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Abstract

We investigated the anisotropic thermoelectric properties of Bi,,Sb, . Te, (BST) composites with heavy metallic
high-entropy alloy TaNb,HfZrTi (HEA) (x = 0, 0.1, 0.5, and 1.0 vol%), synthesized by ball-milling, mixing, and
hot-press sintering method. The HEA additions below 1.0 vol% in the BST+HEA, samples do not contribute to the
change of Seebeck coefficients, carrier concentrations, and Fermi energies. Besides, electrical conductivity in the
parallel (Pa) direction to the press direction was significantly enhanced due to an increased carrier mean free path
(4,) from 10.4 nm (x = 0) to 13.6 nm (x = 0.5). This enhanced /, is attributed to metallic HEA nanoparticles that
improve electrical grain connectivity, particularly in the Pa-direction. The lattice thermal conductivities in the
Pa-direction of the BST+HEA, samples decreased at x = 0.1 vol% by significant phonon scattering, followed by an
increase at higher HEA concentrations (0.5 vol% to 1.0 vol%), which is consistent with the values of the phonon
mean free path. The phonon mean free path and lattice thermal conductivity of the composites indicate the
synergistic competition between the phonon scattering and the grain connectivity in the Pa-direction. As a result,
the thermoelectric figure of merit in the Pa-direction improved from 1.09 (x = 0) to 1.33 (x = 0.1 vol%) at 350 K.
These findings suggest that incorporating heavy metallic HEA nanoparticles is a promising strategy to improve the
performance of the anisotropic thermoelectric materials and other systems sensitive to grain connectivity.

Keywords: Bismuth antimony telluride, high-entropy alloy, grain connectivity, nanoparticles, mean free path,
thermoelectrics
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INTRODUCTION

Thermoelectric (TE) devices, which can directly enable waste heat recovery or eco-friendly solid-state
cooling through the Seebeck effect and Peltier effect, respectively, have a wide range of interesting
application fields. These include thermoelectric generators (TEGs), thermoelectric cooling devices, wearable
TE devices, power systems for the Internet of Things (IoT), medical devices requiring sensitive temperature
control, radioisotope thermoelectric generators (RTGs), battery thermal management systems for electric
vehicles, and more"”. Despite their advantages, such as direct energy conversion between heat and
electricity, absence of moving parts, scalability, portability, eco-friendly operation, and low-grade heat
recovery, the use of TE devices is limited in certain applications due to their relatively low energy
conversion efficiency compared to other electricity generation or cooling systems'>*. Therefore, improving
the thermoelectric performance of TE devices is essential to expand their range of applications.

The energy conversion efficiency of a TE device strongly depends on the dimensionless figure of merit (ZT)
of the p- and n-type TE materials, defined as ZT = S’6T/k,,,, where S is the Seebeck coefficient, o is the
electrical conductivity, T is the absolute temperature and «,,, is the total thermal conductivity. Since these
parameters are strongly interrelated, careful control of the material properties is required to enhance TE

[1,2,4

performance!**. Various approaches can improve materials’ TE performance, such as optimizing carrier
concentration, reducing lattice thermal conductivity (x,), manipulating the band structure, employing
low-dimensional structures, low-energy electron filtering, introducing defects, and leveraging resonant

2,5]

levels!

Bismuth tellurides are among the most well-known thermoelectric materials, exhibiting high performance
near room temperature!"**”. Their high ZT values have been achieved through various innovative
approaches for the p-type bismuth antimony tellurides such as the hot-deformed Bi,,Sb, ,Te, (1.3 at
380 K)*¥, Te-excess Bi,,Sb, ,Te,, (ZT = 1.41 at 417 K)®, liquid phase sintered AgBi,.Sb,.Te, (1.36 at
400 K)"', melt-spun Bi,.Sb, . Te, (1.24 at 350 K'") and n-type bismuth tellurides such as the Cul-doped
Bi,Te,.Se,, (1.07 at 423 K)""”, Ag,SnSe -incorporated Bi,Te,,Se,,.Cl,,, (1.24 at 353 K)"""), graphitic carbon
nitride-decorated Bi,Te, ,Se, ., (1.29 at 400 K)""*, etc. However, thermoelectric energy conversion efficiency of
bismuth tellurides remains insufficient for broader applications. Therefore, efficient and practical strategies

1,2,4]

to further improve ZT values are required>.

