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Thermoelectric technology, facilitating the direct
transduction of heat into electricity, represents a highly
promising sustainable solution to mitigate energy crisis
by harnessing waste heat without emissions. The
conversion efficiency is quantified by the dimensionless
thermoelectric figure of merit, z7=5*7/p(xe+x.), which
depends on the Seebeck coefficient (S), the electrical
resistivity (p), the absolute temperature ( 7), as well as the
electronic (xg) and lattice (x1) contributions to the
thermal conductivity. Hence, considerable research efforts
have been directed toward improving z7 to realize higher
conversion efficiency.

Thermally, minimizing the x. is a universally
validated route for z7-enhancement [1]. This can be
achieved by  engineering  microstructure  with
multi-dimensional (D) defects, such as 0D point defects
[2-6], 1D dislocations [7-12] and 2D grain boundaries
[13-17], to enable selective phonon scattering across high-,
mid- and low-frequency ranges. Electrically, band
convergence provides an effective mechanism to decouple
the interrelationship between §$ and r, thereby enabling
substantial enhancement of the power factor (PF=%/r) in
numerous thermoelectric materials [18-26]. Note that
both the maximum PFand zT are accessible only within a
narrow optimal range of carrier concentration (n) [27]. It
underscores n-optimization as a cornerstone alongside

the proven strategies above for maximizing
thermoelectric performance [28-30].
Conventionally, the pursuit of the highest

performance demands intricate and precise chemical
tuning via heavy doping and alloying [31, 32]. While
proven effective across numerous materials, this paradigm
carries an inherent risk: driving materials toward
metastable states or phase boundaries [33-35]. This
instability may trigger unfavorable phase transformations
or detrimental second-phase formation, ultimately
degrading performance [36]. Therefore, developing
alternative pathways represents a critical imperative for
advancing thermoelectric materials.

Beyond thermoelectric performance, mechanical
robustness can be equally critical to ensure the structural
integrity and long-term reliability of devices [37]. As is
well recognized, high-performance inorganic
thermoelectric materials are inherently brittle, a
consequence of the dominant ionic and/or covalent

bonding in their atomic structures [38,39]. This
brittleness renders them susceptible to fracture during leg
segmentation and device operation, especially under high
thermal stresses or intense mechanical vibrations. These
limitations highlight the necessity of exceptional
mechanical strength and plastic strain to guarantee
structural integrity during manufacturing and operation.
Engineering microstructures with desired defects
[40-42] and specific textures [43] has emerged as a viable

pathway to optimize mechanical performance.
Nevertheless, a key challenge remains: developing a
technique capable of simultaneously engineering

multiscale microstructures to concurrently advance
thermoelectric and mechanical properties, moving beyond
the limitations of conventional chemical manipulation
alone.

Plastic deformation is a well-established technique
for microstructural control, offering a direct route to tailor
mechanical properties [44-46]. It has been developed as a
universal technique for scalable production of materials
with enhanced mechanical properties, extending its
applicability from conventional metals [47,48] to
functional materials like Bi,Tes-based thermoelectrics [49,
50], Ag.Se [51] and BiogsSbois [52]. The underlying
mechanism is crystallographic slip mediated by
dislocation motion, which enables the possibility of
concurrent introduction of vacancies, dislocations, grain
refinement, and texture by means of the controlled
adjustment of processing parameters. This orchestrated
defect ensemble would contribute to the n-optimization
via the vacancy [53] and «i-reduction by the
multiple-defect phonon scattering [54]. Therefore, the
plastic deformation offers a promising alternative to the
conventional chemical manipulation toward simultaneous
advancement of thermoelectric and mechanical properties
through integrated microstructure engineering.

