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SUMMARY

High-entropy engineering effectively reduces lattice thermal conductivity (kL) in thermoelectric
(TE) materials; however, the chemical complexity of multiple elements in high-entropy materials
often leads to phase segregation, limiting their electrical transport properties and overall, TE
performance. Herein, we reported a p-type high entropy stabilized single-phase half-Heusler alloy,
MFeSb, specifically designed to enhance configurational entropy by introducing multiple element
species on a single atomic site. This material exhibited low ki due to strong phonon scattering and
phonon group velocity reduction from lattice strain generated through distorted lattices while
maintaining a high power-factor. The material demonstrated a record high figure-of-merit (z7) of
1.5 at 1060 K, with an average zT of ~0.92 over 300-1060 K. Furthermore, superior conversion
efficiency of 15% and 14% for a single-leg and a unicouple module at a temperature difference of
AT ~ 671 K were achieved. Our findings provide a new avenue for enhancing TE materials
performance through high-entropy engineering.
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INTRODUCTION

Thermoelectric generators (TEGs) offer an eco-friendly energy conversion technology to directly
convert heat into electricity through the Seebeck effect, promoting the efficiency of fuel utilization
and sustainable energy development.!”> To enhance the feasibility of TEGs, it is essential to
improve the energy conversion efficiency () which primarily depends on the dimensionless
figure of merit, zZT = S20T /K where S is the Seebeck coefficient, o, is the electrical conductivity,
T, is the absolute temperature, and «, is the total thermal conductivity, comprising of the electronic
thermal conductivity (x,;) and lattice thermal conductivity (x;). n of a TEG demands a high
average zT, (2T4,4), over a wide range of operating temperatures. To achieve high TE properties,
the materials with a high power-factor (PF = S%0¢) and/or low k are required.*"'2> However, these
TE parameters (x, o and S) are strongly correlated to each other and influenced by the carrier
concentration (ny) and carrier mobility (uy). Generally, two principal strategies have been
employed to enhance the performance of TE materials:* modifying electronic band structure to
increase the density of states’ effective mass that contributes to high PF,!3-!> and introducing
extrinsic defects through nanostructuring to enhance phonon scattering that reduces x;.>°

Entropy engineering has recently become a compelling strategy for synergistically optimizing
the electrical and thermal properties of various TE materials, particularly the design of high-
entropy alloys (HEAs).3%!718 Typically composed of five or more principal elements, HEAs
exhibit a substantial configurational entropy (4S;,ns > 1.5 R, where R is gas constant).'” The
introduction of a greater number of element species enhances S5, leading to the stabilization of
the crystal phase at elevated temperatures by reducing the Gibbs free energy. Consequently,
entropy-engineered single-phase stabilization mitigates phase boundary scattering of electrons,
preserving the electrical transport properties in HEAs.” Meanwhile, due to the chemical
complexity of the material (such as atomic size and mass mismatches), severe lattice distortion is
generated in a short-range order which enhances the scattering of the heat carrying phonons that
in turn reduces k; significantly.?® Additionally, the high-entropy effect decreases the grain sizes,
further contributing to k, reduction and potentially enhancing mechanical strength.!® So far,
entropy engineering has successfully enhanced z7 in TE materials such as PbSe”!” and GeTe?
based chalcogenides by tuning electron and phonon transport.

Half-Heusler (hH) materials have garnered significant attention for medium to high-
temperature TE applications due to the combination of their exceptional electrical properties,
excellent thermal stability, and robust mechanical strength.!%1421-26 The current state-of-the-art hH
materials exhibit a relatively low z7 compared to other classes of materials, primarily due to their
high x. Several approaches have been emerged to enhance TE performance of hH materials
including nanostructuring,?® defects chemistry,?® band engineering,?* and resonant dopant.?” The
entropy engineering has also been explored in hH systems but their zT performance is rather poor
compared to chalcogenide-based TE materials.?® In this study, we successfully designed a high-
entropy p-type MFeSb-based hH alloy by introducing multiple elements (Nb, Ta, Ti, V with an
equimolar ratio) on a single atomic site (M: 0,0,0-Wykoft site of the hH phase). This approach is
proved to be an effective strategy to develop high-entropy hH TE materials to optimize k; and PF
simultaneously (Figure 1A). The resulting high-entropy MFeSb hH alloy exhibits low k; of 2 W
m ™! K1 at room temperature while maintains a high PF of ~37.3 yW c¢cm™! K™!. Consequently, it
exhibits a superior peak z7 of 1.5 at 1060 K (Figure 1B) and an zTj,,4 of 0.92 between 300 —1060
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K (Figure 1C), which is surpassing the state-of-the-art TE materials in medium to high-
temperature.?3-2>28-30 These exceptional TE properties are further validated experimentally by
fabricating single-stage modules, with 7 reaching 15% for a single-leg and ~14% for a unicouple
module at AT = 670 K, which are the highest 1 among the state-of-the-art results including both
single-stage and segmented TE modules (Figure 1D) 8-38-41,17.31-37
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Figure 1. High entropy engineering and TE performance of MFeSb hH alloy.