During two decades, the phonon-glass and electron-crystal (PGEC) concept has been investigated as of
critical importance in thermoelectric materials development"?. The PGEC in Bismuth Tellurides has been
adopted by incorporating nanoparticle distribution in the matrix. However, the nanoparticle distribution in
the Bi,,Sb, ,Te, (BST) matrix mainly focused on the decreasing «; rather than the increase of electrical
transport property. Here we adopt the heavy metallic high entropy alloy composite to realize the PGEC in
the BST matrix.

High-entropy alloys (HEAs), which consist of the multi-component mixing of five or more elements in
near-equimolar concentrations, are considered promising candidates for high-performance thermoelectric
materials. Their potential arises from low «; due to lattice distortions caused by atomic mass and size
mismatches"*”. HEAs exhibit unique properties such as exceptional strength, ductility, and thermal
stability, making them attractive for thermoelectric applications in extreme environmental conditions"**.
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Recent advances in TE performance using the HEA concept have been introduced, including the n-type
PbSe-based high-entropy material (Pb,,,Sb,,,,Sn,,Se,.Te,..S,.., ZT = 1.8 at 900 K)"', p-type PbSe-based
high-entropy material (Pb,,,.Na,,.Cd,,.Se,.S,.:Te,.., ZT = 2.0 at 900 K)*, and p-type GeTe based
high-entropy material (Ge,.,Ag,,,Sb,,.Pb,,Bi,, Te, ZT = 2.7 at 750 K)* On the other hand, the HEA

concept has not yet been successful in improving the TE performance of bismuth tellurides for
room-temperature applications"”.

Here we investigated the anisotropic thermoelectric properties of the composites consisting of p-type
bismuth antimony telluride (BST: Te-excess Bi,,Sb, ,Te,) and heavy metallic HEA nanoparticles (HEA:
TaNb,HfZrTi). Since the Te-excess effectively enhances the TE performance of the p-type bismuth
antimony telluride™"", the composition of the Bi,,Sb, ;Te, with additional Te was used for the BST matrix.
The TaNb,HfZrTi is one of the representative HEAs with a body-centered cubic (BCC) phase and high
mechanical strength””. To minimize a chemical doping effect, which can decrease the ZT value by deviating
from the optimized carrier concentration, a mixed powder with the BST and HEA was used in the hot-press
sintering process. The carrier concentrations, Seebeck coefficients (S), and Fermi energies (E;) of
theBST+HEA, (x = 0, 0.1, 0.5, 1.0 vol%) samples are not significantly affected by the addition of HEA. On
the other hand, the significantly enhanced electrical conductivity ¢ and reduced «, are observed in the x =
0.1 vol% sample for the parallel (Pa) direction to the hot-press direction. The enhanced Pa-direction ¢ and
the decrease of x; of theBST+HEA, samples are mainly affected by the enlarged carrier mean free paths 2,
and decrease of phonon mean free path A, which is a realization of PGEC"". The increased 7, can be
explained by the improved grain connectivity due to the HEA nanoparticles for the Pa-direction of the BST
grains. Grain connectivity, which refers to the interconnection between grains, has a significant impact on
transport characteristics®**. The increased 4, in theBST+HEA, samples further supports that the HEA
nanoparticles can improve the grain connectivity of the BST grains. As a result, the ZT values of
theBST+HEA, samples are enhanced from 1.09 (x = 0) to 1.33 (x = 0.1 vol%) at 350 K in the Pa-direction
due to the improved 0 and reduced «; These results clearly show that incorporating HEA nanoparticles is a
promising strategy for improving the performance of the anisotropic thermoelectric materials. Additionally,
controlling of the grain connectivity could be a good concept to improve the transport characteristics in
, and semiconductors'

[33,34] 35,36]

various materials such as superconductors®, batteries”"*”), solar cells

EXPERIMENTAL

Materials

The polycrystalline Te-excess BST samples were synthesized using the conventional melting method. The
stoichiometric amounts of Bi (99.999%), Sb (99.999%), and Te (99.999%) were sealed in evacuated quartz
tubes under high vacuum with the excess tellurium (~7 W%)". The elements in the quartz ampule were
melted at 923 K for 24 h and then water-quenched. The obtained ingots were pulverized into the powder
using an agate mortar and pestle under an argon atmosphere. The TaNb,HfZrTi HEA powders were
synthesized by the planetary ball milling method using powder elements. The stoichiometric ratios of Ta
(99.98%), Nb (99.8%), Hf (99.6%), Zr (99.5%), and Ti (99.5%) powders were loaded into a stainless-steel jar
with stainless-steel balls under an argon atmosphere. The ball milling process was carried out at a rotation
speed of 400 rpm for 12 h®*l,

