching 8.1 Wm™K-!
at 800 K and declining further to 1.1 Wm™K-! at 800 K. This
represents reductions of 40.07% at 300 K and 24.72% at 800 K
compared to pristine PbTe, as well as further reductions of
16.13% at 300 K and 12.99% at 800 K relative to the non-
quenched composite. The decrease in k7 is ascribed to mul-
tiple phonon-scattering processes, including enhanced point
defect scattering, strain fields, and potential nanoprecipitates
formed during rapid cooling (Biswas et al., 2012; Zhao et al.,
2014a).

To better understand the significance of our x7 reduction,
Table 1 presents a comprehensive comparison of k7 values for
our materials alongside other representative chalcogenide ther-
moelectric materials. The comparison reveals the progressive
improvement achieved through our processing approach, start-
ing from pristine PbTe (4.28 Wm™'K"! at 300 K), followed by
the non-quenched composite (8.50 Wm™'K-1), and finally our
silicon-quenched material (3.12 Wm™'K). When positioned
within the broader chalcogenide family, our material demon-
strates competitive performance while maintaining superior
temperature stability. While Se-based SnSe exhibits the lowest
kp (0.70 Wm™ K1 at 800 K), and S-based SnS shows values
of 1.86 Wm™'K-!, our PbTe-based system offers advantages
in terms of processing scalability and mid-temperature oper-
ational stability. Notably, our material demonstrates superior
temperature behavior compared to Te-based BigTeg, which
shows an unfavorable increase from 1.58 to 2.76 Wm™!K"!
with increasing temperature. This comparison validates the
effectiveness of our silicon quenching approach in optimizing
thermal transport properties within the PbTe system while po-
sitioning our material competitively within the chalcogenide
thermoelectric materials landscape.

As the temperature approaches 800 K, 7 values for all
compositions converge, indicating that lattice Umklapp scat-
tering becomes the dominant heat transfer mechanism in this
high-temperature regime. This effect increasingly overshadows
the influence of microstructural changes resulting from com-
positional adjustments and quenching processes. Nevertheless,
the silicon-quenched sample maintains the lowest x7 through-
out the entire temperature range relevant for mid-temperature
thermoelectric applications, highlighting the effectiveness of
liquid silicon quenching as a processing strategy for reducing
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Figure 2. Transmission Electron Microscopy Analysis of Silicon-Quenched (PbTe)g 95 — (PbS)g.05: () Low Magnified TEM

Image (b) Corresponding Fast Fourier Transform (FFT)

Table 1. Comparative Analysis of Overall (k1) among Various Chalcogenide Thermoelectric Materials.

kr (Wm™T K1) at

k7 (Wm~T K1) at

Chalcogenide Type Material System 300 K High Temperature Ref
Pb-based PbTe 4.28 1.32 This Work
(PbTe)o.95—
Pb-based (PbS) .05 3.50 1.27 This Work
(non-quenched)
(PbTe)o.95—
Pb-based (PbS) .05 3.12 1.18 This Work
(Si-quenched)
S-based Chalcogenides SnS 1.36 0.86 (754 K) (Sasidharan et al., 2025)
Se-based Chalcogenides SnSe (b-axis) 0.70 0.34 (937 K) (Zhao et al., 2014a)
Te-based Chalcogenides BigTeg 1.58 2.76 (5620 K) (Han et al., 2017)

k7 in PbTe (Ginting et al., 2019).

The k7 comprises both the lattice (phonon) and electronic
contributions. To isolate «;, we calculated the electronic ther-
mal conductivity (x,) using the Wiedemann—Franz relation-
ship, expressed as x, = LoT, where o represents electrical
conductivity, T is the absolute temperature, and L is the Lorenz
number. Under the assumption of a parabolic band structure
with acoustic phonon scattering, the Lorenz number was deter-
mined using established methods outlined in prior studies (Kim
etal., 2014; Lee et al., 2015), as shown in Equation (3).

]

The scattering parameter () governs the nature of carrier

E
scattering, while the reduced Fermi energy, n = ﬁ, repre-
B

(r + %) Fri59(1) ) (f + %) Fragy(m) :

(r+ ‘%) Fri1/2(n) (r"‘ %) Fr1y2(n)

© 2025 The Authors.

sents the Fermi energy (Er) normalized by the product of the
Boltzmann constant (kg) and absolute temperature (7). The
n-order Fermi integral, denoted as F,(n), is defined by the
standard expression used in semiconductor physics to describe
carrier statistics, given in Equation (4) (Kim et al., 2014; Lee

etal., 2015):

Fo(n) = /0 AN 4)

1+evn

For acoustic phonon scattering, the carrier scattering expo-
nent is fixed at r = —%. The reduced Fermi level (77) is then
extracted by fitting the measured Seebeck coeflicient to the
transport model outlined by Kim et al. (2014) and Lee et al.
(2015), as summarized in Equation (5).
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Figure 3. Total Thermal Conductivity ((k7)) as a Function of
Temperature for Pristine PbTe, Non-Quenched
(PbTe)g.95 — (PbS)g.05, and Silicon-Quenched

(PbTe)g.95 — (PbS)g.05 Over the Temperature Range of 300
K to 800 K
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Figure 4 presents the dependence of k; on temperature for
pristine PbTe, non-quenched and silicon-quenched (PbTe)g. 95
(PbS)g.05, which were obtained by subtracting the electronic
contribution from «7 using the calculated Lorenz numbers.
The lattice thermal conductivity exhibits a significant reduction
across samples and decreases with increasing temperature for
all materials, following the expected 7! relationship typical
of phonon-phonon Umklapp scattering in crystalline solids.