(A) Schematic diagram of entropy engineering effect in MFeSb-based hH alloys (left) and corresponding
multiple phonon scattering sources in different length scales (Right).

(B and C) Temperature-dependent (B) peak zT and (C) zT.,, among high-entropy engineered MFeSb hH
alloys developed in this study and state-of-the-art TE hH materials.”*****3° (zT value show significant
improvement about 145% of the best value reported in high-entropy engineered hH and 115% of low-
entropy NbFeSb based hH).

(D) Maximum # as a function AT for the high entropy engineered MFeSb-based single leg and unicouple
module. For comparison, some reported state-of-the-art module results are included.®***#1:1731-37

RESULTS AND DISCUSSION

The single-phase stabilized hH phase (F43m cubic structure) is observed for high-entropy
Nbo.2sTao25Ti0.25Vo.25FeSb sample at various sintering temperatures (Figure 2A). The calculated
lattice parameter by Rietveld refinement is 0.5923 nm (Figure S1). Microstructural analysis using
high-angle annular dark field (HAADF) and energy dispersive spectroscopy (EDS) via scanning
transmission electron microscopy (STEM) reveals nanoprecipitates, primarily Ti-riched,
concentrated along grain boundaries and sporadically within grains (Figure 2B-2I, and Figure S2
to S6). These nanoprecipitates have a diameter less than 10 nm which often led to stacking faults
in the matrix (Figure 2F and Figure S7).!” High-resolution STEM-HAADF images along the
[100] zone axis with intensity scan profiles confirms the periodicity of the atomic arrangement of
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the constituting elements which indicates the crystallinity of the high-entropy composition (Figure
2G-2H). The unambiguous intensity contrast indicated in the line scan illustrates atomic vacancies
of Fe-site (Figure 2H) which are often generated through alloying effects due to mass and strain
field fluctuation between the alloying atoms.?**? The single phase of the MFeSb matrix was further
confirmed by indexing diffraction spots in the selected area electron diffraction (SAED) patterns
of the HRTEM image (Figure 21 and Figure S8). The high-entropy effect results in a substantially
reduced grain size with an average grain size of ~100 nm (Figure S9) which is significantly smaller
compared to the low-entropy NbFeSb hH alloy (~ 700 nm), prepared by a similar method (Figure

S10).
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Figure 2. Stabilization of single-phase structure and generation of defects due to high entropy effect.
(A) XRD patterns of MFeSb alloy prepared under different SPS temperatures.

(B) STEM image demonstrates the grains with nanoprecipitates.

(C—F) HAADF images of nanoprecipitates (C) within the grains, (D) at the triple point of grain boundaries,

and (E) EDS mapping across the grain boundaries demonstrates the Ti-rich nanoprecipitates.
(F) Stacking faults in the phase matrix.

(G and H) (G) High resolution STEM HAADF images showing the ordered crystal structure and (H) the

intensity scan profile of the indicated arrow in (G) exhibits the existence of point defect, shown by blue
circle.

(D) The [111] zone-axis selected area electron diffraction pattern demonstrates the crystallinity of phase.