The obtained BST and HEA (0, 0.1, 0.5 and 1.0 vol%) powders were mixed using a physical multimixer in
vibration mode for 24 h. The mixed powders were loaded into a graphite die with an inner diameter of
15 mm and sintered using the hot-press method at 763 K under uniaxial pressure of 50 MPa for 60 min. The
relative densities of the sintered samples were above 95% compared to the calculated densities.
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Measurements

Since the BST exhibits anisotropic characteristics due to its layer structure, the thermoelectric properties
and X-ray diffraction (XRD) patterns of the sintered samples were measured along the Pa and
perpendicular (Pe) directions to the applied pressure direction of the hot press. The XRD patterns for the
Pa- and Pe-directions were obtained using the Cu-xa radiation (D8 advance, Bruker, Germany).
High-resolution transmission electron microscopy (HR-TEM, JEM-ARM200F, JEOL, Japan) coupled with
energy-dispersive X-ray (EDX) spectroscopy was used for the nanostructure analysis.

The temperature-dependent electrical resistivities (p = 1/c) and S were simultaneously measured under a
helium atmosphere using a thermoelectric properties measurement system (ZEM-3, ULVAC-RIKO, Japan).
The Hall carrier concentrations (n,;) were obtained by the relations of n;, = -1/(Rye), where R, (= p,,/H) is
the Hall coefficient, e is the elementary charge, p,, is the Hall resistivity, and H is the applied magnetic field.
The p,, was measured by the fore-probe contact method under sweeping magnetic fields from -1 T to 1 T
using a physical property measurement system (PPMS Dynacool 14 T, Quantum Design, USA). The x,,,
was obtained using x = pAC,, where p,, 4, and C, are sample density, thermal diffusivity, and specific heat,
respectively. The 1 was measured using a laser flash method (LFA-457, NETZSCH, Germany). The densities
of the sintered samples were determined from their mass and dimensions. The C, was measured using
differential scanning calorimetry (DSC, NEXTA DSC200, HITACH]I, Japan).

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the hot-pressedBST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) samples for the
Pa and Pe -directions. The XRD peaks of the BST+HEA, samples are normalized to the highest (015) peaks
to compare the intensity of the (00l) peaks. The XRD patterns of the BST+HEA, samples exhibit a
rhombohedral structure with the lattice parameters (a ~4.296 A, ¢ ~30.496 A), without any obvious
impurities and significant changes in lattice parameters due to the HEA additions. The XRD peaks of the
HEA powder show the BCC structure with the lattice parameter (a ~3.37 A). The XRD patterns and the
lattice parameters of the BST and HEA powder are consistent with previously reported results in the
literature. ">l The intensities of the (00l) peaks for the Pa-direction are higher than those of the
Pe-direction. This indicates that more BST layers are stacked along the Pa-direction due to the preferred
orientation of the layer structure of the bismuth telluride!*****). The XRD peaks of the HEA in the
composite samples (BST+HEA, x = 0.1, 0.5, and 1.0 vol%) are not detectable due to the small amount of
HEA additions. The size of the HEA nanoparticles is estimated to be 4.6 nm, calculated using the

24]

Williamson-Hall relation based on the peak broadening of the XRD peaks!

Figure 2A and B shows the HR-TEM image of the HEA nanoparticles and the BST matrix in the x =
0.1 vol% sample, respectively. The HEA nanoparticles were identified using EDX measurements, as shown
in the inset of Figure 2A. The lattice spacing (~0.33 nm) of Figure 2B corresponds to the (009) plane of the
BST structure. The TEM image and the elemental mapping results in Figure 2C and Supplementary Figure 1
indicate that the nanometer-scale HEA nanoparticles are randomly and homogeneously distributed within
the micrometer-scale BST matrix without agglomeration.