For the undoped (pristine) PbTe sample-the one with the
greatest &;-it is roughly 2.8 Wm™'K™! at 800 K and gradually
declines to about 0.9 Wm~'K~! by 800 K. At 800 K, the non-
quenched composite containing 5 mol% PbS exhibits a lattice
thermal conductivity of roughly 2.0 Wm~!'K~!, whereas at
800 K the value declines to about 0.75 Wm~1K™'. At 300 K,
the reduction is about 28.6%, whereas at 800 K it is roughly
16.7% relative to pristine PbTe, primarily attributed to point
defect scattering arising from mass and size differences between
S and Te atoms in the crystal lattice.

Figure 4 illustrates that the silicon-quenched (PbTe)g g5
— (PbS)¢.05 exhibits the lowest lattice thermal conductivity,
k], compared to both pristine PbTe and the non-quenched
(PbTe)g.95 — (PbS)g.05. Specifically, at 300 K, its k; is roughly
1.7 Wm™'K~!, dropping to about 0.65 Wm~'K~! at 800 K.
This corresponds to a 89.3% decrease at 300 K, whereas at
800 K the reduction is roughly 27.8% compared to pristine

© 2025 The Authors.
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Figure 4. Variation of Lattice Thermal Conductivity ((«z))

with Temperature for Pristine PbTe, Non-Quenched

(PbTe)g.95 — (PbS)g.05, and Silicon-Quenched

(PbTe)o.95 — (PbS)o.05 Alloys

PbTe. More importantly, when compared to the non-quenched
(PbTe)g.95 — (PbS)q.05 composite, the silicon-quenched sam-
ple shows further reductions of 15.0% at 300 K and 13.3% at
800 K. This demonstrates the additional phonon scattering
mechanisms introduced by the silicon quenching process.

The enhanced phonon scattering in the silicon-quenched
sample can be attributed to several mechanisms observed in
microstructural analysis. First, the rapid cooling during silicon
quenching generates a higher concentration of point defects.
It includes vacancies and interstitial defects, which effectively
scatter high-frequency phonons. Second, the strain fields and
lattice distortions evident in the TEM analysis create local-
ized variations in atomic spacing that scatter mid-frequency
phonons. Finally, potential nanoprecipitates and interfaces
formed during the quenching process provide barriers for long-
wavelength, low-frequency phonons.

It is important that the relative difference in x; between the
samples persists across the entire temperature range, although
it slightly diminishes at higher temperatures. This observa-
tion suggests that intrinsic phonon-phonon Umklapp scatter-
ing becomes increasingly dominant at elevated temperatures.
Meanwhile, the additional scattering mechanisms introduced
by composition modification and quenching continue to play a
significant role in reducing phonon transport throughout the
temperature range relevant for thermoelectric applications.

The exceptionally low «; achieved in the silicon-quenched
(PbTe)g.95 — (PbS)q.05 samples, particularly at operating tem-
peratures for thermoelectric devices (500-800 K), highlights
the effectiveness of liquid silicon quenching as a processing
strategy for optimizing the thermal transport properties of
PbTe-based thermoelectric materials.
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4. CONCLUSIONS

In this study, we examine how silicon quenching treatment
modifies the lattice thermal conductivity («;) of the (PbTe)q 95—
(PbS).05 solid solution. A comprehensive analysis of the struc-
tural, microstructural, and thermal transport properties has
yielded several significant findings with important implica-
tions for thermoelectric materials development. Our thermal
transport measurements and analysis demonstrated that silicon
quenching substantially reduces «; of (PbTe)g.95 — (PbS)g.05.
The silicon-quenched (PbTe)g 95 — (PbS)g.05 samples demon-
strated significantly lower k;, with values of 1.7 Wm™1K™!
at room temperature (300 K) and 0.65 Wm™'K™! at high
temperature (800 K). These figures reflect notable reductions
of 40.07% at 300 K and 24.47% at 800 K compared to pris-
tine PbTe. Additionally, reductions of 16.13% at 300 K and
12.99% at 800 K were observed relative to the non-quenched
(PbTe)g.95 — (PbS)(.05 composite. This substantial decrease
in k; results from a combination of phonon scattering mecha-
nisms caused by the silicon quenching process. These include
increased point defect scattering, strain field effects, and scatter-
ing at interfaces. The findings highlight silicon quenching as a
highly effective method for lowering «; in PbTe-based thermo-
electric materials while maintaining their electronic transport
properties. This technique provides a valuable approach for
enhancing the thermoelectric figure of merit (ZT') by selec-
tively optimizing thermal transport without adversely affecting
electrical properties.
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