Lattice distortions in short-range order due to chemical complexity at M-site, induced by the
high-entropy effect, can significantly impact the electrical and thermal transport properties of hH
alloys.®” MFeSb exhibits characteristics of a heavily doped p-type semiconductor with sustained
high hole concentration (ny ~5x10* c¢cm) which remain almost independent of temperature
(Figure S11). The mitigation of electron scattering near the phase boundary preserves high uy of
20.6 cm? V- sl at room temperature, indicating the electronic transport is merely hampered due to
the single-phase formation driven by high-entropy effect. The electrical conductivity is slightly
low compared to low-entropy NbFeSb-based hH alloys?*2** due to suppressed ny and shows a
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metal-like behavior (Figure 3A). The temperature dependency of ¢ reveals the dominating carrier
scattering mechanism; acoustic phonon scattering prevails when o follows a 7! behavior while
disorder or alloy scattering is prevalent with ~7%° dependence.** Acoustic phonon scattering is
predominant to charge transport in most of the low-entropy TE materials.?>* In high-entropy
MFeSb, o roughly follows 7% behavior, suggesting the disorder or alloys scattering generated
from the high-entropy effect dominates the electrical transport rather than acoustic phonon
scattering. The large S remains preserved due to the single-phase formation of the sample, and it
approaches ~215 pV K! at higher temperatures (Figure 3B). Consequently, a high average PF of
33.6 uW cm ! K™! over the temperature regime of 300-1060 K was maintained (Figure 3C). The
maximum PF of 37.3 pyW cm ™! K™! is obtained at 973 K, a significantly high value compared to
the reported high entropy engineered TE materials (Figure S12).
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Figure 3. Electrical transport properties of high entropy MFeSb alloy.

(A—C) Temperature dependence of experimental (A) o, (B) S, and (C) PF of MFeSb sintered at 1123 K
with DFT calculated electrical properties.

(D and E) Calculated electronic band structure (left panel) and the corresponding atom-decomposed density
of states (DOS) (right panel) of (D) NbFeSb and (E) MFeSb.

To understand the impact of the high-entropy effect on electronic transport properties, we
conducted first-principles calculations of band structures and density of states (DOS) using density
functional theory (DFT) for stoichiometric NbFeSb and high-entropy MFeSb hH compounds. The
calculated band structure reveals the valence band maximum at the L point with two-fold
degeneracy (Figure 3D), which is consistent with prior literature.** This is particularly significant



as hole carriers predominate in our synthesized samples. The corresponding DOS indicates that
the high-lying valance bands are dominated by Fe atoms, followed by Nb and Sb atoms. Therefore,
it is expected that the key features associated with the valence band maximum persist in high
entropy MFeSb. To incorporate the configurational order in MFeSb, we constructed a supercell
with 16 formula units of NbFeSb and then populated the Nb sites with an equal molar ratio of M
elements using the special quasirandom structures (SQS) approach.*¢ The band structure and DOS
were visualized using the electronic band unfolding approach (Figure 3E) (folded band structure
in Figure S13).*” Notably, the high-lying valence bands display a similar shape to Figure 3D due
to the dominance of Fe characters. However, MFeSb exhibits several distinctions. First, slight band
splitting of the top valence bands occurs due to the symmetry breaking induced by disorder,
potentially suppressing the carrier transport. Second, the unfolded electronic band structure of
MFeSb exhibits considerable broadening due to the presence of disorder, which is in line with the
experimental observation where alloying scattering dominates the total carrier scattering. Third,
the Fermi level shifts into the high-lying valence band compared to NbFeSb, a consequence of
electrons deficiency from M alloying elements. A detailed electron count indicates the introduction
of an equal molar ratio of M elements results in 0.25 holes per formula unit, explaining the intrinsic
heavy hole doping in our synthesized samples. It is worth noting that due to the presence of various
kinds of defects (e.g., precipitates), the measured hole concentrations in experimentally
synthesized samples might deviate from our theoretical calculations. Using the band structure in
Figure 3E, we computed the electrical transport properties (Figure 3A-3C). By gauging a hole
concentration that can faithfully reproduce the temperature dependent S and fitting a temperature-
dependent carrier lifetime (details are in supplemental information (SI)), we achieve
semiquantitative agreement with experimental data on o and PF. Overall, our results show that the
primary features of the electronic band structure of NbFeSb persist in MFeSb, elucidating the
achieved high PF in high entropy hH while also emphasizing the impact of disorder/alloying
scattering introduced by M alloying elements.