Figure 3A presents the temperature-dependent electrical conductivities [o(T)] of the hot-pressed
BST+HEA, samples for the Pa- and Pe-directions. The obtained o(T) values exhibit highly degenerate
semiconducting behavior for the Pa- and Pe-directions. The o of the pristine BST (550 S cm™ for the
Pa-direction, 770 S cm™ for the Pe-direction at room temperature) are comparable with the literature values
(500~700 S cm™ for the Pa-direction, 650~850 S cm™ for the Pe-direction at room temperature)""’. The o of
the Pa-direction of the BST+HEA, samples is significantly enhanced by the additions of the HEA
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Figure 1. XRD patterns of the BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) for the Pa- and Pe-directions, the ball-milled TaNb,HfZrTi high
entropy alloy (HEA) powder and the calculated data. XRD: X-ray diffraction.

nanoparticles. The enhancements of the ¢ are primarily attributed to the metallic characteristics of the
TaNb,HfZrTi HEA (sintered HEA: ¢ ~12,500 S cm™ at 300 K)®!. Besides, the effect of ¢ for the HEA
addition is not as pronounced in the Pe-direction of the BST+HEA_ samples. Since there is no clear trend,
the changes in the Pe-direction electrical conductivity of the BST+HEA composite can be attributed to

experimental error.

The temperature-dependent Seebeck coefficients [S(T)] of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and
1.0 vol%) samples for the Pa-direction and Pe-direction are presented in Figure 3B. The S(T) values show
maxima due to the bipolar effect caused by the narrow bandgap (~0.1 eV) of the bismuth tellurides*”. The S
values of the pristine BST (224 for the Pa-direction, 216 xV K™ for the Pe-direction at room temperature)
are comparable with the literature values (235~245 ¢V K for the Pa-direction, 215~230 £V K" for the
Pe-direction at room temperature)"". The S of the sintered HEA (TaNb,HfZrTi) sample is S = 5.7 xV K™ at
300 K. The S values of the BST+HEA, samples are not significantly affected by the additions of the HEA
nanoparticles.

The temperature-dependent power factors [S’°6(T)] of the BST+HEA, samples for the Pa- and Pe-directions
are presented in Figure 3C. The S’6(T) values of the Pe-direction are higher than those of the Pa-direction
due to the higher electrical conductivity resulting from the preferred orientations of the BST layers. The S*c
of the pristine BST (2.7 mW m™ K for the Pa-direction, 3.6 mW m™" K? for the Pe-direction at room
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Figure 2. (A) High-resolution transmission electron microscopy (HR-TEM) image of the HEA nanoparticles and BST matrix in the
BST+HEA, (x = 0.1 vol%) sample; (B) the lattice sparing corresponding to the (009) plane of the BST structure; (C) the TEM image of
the x = 0.1 vol% sample with the elemental mapping of bismuth (Bi), antimony (Sb), tellurium (Te), tantalum (Ta), niobium (Nb),
hafnium (Hf), zirconium (Zr), and titanium (Ti). HEA: High entropy alloy; BST: Bi ,Sb, ;Te,.

temperature) are comparable to the literature values (3.0~3.6 mW m" K for the Pa-direction,
3.5~4.2 mW m™ K* for the Pe-direction at room temperature)"". The S’c values are clearly enhanced at the
lower HEA concentration (x = 0.1 vol%), but the effects of the HEA additions are not clearly evident at the
higher concentrations.

The enhanced S’ by the additions of the HEA nanoparticles are primarily attributed to the increased o, as
shown in Figure 3D. The S of the BST+HEA_ samples do not show significant changes (within a 5% error)
by the additions of the HEA below 1.0 vol%. However, the ¢ values of the BST+HEA, samples are
significantly affected by the HEA additions. Notably, the highest ¢ is observed in the low HEA
concentration sample (x = 0.1 vol%), and the ¢ values for the Pa-direction are significantly enhanced
compared to those for the Pe-direction with the HEA additions. The enhanced o for the Pa-direction clearly
indicates that the metallic HEA nanoparticles effectively increase the electrical conductivity in the
out-of-plane direction of the BST.