Guided by these insights, this work aims to optimize
both thermoelectric and mechanical properties of binary
PbTe through microstructure engineering using hot
extrusion (Fig. 1a). The multiple defects of Te vacancies,
dislocations and grain refinement are concurrently
introduced (Fig. 1b), which collectively facilitate
broad-frequence phonon scattering and yield a
substantial reduction in lattice thermal conductivity (Fig.
1c). Simultaneously, the Te vacancy contribute to an
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increase in electron concentration, enabling a notable
enhancement in the power factor (Fig. 1d). The
synergistic optimization of thermal and electronic
performance achieves a superior peak z7 of ~1.3 at 800 K
in n-type binary PbTe, which corresponds to a conversion
efficiency of ~7.2% for a single-leg device under a
temperature gradient of ~500 K. Furthermore, the
hot-extruded PbTe with a preferred [100] orientation
exhibits substantially improved compressive strength and
plastic strain (Fig. 1e), originating from the contributions
of the multiple defects and crystallographic texturing,
respectively. These results robustly demonstrate the
efficacy of rational microstructural design via plastic
deformation for the simultaneous optimization of

thermoelectric and mechanical performance.
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Fig. 1. (a) Photographs of PbTe before and after hot
extrusion, (b) Schematic illustrating the microstructure
evolution of binary PbTe during hot extrusion, Temperature
dependent (c) lattice thermal conductivity, (d) Hall carrier
concentration and power factor, (e) Stress-strain curves for
pristine PbTe and hot-extruded ones with different preferred
orientations.

In this work, hot extrusion, a non-chemical means, is
employed to modulate the microstructure of binary PbTe
ingot. Detailed procedures for material synthesis, hot
extrusion, characterization, and transport property
measurements of both materials and devices are provided
in the Supplementary Information. PbTe ingots with 20
mm in dimeter and ~20 mm in height were used as the
starting materials (Fig. 1a). Schematic of the hot extrusion
setup is presented in Fig. S1. After hot extrusion, the
obtained sample displays a predominantly cylindrical
morphology with a diameter of 10 mm. Pellets were sliced
from the hot-extruded PbTe along the directions
perpendicular and parallel to that of extrusion, for
unveiling the influence of plastic deformation on
microstructure and resultant properties of binary PbTe.

X-ray diffraction (XRD) patterns for all the samples
are shown in Fig. S2. All diffraction peaks can be found to
well correspond to the cubic PbTe, indicating the single
phase. Moreover, distinct preferred crystallographic
orientations of (200) and (220) are evident in
hot-extruded PbTe sectioned perpendicular and parallel
to the extrusion direction, respectively. Quantitative
texture analysis, based on XRD results [55], yields
orientation factors of Fj100=0.82 and F110=0.62,
suggesting a strongly textured microstructure for the
hot-extruded PbTe. Furthermore, scanning electron
microscopy  (SEM)  observations and electron
back-scattering diffraction (EBSD) analysis are conducted

on pristine and hot-extruded PbTe to elucidate the
evolution of microstructure under extrusion processing.

Fig. 2. Electron back-scattering diffraction (EBSD) maps
with pole figures and inverse pole figures for (a) pristine PbTe
and hot-extruded PbTe sectioned (b) perpendicular and (c)
parallel to the extrusion direction. The statistics of the grain size
are shown in the inset. (d-f) Low-magnification resolution
scanning transmission electron microscopy (STEM) images, (g)
high-resolution TEM (HRTEM) image with an inset of
corresponding fast Fourier transform (FFT) pattern, (h) HRTEM
image showing details on dislocations and (i) the corresponding
strain mappings for the hot-extruded PbTe.

As shown in Fig. S3, the hot extrusion effectively
refines the crystalline grains in binary PbTe, as evidenced
by SEM images. Energy dispersive spectrometer (EDS)
analysis reveals the homogeneity of elemental
distributions, affirming the high purity of hot-extruded
PbTe. Moreover, the SEM images of the center and edge of
the extruded sample along the radial direction exhibit
similar grain refinement, which prove the high uniformity
of the microstructure and performance. This grain
refinement is further quantitatively supported by EBSD
maps, which documents a statistically significant
reduction in average grain size from ~31 mm to ~12 mm
(Fig. 2a-c). Additionally, the pole figure and inverse pole
figures for pristine PbTe (Fig. 2a) indicate random
crystallographic orientation, whereas the hot-extruded
samples exhibit strong preferential alignment along the
[100] (Fig. 2b) and [110] (Fig. 2c) directions in the
directions perpendicular and parallel to the extrusion,
respectively. These results align closely with the XRD data
and further corroborate the development of a pronounced
crystallographic texture.