While preserving high electrical transport properties, the high-entropy effect suppresses k of
MFeSb significantly as well. The temperature dependence of k is presented in Figure 4A. The k;
is obtained by subtracting k,; based on the Wiedmann-Franz law from « (details are in SI, Figure
S14 and Table S1). The k initially decreases with increasing temperature, then increases after
~780 K due to an increase in the electronic component of k (Figure S14E). High-entropy
engineering results into a substantially reduced x; ~2 W m™! K™! at room temperature, around nine
times lower than the low-entropy pristine NbFeSb alloy (~17 W m™! K™1)?° (Figure 4B). This low
K, persists throughout the temperature range, approaching 1.67 W m™! K'! at 900 K (Figure
S14F). Such a remarkable reduction in k;, is often attributed to the enhanced phonon scattering
induced by severe lattice strain from the distorted lattice,>*!” which is associated with the
increased S¢onr in MFeSb due to significant changes in atomic masses and sizes of the M-site
elements. A monotonic reduction in k;0f NbFeSb-based hH alloys with increased entropy was
demonstrated in Figure 4B. The fundamental source of high-frequency phonon scattering in the
HEAs is severe lattice distortion.” Moreover, the phonons with higher frequencies are scattered by
the point defects. The observed nano-precipitates near the grain boundary, and stacking faults
contribute to acoustic phonons scattering. The small average sizes of the high-density nano-
precipitates around 10 nm primarily induce low-frequency phonon scattering,!” while the stacking
faults on a scale below 10 nm are responsible for the mid-frequency phonon scattering. The
reduced average grain size of high entropy MFeSb (~100 nm) further triggers grain boundary
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scattering, playing a pivotal role in diminishing x; . Furthermore, the presence of riched Ti element
causes deceleration of optical phonon while the apparent reduction of group velocity in acoustic
phonon might be introduced by heavy element, Ta*. Additionally, we observed the reduction of
low sound velocity (v) in high-entropy MFeSb (~ 2820 ms™!) compared to pristine NbFeSb (~ 3388
ms™!) (Figure S15), further reducing k.
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Figure 4. Thermal transport properties and first-principles simulation of r; .

(A) Total thermal conductivity of MFeSb alloy prepared under different sintered temperatures.

(B) Entropy increasing effect to the reduction in k; of hH phase. To demonstrate the effect, we have
included the data of NbFeSb,?’ Nbg ssZro.14FeSb,?* Nby ssTao.40Tio.0sFeSb.?!

(C—F) (C) Calculated x; for NbFeSb and MFeSb at 300 K and 1000 K. The disorder on M sites is simulated
using supercells containing 4 and 32 formula units (denoted as NbTaTiVFesSbs and NbsTagTigVsFesSbsa,
respectively), as shown by the insets that depict the crystal structures. Comparison of (D) phonon mode-
resolved group velocities, (E) phonon mode-resolved scattering rates, and (F) phonon mode-resolved mean
free paths of NbFeSb at 300 K (gray dots), and NbsTasTisVsFes2Sbs, at 300 K (blue dots) and 1000 K (red
dots), respectively.

(G) PF as a function of « for various state-of-the-art results TE materials at 973 K "14%2% The “+-7, “++",
“--” and “-+” represent high PF-low «x, high PF-high x, low PF-low x, low PF-high x. For practical
application, the shaded region (+-) is desired and surely, the positive effect of high entropy approach to

7



optimize TE properties of hH phases. The dashed lines indicate different zT values at 973 K. The PF and x
of medium temperatures TE materials such as GeTe,® PbSe,” and SnSe’ included in the graph are collected
at 873 K.