The different parts of the BST+HEAx (x = 0.1 vol%) were measured for the Pa-direction as shown in
Supplementary Figure 2. The comparable o(T), S(T) and S’6(T) of the Pa-1 and Pa-2 of the BST+HEAx
(x = 0.1 vol%) sample indicate that the HEA nanoparticle is homogeneously separated in the sample.
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Figure 3. (A) Temperature-dependent electrical conductivities o(T); (B) Seebeck coefficients S(T); (C) temperature-dependent power
factors S’o(T) of the BST+HEA, (x =0, 0.1, 0.5, and 1.0 vol%) samples for the Pa- and Pe-directions; (D) room-temperature electrical
conductivities and Seebeck coefficients as a function of the HEA concentrations (error bar: 5%). BST: Bi, ,Sb,Te,.; HEA: high entropy
alloy.

Figure 4A shows that the n;; of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) samples are slightly
enhanced at the 0.1 vol% sample, but are not significantly affected in the range from 0.5 vol% to 1.0 vol%.
The trends in the n; values of the BST with the HEA additions are notably different compared to those with
other doping elements such as Ni, Sn'*", Pb, Fe, Co"” and Ag"”, as shown in Figure 4B. The less susceptible
ny values of the BST+HEA, samples suggest that the HEA nanoparticles exist in the BST matrix without
significant chemical reactions that would alter the carrier concentrations. This behavior is attributed to the
structural stability of the HEA nanoparticles™. The stable structural phase of the HEA nanoparticles may
promote the formation of an ideal composite with BST, without inducing chemical doping effects. Further
detailed investigations are required to understand the unchanged carrier concentrations in the BST+HEA
composite.

Using o = ney, where n, e, and p are the carrier concentration, elementary charge, and carrier mobility,
respectively®”, the Hall mobilities (x;) of the BST+HEA, samples were investigated. Figure 4C shows that
the enhancements in the x, are observed in the Pa-direction at low HEA concentrations, in contrast to the
less susceptible p;; of the Pe-direction. Although the x; is enhanced to the Pa-direction, the x4 values of the
BST with the HEA additions are not significantly changed compared to those with other doping elements
such as Ni, Sn'*"!, Pb, Fe, Co"” and Ag"”, as shown Figure 4D.
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Figure 4. (A) Room-temperature Hall carrier concentrations n,, as a function of the HEA concentrations; (B) carrier concentrations ny,
for the various doping elements: Nj, sn™“Y Pb, Fe, Co™”, AgUOJ;(C) room-temperature Hall mobilities x,, as a function of the HEA
concentrations; (D) mobilities sy, for the various doping elements: Ni, Sn'" Pb, Fe, Co"™", Ag' . HEA: High entropy alloy.

Figure 5A presents the effective masses of carrier m* of the hot-pressed BST+HEA_ samples, obtained by the
Pisarenko relation>”. Although the S change of the BST+HEA, is insignificant, the m* is slightly enhanced
at the lower HEA concentration (x = 0.1 vol%). Still, it has slightly decreased at the higher HEA
concentrations (x = 0.5 and 1.0 vol%). The enhanced m* at the lower HEA concentration (x = 0.1 vol%) can
be attributed to the resonant state effect™. However, further detailed investigations are needed to clarify
these effects.

Using the S, Hall carrier mobilities y,;, and effective masses of carrier m*, the mean free paths of carrier 4,
and the E; of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) samples were calculated [Figure 5B]
using

Anfp = (%) 2Epm” (1)

3\ T2kAT
E. = Z (2)
F (r + 2) 3eS
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Figure 5. (A) Seebeck coefficients as a function of n, with the Pisarenko plots of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0
vol%) samples for the Pa- and Pe-directions; (B) Fermi energies E, and the mean free paths of the carrier 4,; (C) room-temperature
power factors S°c; (D) electrical grain connectivity G, as a function of the HEA concentrations at room temperature. HEA: High
entropy alloy; BST: Bi, ,Sb; ;Te,.

conn.

39,42

where 7 is the scattering factor (r = -1/2 for acoustic phonon scattering)*>*”. The E; is not significantly
affected by the additions of the HEA nanoparticles in the BST matrix, as presented in Table 1. In contrast to
the less susceptible 4, for the Pe-direction, the /, in the Pa-direction of the BST+HEA is increased compared
to the pristine BST. The results of the 2, clearly show that the HEA nanoparticle distribution is effective for

enhancing the ¢ in the Pa-direction of the BST through the increased /..