Additionally, the evolution of low-angle grain



boundaries (LAGBs, 2°-10°) and high-angle grain
boundaries (HAGBs, >10°) before and after hot extrusion
was quantitatively analyzed based on the EBSD data (Fig.
S4a-c). The increased LAGB fraction after extrusion
indicates enhanced dynamic recovery and the formation
of abundant subgrain boundaries through dislocation
rearrangement. Concurrent dynamic recrystallization
further promotes grain refinement and the partial
transformation of LAGBs into HAGBs. Moreover, the
geometrically necessary dislocations (GND) density of the
extruded PbTe is significantly higher than that of the
pristine one, clearly demonstrating the successful
introduction of a dense dislocation network in PbTe
through the hot-extrusion process (Fig. S4d-f). The
resulting subgrain boundaries and dislocations provide
additional phonon-scattering sources, particularly for
low- and medium-frequency phonons, thereby
contributing to the reduced lattice thermal conductivity of
the extruded samples.

Atomic-scale microstructural analysis was further
performed via scanning transmission electron microscopy
(STEM), with representative results shown in Fig. 2d-f.
Fine grains with a size of ~100 nm are observed in Fig. 2d,
companied by dense dislocations located both at grain
boundaries (Fig. 2e) and within the grain interiors (Fig. 2f)
for hot-extruded PbTe. The liquid-phase compaction and
chemical manipulation have been proven to successfully
introduce dislocations in thermoelectric materials, but
these dislocations are predominantly confined either to
grain boundaries [9] or to grain interiors [11,12,56-58],
respectively. It is therefore believed that a higher density
of dislocations can be achieved in thermoelectric
materials through hot extrusion processing compared to
the reported strategies. Therefore, a substantial reduction
in lattice thermal conductivity is anticipated, arising from
the strong additional phonon scattering at refined grain
boundaries and by dense dislocations.

As shown in Fig. 2g, high-resolution TEM images,
along with the corresponding fast Fourier transform (FFT)
pattern, confirm that the matrix possesses a cubic PbTe
phase structure. Moreover, atomic-resolution TEM image
reveals a high density of dislocations, accompanied by
substantial lattice strain within hot-extruded PbTe (Fig.
2h), as further evidence by the strain field distribution
quantified through geometric phase analysis (GPA, Fig. 2i).
Given that both transport properties and mechanical
behavior are sensitive to microstructural features of
defects and texture, the observed structural evolution
underscores the necessity of evaluating the resulting
thermoelectric and mechanical performance.

The thermoelectric transport properties of pristine
and hot-extruded PbTe are measured, with the detailed
results shown in Fig. 1c-d and Fig. S5. Pristine PbTe
exhibits intrinsic semiconducting behavior, whereas the
hot-extruded samples possesses a substantially elevated
room-temperature Hall carrier concentration () of
~5x101% cm3, along with a negative sign (Fig. 1d),
indicating n-type conduction. This transition can be
reasonably understood by the Te deficiency introduced
during the extrusion process, as evidenced by electron
paramagnetic resonance (EPR) spectroscopy, which
reveals an increased concentration of Te vacancies (Fig.

S5a). The low formation energy for Te vacancy, as
theoretically calculated and shown in Fig. 3a, provides a
further support for its existence. Fig. S5b displays the
temperature dependence of Hall mobility (uu), which
follows a relationship of w~7T275. This scaling is
characteristic of n-type PbTe, where carrier scattering is
dominated by acoustic phonons, suggesting that the
mechanism of carrier scattering remains unaltered in the
hot-extruded PbTe.

Both electrical resistivity (Fig. S5c) and Seebeck
coefficient (Fig. S5d) of hot-extruded PbTe are found to
increase  with increasing temperature, showing
degenerate semiconducting behavior resulting from the
increased my. The negative sign of the Seebeck coefficient
further confirms n-type conduction. The increased my
thereby achieves a significant enhancement in the power
factor, reaching ~30 mW/cm-K2. Temperature dependent
total (x) and lattice (xi) thermal conductivities are shown
in Fig. S5e and Fig. 1d, respectively. The «i, is estimated by
subtracting the electronic thermal conductivity (xg),
calculated using the Wiedemann-Franz law (xg=LT7/p),
from the x, where the Lorenz number L is determined via
the single Kane band (SKB) model [59]. Owing to the
synergistic effects of Te vacancies, dense dislocations and
grain refinement, which collectively enable
broad-frequency phonon scattering, the x. of the
hot-extruded PbTe is significantly reduced to ~0.55
W/m-K at 800 K. Consequently, an exceptional peak z7 of
~1.3 is impressively achieved in n-type hot-extruded PbTe
(Fig. S5f), attributable solely to microstructural control
rather than chemical composition manipulation. This
unique approach makes binary PbTe comparable to the
reported high-performance PbTe via chemical doping (Fig.
S6).