To unravel the intrinsic effects of high-entropy on lattice heat transfer in MFeSb, particularly
in the absence of various defects, we conducted explicit calculations of x; in both NbFeSb and
MFeSb. We adopted finite-size supercell structures to model the disorder in MFeSb. Two
supercells containing 4 and 32 formula units were generated and then populated with an equal
molar ratio of M elements on the Nb sites using SQS approach.*® The resulting compounds are
denoted as NbTaTiVFesSbs and NbgTagTisVsFes2Sbao, respectively (inset of Figure 4C). Using
these supercells, we calculated k; using a theoretical framework that combines anharmonic lattice
dynamics* and the unified thermal transport theory.*> To minimize the substantial computational
expense associated with calculating anharmonic force constants directly from the first principles,
we trained a moment tensor machine learning potential®*>! for disordered MFeSb (details can be
found in SI). We find that k; at 300 K is significantly reduced from 24.7 W m™! K! in NbFeSb
to 10.3 W m! K™ in NbTaTiVFesSbs, and further to 5.7 W m™! K™! in NbgTasTisVsFes2Sbaz
(Figure 4C). These results unambiguously demonstrate that high-entropy effect can significantly
reduce k;. When the temperature is increased to 1000 K, k; of NbsTagTisVgFes2Sbso further
decreases to 2.3 W m™! K1, which is approaching the experimental value of 1.7 W m™! K™! of
MFeSb at 1000 K. We note that our calculated k; is still higher than the experiments, which is
likely due to the adopted finite sizes of disordered supercells. In addition, our theoretical
calculations do not account for phonon scatterings beyond intrinsic phonon-phonon interactions,
such as those due to electron-phonon interactions, nano-precipitates, and grain boundaries. To
reveal the microscopic mechanism responsible for the reduction of k;, we present the comparison
of phonon group velocities, scattering rates, and mean free paths between NbFeSb and
NbgNbgTagTisVsFes2Sbs: (Figure 4D—4F). We observe that the high-entropy effect drastically
reduces the phonon group velocities (Figure 4D). This reduction is attributed to the folding and
flattening of phonon dispersion caused by the complex structure of MFeSb (Figure S16, Figure
S17A and S17B). Somewhat unexpectedly, the comparison of phonon scattering rates between
NbFeSb and NbgTagTisVsFes32Sbsz at 300 K shows that phonon scattering rates seem to be less
affected by the disorder (Figure 4E), especially compared with the group velocities. The combined
alloying effects on phonon group velocities and scattering rates are reflected in the phonon mode-
resolved mean free path (Figure 4F). We observe that optical phonons with higher energy levels
experience significant scattering, resulting in shorter mean free paths. In contrast, the lower-energy
acoustic modes maintain relatively longer mean free paths, amenable to scattering interactions
with defects present in the synthesized samples, including point defects, grain boundaries,
precipitates, and stacking faults. For instance, examining the cumulative k; as a function of the
mean free path in MFeSb (Figure S18), it is evident that grain sizes with dimensions of 10 nm can
substantially decrease k;, to below 2.0 Wm ™ K.

To gain deeper insights into the reduction of group velocities, we calculated the phonon
participation ratio (Figure S17E and S17F), a quantity that measures the degree of spatial
localization of a vibrational mode.>>>* The phonon participation ratio is defined as the fraction of
atoms participating in a given vibrational mode, with a value close to one indicating a delocalized
mode and a value approaching 1/N (where N is the number of atoms in the system) indicating a
highly localized mode. Our analysis reveals that the phonon participation ratios of most phonon
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modes in MFeSb are significantly lower than those in NbFeSb, providing clear evidence of strong
phonon localization in MFeSb. This localization arises from the disorder-induced breaking of
translational symmetry, which leads to the confinement of vibrational modes to smaller regions of
the lattice. Consequently, the localized modes have reduced group velocities, as they are less
effective at propagating heat through the lattice. It is worth noting that our measured reduction in
sound velocity aligns with our calculations, albeit with a less pronounced reduction. This is
because the measured sound velocity primarily captures the behavior of long-wavelength acoustic
phonon modes and does not account for the contributions of optical modes, which are more
strongly affected by localization. In summary, our explicit calculations provide strong evidence
that the intrinsic high-entropy effect plays a more crucial role in directly reducing phonon group
velocities through localization than in affecting phonon scattering rates. This localization
mechanism ultimately leads to a substantial decrease in the x; of MFeSb compared to NbFeSb.

The synergistically optimized high PF and reduced « results in a remarkably high zT of ~1.5
at 1060 K in MFeSb alloy (Figure 1B and Figure S19). The 2T, is the utmost parameter towards
high 5. The zT,,,4 is 0.85 and 0.92 within temperature regime of 300-973 K and 300-1060 K,
respectively, which is superior compared to conventional and other high-entropy p-type hH
materials reported so far (Figure 1C). MFeSb also demonstrates excellent repeatability of TE
performance, validated through three different batches of samples (Figure S20). For all types of
TE materials, it is crucial and challenging to decouple TE parameters to achieve high PF and low
K simultaneously. Most state-of-the-art TE materials excel in either power factor or thermal
conductivity’ 142325 Conventional hH materials usually introduce “dual-high” (PF and k)
features (“++” region in Figure 4G), which limit the further enhancement of TE performance.
While the high entropy design in MFeSb uniquely showcases the possibility in achieving high PF
and low k simultaneously (“+-” region in Figure 4G), towards further breakthrough of zT.