The enhanced 4, without the changes in the ny, and E;, can be attributed to the effect of the enhanced
electrical grain connectivity””*", Since the BST grains and the HEA nanoparticles are homogeneously
mixed in the BST+HEA samples, the electrical resistivities of the BST+HEA are strongly affected by the
metallic HEA nanoparticles.

The temperature-dependent scattering of the electrical resistivity can be roughly estimated by the
characteristic change in the resistivity Ap = p(Ty) - p(T,,)?***". Using the temperature-dependent
electrical resistivities p(T) of the BST+HEA, samples, the characteristic change in the resistivities Ap was
obtained, as shown in Supplementary Figure 3A and B. However, the Ap does not provide a clear
understanding of the electrical transport characteristics of the composites. To address this, a modified factor

for the electrical grain connectivity G,,,, is introduced to quantify the contribution of the grain connectivity

conn.
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Table 1. Mean free paths of the carrier 4, Fermi energies E,, the phonon mean free path 4., and average phonon scattering time 7, of
the BST+HEA, samples

Sample E,(eV) J, (nm) Jpp, (NM) 7, (s10™)
Pa-0 32.7 10.4 53 2.88
Pa-0.1 331 12.6 49 2.88
Pa-0.5 333 13.6 56 294
Pa-1.0 333 12.3 6.1 2.95
Pe-0 33.9 14.5 6.1 2.49
Pe-0.1 33.4 14.4 5.8 216
Pe-0.5 34.4 13.6 6.3 2.51
Pe-1.0 33.7 14.7 6.6 3.08

HEA: High entropy alloy; BST: Bi, ,Sb, ;Tes.

to the electrical conductivity,

G _ Aogsr 4 HEA )
conn. — 3
Aoggr

where Ac = o(T),,) - o(T,) is the characteristic change in the electrical conductivity for the BST+HEA
samples. In this work, the T, = 300 K and T,;,, = 500 K are used for the o(T) of the pristine BST and
BST+HEA samples.

The tendencies of the S’c of the BST+HEA, samples with the HEA additions for the Pa- and Pe-directions
are shown in Figure 5C. The trends in the S’c align well with the G, as a function of the HEA
concentrations for the Pa- and Pe-directions, as shown in Figure 5D. The Pa-direction G, is enhanced by
the HEA nanoparticle, whereas the Pe-direction G,,,, is not significantly affected. These trends are
consistent with the results for the .. The enhanced G,,,, and 4, clearly indicate that the HEA nanoparticles
are more effective in increasing the electrical grain connectivity of BST in the Pa-direction, which originally
exhibits lower electrical conductivity compared to the Pe-direction. Therefore, the power factor can be
enhanced through increased electrical conductivity without a change in carrier concentration due to the
improved G,,,, induced by the addition of HEA nanoparticles in the BST matrix.

The temperature-dependent ., [#w(T)] of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%)
samples for the Pa- and Pe-directions is shown in Figure 6A. The thermal conductivity of the sintered HEA
(TaNb,HfZrTi) sample is x = 10.25 W m"K" at 300 K. The «,,(T) of the BST+HEA_ samples decreases with
increasing temperature near room temperature. The x,,(T) is increased with an increasing temperature
above 350 K due to the bipolar effect, consistent with the previous reports®'". The lower Pa-direction
Kow(T) compared to the Pe-direction x,,,(T) is attributed to the anisotropic alignment of the BST layers at
low HEA concentration (below 0.5 vol%). Also, the «,,,(T) values for the Pa- and Pe-directions are similar at
the higher HEA concentration (1.0 vol%).