Notably, the isotropic nature of thermoelectric
transport in hot-extruded PbTe is demonstrated by the
consistent electrical and thermal properties observed
across samples with varying crystallographic orientations
(Fig. S5b-f). This performance is highly reproducible, as
validated by the comparable transport data obtained from
six independently fabricated samples under identical
processing conditions (Fig. 3b and Fig. S7). Moreover, the
thermal stability of the hot-extruded samples was
assessed through repeated measurements over multiple
300-800 K cycles and an extended 60-hour hold at 800 K,
as shown in Fig. S8 and Fig. S9, respectively. The minimal
variation in transport properties under these conditions
validates their exceptional stability of the introduced
defects at high operating temperatures.

The mechanical properties of a material are highly
sensitive to its microstructure, yet can exhibit anisotropic
behavior even within cubic crystal structures of PbTe.
Theoretical prediction of the elastic modulus for cubic
PbTe illustrates strong anisotropy in its mechanical
properties (Fig. S10) [60]. Hence, compression tests were
performed on pristine and hot-extruded PbTe with
varying preferred orientations to evaluate the influence of
microstructural evolution on the mechanical performance.
As shown in Fig. 1e and Fig. S11, the hot-extruded PbTe
with a preferred [100] orientation shows the highest
compressive strength of 158 MPa, corresponding to a 120%
improvement over pristine PbTe (72 MPa). This



significant improvement can be reasonably understood by
the incorporation of multiple microstructural defects,
including vacancies, dislocations and refined grain
boundaries. Fracture morphology in the Fig. S12 shows
obvious plastic deformation-induced transformation. The
pristine PbTe shows a flat fracture surface with more
cleavage characteristics and a small amount of tearing
ridge traces of plastic fracture. In contrast, the extruded
sample exhibits significant grain refinement and a highly
undulating surface with densely interlaced slip lines and
micro-tearing edges, showing more significant plastic
fracture characteristics. This microstructural evolution
from cleavage to slip-dominated fracture significantly
improves the toughness of the material. The hot-extruded
[100]-oriented  PbTe  materials exhibit  strong
competitiveness in both thermoelectric performance and
mechanical properties.
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Fig. 3. (a) Calculated formation energy of various defects in
PbTe. (b) Temperature dependent z7 for pristine and six
independently hot-extruded PbTe samples with a [100]
preferred orientation. (¢) Number of slip system for PbTe along
with different stress direction. (d) Specific power density and (e)
maximum conversion efficiency versus temperature difference
(AT for the hot-extruded PbTe single-leg device with a
comparison to the prediction and the literature results [61-64].
() Open circuit voltage (Voc), internal resistance (Rin), maximum
output power (Pnax) and maximum conversion efficiency (#max)
for the device during the long-term measurements at the hot
side temperature of 800 K.

Furthermore, a maximum plastic strain of ~15% is
impressively achieved in the [100]-oriented PbTe, which
represents a 90% enhancement over pristine PbTe and a
2.5-fold increase compared to the [110]-oriented sample.
It is well-recognized that enhanced mechanical strength is
typically accompanied by a reduction in plastic strain [65].
Although grain refinement to the nanoscale enables
concurrent improvements in strength and strain in
structural materials [41], achieving such synergy remains
a key challenge in thermoelectric materials. Thus, the
enhanced plastic strain of the [100]-oriented PbTe here is
rationally revealed to arise from its crystallographic
texture, which activates a greater number of slip systems
compared to the [110]-oriented sample (Fig. 3¢ and Table
S§1). Therefore, the coordinated introduction of
multidimensional defects and crystallographic texture
enables simultaneous enhancements of compressive
strength and plastic strain, respectively. Such a superior
mechanical performance the [100]-oriented PbTe is

beneficial for ensuring the structural integrity during
material processing and device operation. Compared with
previously reported PbTe materials, the PbTe developed in
this work exhibits significantly enhanced plasticity and
strength (Fig. S13). These results offer a viable strategy
for synergistic optimization of mechanical strength and
plastic strain in thermoelectric materials.