The remarkable TE performance is further validated by measuring the n and the output leg
power density (wout). The experimental details on module fabrication and testing can be found in
the SI. Figure 5A and 5B show the wou and 7 of the single-leg as a function of applied current (/)
under different (AT = T;, — T,, where T, and T, are the hot and cold side temperatures of the TE
device). Single-leg demonstrates a superior high n of 15% at AT of 671 K (T, ~300-320 K), which
is the highest 7 among the reported high-performance TE modules (Figure 1D). A wou of ~ 3.9
W cm? is achieved at the same AT. Furthermore, we fabricated a unicouple TE module using high
entropy p-type MFeSb and an n-type ZrNiSn-based material®® (details of fabrication and TE
properties of n-type material can be found in SI). We considered a good match of thermal
expansion coefficients to choose the suitable n-type material (Table S2). The unicouple module
exhibits a wout of ~5.3 W cm (Figure 5C) and a superior n of ~14 % (Figure 5D) at AT of 670
K (T, ~ 300-336 K), which is the highest n among all n-type TE modules (Figure 1D). The
measured parameters of single-leg and unicouple module, such as open-circuit voltage (V,.),
device voltage (V;), internal resistance (R;) and the heat flux (Q) as a function of AT are shown in
Figure S21. All the experimental results align well with theoretical calculations (Figure SE, and
Figure S22). We have carried out the measurement under a high vacuum (~10~7 mbar) to reduce
the heat conduction and to maximize the measured 17, we have chosen the coordinated geometric
configuration of n- and p-type legs based on their thermal transport properties.>® The single-leg
and unicouple module exhibit excellent repeatability under multiple measurements and across
three different fabricated modules (Figure SE, Figure S23 and S24).



In addition to favorable TE properties and matching thermal expansion coefficients between
p-type and n-type legs, outstanding mechanical properties of TE materials play a pivotal role in
durable and long-term device performance, often governed by Vickers hardness and fracture
toughness.> High entropy engineering has been effectively utilized in refractory alloy design to
improve mechanical properties.”’>® An exceptionally high Vickers hardness of ~10.27 GPa is
achieved in high entropy MFeSb, which is larger than that of conventional hH materials and
significantly higher than other TE materials (Figure 5F).322560 The reduction in grain sizes due
to the high-entropy effect is primarily responsible for the significant improvement of mechanical
properties.
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Figure 5. TE device performance and mechanical properties.

(A and B) Single-leg device performance. The current dependence of (A) output leg power density (wout)
and (B) 7.

(C and D) Unicouple module performance. The current dependence of (C) wou and (D) 7.

(E) The n as a function of AT for multiple tests. The calculated theoretical efficiency for both single-leg
and unicouple devices are denoted with a solid line (Red).

(F) Comparison of mechanical hardness in MFeSb with other state-of-the-art TE materials.***°%¢°

CONCLUSION

In conclusion, we have successfully demonstrated the formation of single-phase high-entropy hH
thermoelectric material by enhancing Sconr With competitive TE performance. High-entropy
engineering has proven effective in preserving superior electrical transport properties through
entropy-driven structural stabilization. Simultaneously, the introduction of chemical complexity
in the high-entropy material induces substantial lattice strains within a short-range order, resulting
in a distorted lattice. This phenomenon significantly enhances the scattering of heat-carrying
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phonons, leading to remarkably low lattice thermal conductivity. As a result, our designed high-
entropy hH alloy attained a superior zT ~1.5 at 1060 K, making the highest zTayg of 0.92 within
the temperature range of 300-1060 K. Furthermore, the exceptional 7 reached to 15% and 14% for
single-leg and unicouple module at AT of 672 K, respectively. Additionally, these alloys also
demonstrate high mechanical performance (hardness of 10.3 GPa) making them ideal for practical
applications where high structural compatibility is demanding. Our study suggests that the design
of high-entropy material, achieved by enhancing S.,, can effectively improve TE performance
by simultaneously optimizing electrical and thermal transport.
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