The «,,, of the bismuth telluride is primarily affected by the phonons «;, electrons «,, and bipolar diffusion
k.. Using the Wiedemann-Franz law (x, = LoT, where L, o, T are the Lorenz number, electrical conductivity
and absolute temperature, respectively.), the electronic thermal conductivity «, can be calculated. The
Lorenz number L, = (7°/3)(ky/e)’ = 2.45 x 10°* W Q K* can be assumed for a simple metal; however, it should
be modified in case of correlated metals or degenerated semiconductors. Figure 6B presents the calculated
Lorenz numbers L(T) for correlated metals and degenerated semiconductors, as calculated using"***”!
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Figure 6. (A) Temperature-dependent total thermal conductivities x,.,,(T); (B) temperature-dependent Lorenz numbers L(T); (C)
temperature-dependent lattice and bipolar thermal conductivities x, + x,(T) of the hot-pressed BST+HEA, (x =0, 0.1, 0.5, and 1.0 vol%)
samples for Pa- and Pe-directions; (D) room-temperature lattice thermal conductivities «, as a function of the HEA concentrations.
HEA: High entropy alloy; BST: Bi, ,Sb; ¢ Te,.
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where S is the temperature-dependent Seebeck coefficient, F,(5) is the n-th order Fermi integral, r is
scattering parameter (r = -1/2 for the acoustic phonon scattering), and = E,/k,T is the reduced E,***.
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By subtracting the «, from «,,, the temperature-dependent lattice and bipolar thermal conductivities
xi+x,(T) of the hot-pressed BST+HEA, samples for the Pa- and Pe-directions are obtained, as
shown Figure 6C. The «;+x,(T) shows the conventional 1/T behavior near room temperature and the bipolar
effect above 350 K. The 1/T behavior of the thermal conductivity is primarily caused by the Umklapp
processes of acoustic phonon™. The thermal conductivity of narrow bandgap materials increases with
temperature due to the bipolar effect, which is associated with thermally excited minority carriers at high
temperatures. The bipolar effect is associated with the narrow bandgap (~0.1 eV) of bismuth tellurides at
high temperatures'*’. Therefore, the x;, dominates near room temperature in the #;+x,(T) of the BST+HEA,
samples.

Figure 6D shows the lattice thermal conductivities x; of the BST+HEA, samples for the Pa- and
Pe-directions at 300 K. While the Pe-direction «, are slightly reduced, the «, of the Pa-direction are clearly
decreased by the HEA nanoparticles below 0.5 vol% but noticeably increase at 1.0 vol%. The increased
Pa-direction «, in the BST+HEA composites is attributed to enhanced grain connectivity, consistent with
the results for 4. Interestingly, the Pa-direction x; of pure BST is lower than that of the Pe-direction due to
the preferred orientation of the BST layers. However, in the BST+HEA composite with 1.0 vol% HEA, the
Pa-direction «; becomes higher than the Pe-direction «,. This unconventional increase in Pa-direction «,
supports the idea that HEA nanoparticles enhance grain connectivity along the Pa-direction in the BST
matrix.

The lattice thermal conductivities x; can be described by the Debye-Callaway model using

kg (kgT\> (0T xte*
o= S Y [T B, 2
2mev\ h o Tc(e*—=1)

where © is the Debye temperature, 7. is the total scattering time rate, and v is the sound velocity. The
scattering time 7, which is associated with boundary scattering, point defect scattering, and Umklapp
scattering, can be expressed as follows

) Vw* 2 VY3 2T

v
=2 + —T +4
e L 4mp N3 Mv?

(8)
where L is the average diameter of grain boundary, » is phonon frequency, V is the lattice volume, I" is the
scattering parameter of a point defect, A, is the free parameter of Umklapp scattering, y is the Griineisen

parameter, and M is the average atomic mass."”

The thermal conductivity due to the bipolar contribution can be expressed as follows

E
i _ by
K = Bexp ( ZkBT> ©)

where B is a fitting parameter'.

Based on the theoretical equations for the x; and «, along with the parameters (in Supplementary Table 1)
such as the average group velocity of a phonon (v = 2147 /s), acoustic Debye temperature (0 = 94 K),
and Griineisen parameter (y = 2.3)", the lattice and bipolar thermal conductivities x +x,(T) were
calculated using the fitting method. The fitting results are presented in Supplementary Figure 4A and B for
the Pa- and Pe-directions, respectively. The calculated «; and «, are shown separately in
Supplementary Figure 4C and D. The obtained parameters are listed in Supplementary Table 1.
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From the Debye-Callaway model and the obtained fitting parameters, the 4, and average phonon scattering
time 7,, can be obtained using

_ .,.av9
App = VT, (10)
o xte*
foT 1, x 7 dx
_ - (e —1)
Tpp = ® gt (11)
) T dx
(er—=1)

The obtained 7, and 7, are listed in Table 1. The 4, follows the behavior of x, with HEA concentrations as
presented in Table 1 and Figure 6D. The 4,, values decreased for x = 0.1 and monotonically increased with
increasing the HEA concentration for both the Pa- and Pe-directions of the BST+HEA, samples. The
decreasing 4,, for x = 0.1 is due to the phonons’ scattering between the BST matrix and nanoprecipitation of
HEA. The increasing 4, is consistent with the grain connectivity increase between the HEA nanoparticles
and BST matrix.