A hot-extruded PbTe single-leg device measuring 1.9
mmx1.9 mmx18 mm was sliced to evaluate its power
output and conversion efficiency, as shown in Fig. S14. The
corresponding measurements were performed using the
setup illustrated in the inset of Fig. S14a. The cold-side
temperature was stabilized at 300 K via a water-cooling
system. Fig. S14a presents the output voltage (V) as a
function of current (/) under different temperature
gradients (A47). The open circuit voltage (Vo) and the
internal resistance (An) can be determined from the
intercept and the slope, respectively, obtained by linear
regression of the V-/curves. As shown in Fig. S15a-b, both
the measured V;c and Ry, are found to agree well with the
predictions based on the temperature dependent Seebeck
coefficient and electrical resistivity, respective. The
observed increases in V,c and Ry, with increasing
temperature are attributed to the corresponding rise in
the Seebeck coefficient and electrical resistivity at
elevated temperatures.

Current dependent output power () and conversion
efficiency (1) under different A7 are shown in Fig. S14b
and Fig. S14c, respectively. A maximum output power
(Pmax) of ~27 mW is achieved under a AT of ~500 K.
Thus, a maximum efficiency (fmax) of ~7.2% is realized
under a AT of ~500 K. The measurement methodology
employed in this work effectively eliminates the influence
of interfacial resistance on the P and n [66]. Both
measured Prnax and Nmax are found to be lower than those
extrapolated results (Fig. S15c¢ and Fig. S15d). This
discrepancy would originate from the Ry, of the single-leg
device being smaller than the minimum load resistance
(Ricaa) of the measurement system. The extrapolations
from the measured results yield achievable Pnax of 29.3
mW and 7fmax of 7.9%. The maximum extrapolated Prax
and nmax at different 47 could well follow the predictions.

Fig. 3d and Fig. 3e respectively compares the specific
power density (Pix H, where H represents the leg height)
and the 7max of the hot-extruded binary PbTe with
reported results for PbTe-based single-leg devices in the
literatures [62-65]. Although the specific power density
and 7max achieved in this work are below their
theoretically attainable values (Fig. S15), these still ranks
among the highest values reported for PbTe-based
materials. The long-term measurements for the single-leg
device are conducted at a hot-side temperature of 800 K
for 300 hours to illustrate the thermal stability, as shown
in Fig. 3f. The near-constant values of Rin, Vo, Pnax and nmax
during long-term measurements confirm the exceptional
stability of the single-leg device at an operational
temperature below 800 K. These results strongly
demonstrate that the hot-extruded PbTe is a highly
promising mid-temperature n-type component for the
assembly of high-performance thermoelectric modules.

In summary, hot extrusion plastic deformation
enables simultaneous introduction of multi-dimension



defects and crystallographic texturing in binary PbTe. The
coordinated presence of Te vacancies, dislocations and
refine grain boundaries effectively scatters phonons
across a broad frequency spectrum, resulting in a
significant reduction in lattice thermal conductivity to
~0.55 W/m-K. Concurrently, Te vacancies elevate the
electron carrier concentration, leading to a substantial
enhancement in power factor. This synergistic
optimization of thermal and electronic transport
properties yields an exceptional peak z7T of ~1.3, which
corresponds to a durable conversion efficiency of 7.2% in
an n-type PbTe single-leg device under a temperature
gradient of 500 K. Moreover, the defect- and
texture-engineered microstructure enables concurrent
improvements by about 100% in both compression
strength and plastic strain in the hot-extruded PbTe with a
preferred [100] orientation. This work not only
establishes hot-extruded PbTe as a robust n-type
candidate for thermoelectric generators, but also outlines
a microstructural design strategy via plastic processing
for the synergistic efficlency enhancement and
mechanical properties in thermoelectrics.
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