Temperature-dependent ZT values of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) samples for
the Pa- and Pe-directions are presented in Figure 7A. The ZT values are increased with increasing
temperature near room temperature but decrease above 350 K due to the bipolar effect. The ZT values of
the BST+HEA, samples are enhanced with the additions of the HEA nanoparticles below 0.5 vol%. The ZT
value of the sintered HEA (TaNb,HfZrTi) sample is ZT = 0.0012 at 300 K. Figure 7B clearly shows that the
HEA additions in the BST matrix improve the TE performances below 0.5 vol%. In particular, the HEA
nanoparticles are more effective at enhancing the ZT values of the BST in the Pa-direction. The ZT values in
the BST with the HEA additions are increased from 0.93 (x = 0) to 1.23 (x = 0.1 vol%) for the Pa-direction at
300 K. Furthermore, the maximum ZT value (1.33 at 350 K) is observed in the 0.1 vol% sample for the
Pa-direction.

The HEA nanoparticles effectively increase the electronic MFP /, in the Pa-direction, and decrease the 4y, in
both Pe- and Pa-directions for x < 0.5, indicating the effective phonon glass and electron crystal by
enhancing the grain connectivity and nanoparticle distribution in the BST matrix. The enhanced ZT value
of the Pa-direction in the 0.1 vol% sample is caused by the increased electrical conductivity and decreased ;.
The increase of the electrical conductivity is due to the enhanced 7, and the reduced «, is due to the
scattering of phonons (decrease of /,,) for the HEA nanoparticle distributions.

Figure 7C and D shows the average ZT (ZT,,,), which can be obtained by"’

vg.

Thot
7T — M (12)
“ws Thot - Tcold

where T, and T,,, are the temperatures on the hot side and cold side, respectively. The ZT,,, is an
important factor for real applications when the thermoelectric materials are exposed to thermal gradients.
The maximum ZT,,, of the BST+HEA, samples is 1.26 (0.1 vol%, Pa-direction) at the T),, = 425K and T, =
300 K. The ZT,,, of the BST+HEA, samples show higher TE performance compared to other reported
values in the literaturel”***!. The high ZT,,, values achieved with the HEA additions in the BST indicate

strong potential for practical applications under temperature gradients.
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Figure 7. (A) Temperature-dependent figure of merit ZT of the hot-pressed BST+HEA, (x = 0, 0.1, 0.5, and 1.0 vol%) samples for the
Pa- and Pe-direction; (B) ZT values as a function of the HEA concentrations at 300 and 350 K; (C) maximum ZT_,, of the BST+HEA,
samples at the T,,, = 425K and T,,,, = 300 K; (D) average ZT with the literature values™*"*>*".BST: Bi, ,Sb, ;Te,; HEA: high entropy

alloy.

CONCLUSIONS

In summary, the anisotropic thermoelectric properties of the sintered BST+HEA, (x = 0, 0.1, 0.5, and
1.0 vol%) samples were investigated. The homogeneously dispersed HEA nanoparticles in the BST matrix
effectively increase the Pa-direction electrical conductivity, without reducing S. The small amounts of the
HEA nanoparticles (below 0.5 vol%) efficiently enhance the mean free path of the carrier for the
Pa-direction of the BST, without significantly altering the carrier concentration. The enhanced electrical
conductivity due to the HEA additions can be attributed to the improved electrical grain connectivity in the
Pa-direction of the BST. The HEA nanoparticles may reduce the electrical potential barriers of the
Pa-direction at grain boundaries. The decrease of «; by scattering of phonons (decrease of 4,) with
enhanced electronic mean free path 2, for x = 0.1 sample shows the PGEC effect. As a result of the enhanced
electrical conductivity and reduced x;, with the HEA nanoparticle distribution, a maximum ZT = 1.33 at
350 K and high ZT,,, = 1.26 (T, = 425K and T, = 300 K) were obtained in the 0.1 vol% sample for the
Pa-direction. The controlling grain connectivity through composites with HEA nanoparticles offers a
promising strategy not only for achieving high ZT values but also for enabling industrial applications

1ot
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