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Bi-Sb alloy, as a promising thermoelectric material at cryogenic temperatures,
has seen stagnant progress due to challenges in understanding the transport
behaviors of energy carriers, and difficulties in synthesizing high-homogeneity,
large-grain samples. In this study, an inherent electron-phonon decoupling in
Bi-Sb is revealed using the first-principles calculations based on the virtual
crystal approximation. The mean free path of the dominant electrons

(Aete ~ 10° nm) is found of two orders of magnitude larger than that of phonons
(Aph ~10'nm), suggesting that a grain size greater than 10 pm would be favor-
able for thermoelectric transport. Bulk Bi-Sb polycrystals with highly elemental
homogeneity and large grain size (-80 pm) are successfully synthesized through
an ultra-fast quenching method combined with annealing, delivering superior

thermoelectric performance. A prototype module based on the Big gsSbg 12
polycrystal, with a ZT,,.x of 0.48 at 150K, is fabricated and demonstrates a
AT ax of 4K at a Ty, of 75 K. This marks the first report of n-p paired thermo-
electric cooling modules operating below liquid nitrogen temperature.

With increasing demands in space exploration, optoelectronics, and
medical industry, solid-state cooling techniques have developed
rapidly in recent years. Notable advancements have been made parti-
cularly in magnetocaloric'?, electrocaloric**, elastocaloric*®, and laser
cooling technologies”®. Among these, thermoelectric (TE) cooling
based on the Peltier effect has seen significant progress since the 1960s
owing to its unique advantages, including high power density, fast
response, reliability, and precise temperature control over a wide
range’. Thermoelectric cooling (TEC) modules are widely used in
cryogenic applications such as cooling superconducting magnets in
Magnetic Resonance Imaging systems and maintaining low tempera-
tures for infrared sensors in space exploration'. The performance of

TEC modules is primarily determined by the figure of merit (Z7) of the
TE material used, defined as ZT=0S?T/k, where o is the electrical
conductivity, S is the Seebeck coefficient, « is the total thermal con-
ductivity, and T is the absolute temperature’. Bi,Te; exhibits a high ZT
of ~1.0 for both n and p types at near-room temperatures, making it the
dominant commercial TE material for decades™ ™. However, its low TE
performance at cryogenic temperatures below 200 K limits the cool-
ing efficiency of Bi,Tes-based TE coolers, as evidenced by a reduced ZT
value, which highlights the urgent need for the development of high-
performance TE materials for deep-temperature cooling applications.

Among the proposed cryogenic TE materials, such as FeSb,",
CeCu¢'®, Mgs(Bi, Sb),'"'%, CsBi,Teg", Bi-Sb alloys have emerged as the
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best n-type TE materials at low temperatures, with single crystals
exhibiting a maximum ZT value of ~0.55 at 125 K*>?. Bi-Sb alloys crys-
tallize in an R3m rhombohedral structure, with distinct carrier trans-
port along the binary and trigonal directions. It has been reported that
the electronic band structure of Bi-Sb alloys is highly sensitive to mass
composition, where a narrow band gap forms only when the fraction of
Sb (x) falls within the range from 7% to 22%***, as shown in Supple-
mentary Fig. 1. The band gap reaches 20 to 30 meV when x is between
12% and 15%, leading to a favorable Seebeck coefficient and optimal TE
performance®*. However, due to the existence of a large solubility gap
in the Bi-Sb binary phase diagram?®, phase segregation usually occurs
during cooling and crystallization from the melt. As a result, synthe-
sizing atomically uniform Bi-Sb alloys, whether as single crystals or
polycrystals, is challenging®, not to mention the poor mechanical
strength of the single crystal due to the van der Waals binding in its
layered structure. On the other hand, the challenges in modeling the
TE properties of semimetal alloys make the coupling between electron
and phonon transport in Bi-Sb alloys difficult to fully understand,
hindering the development of effective strategies for enhancing
thermoelectric performance. These limitations severely restrict the
application of existing bulk Bi-Sb single and polycrystals, leading to
inferior TE performance in cryogenic TEC.

Results

Thermoelectric figure of merit and cooling performance of bulk
Bi-Sb polycrystals

In this study, an ultra-fast quenching technique, commonly used in the
synthesis of metallic glass®, combined with annealing, was adopted to
prepare high-homogeneous, large-grain Bi-Sb polycrystals. These
samples not only exhibited TE performance comparable to that of
high-quality single crystals®, but also demonstrated remarkable
mechanical characteristics with compressive strengths exceeding
200 MPa (Supplementary Fig. 2). As shown in Fig. 1a, for a typical
Bio.ssSbo.12 polycrystal, the maximum figure of merit (2) in the studied
temperatures was measured at 4.0 x 107 K™ at 100 K without a mag-
netic field, and 3.5x 107 K™ at 175 K under a 0.5 T magnetic field. The
results indicate that at temperatures below 175K, the Z value of the
Bip.gsSbo.1» polycrystal surpasses that of the n-type Biy(Te,Se); and
state-of-the-art Mgs(Bi,Sb),, highlighting its unique potential for
cryogenic TE cooling. This excellent TE performance can be attributed
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Fig. 1| Thermoelectric performance of bulk Bi0.88Sb0.12 polycrystals and
cooling performance of the prototype TEC module. a The measured
temperature-dependent figure of merit, Z, for Bip gsSbo 12 polycrystals with 0.5T
and without a magnetic field. The measured Z is compared to that of other

to the improved quenching and crystallization during the synthesis
process, which enabled the production of highly uniform elemental
distribution and large grain sizes. These effects on TE transport
properties will be further explained in the calculation section.

A uni-couple TEC module was fabricated using the as-annealed
BiossSbo1» polycrystal as the n-type leg and the commercial
Bio.sSby sTes as the p-type leg. The cooling temperature difference (AT)
of the module was measured across a broad range of low tempera-
tures. As shown in Fig. 1b, at a hot-end temperature (7}) of 200 K, the
AT of the TE module reached 30 K, which approaches the theoretical
value. As T}, decreased, a AT of 4 K was achieved at T, =75K. These
experimental results validate the excellent TE performance of the
Bio.ssSbo.12-based module at very low temperatures. Compared to the
results of a fully Bi,Tes-based TEC module reported by Yim*, our
Bio.ssSbo.12-based module exhibited significantly larger AT particularly
when Ty, is below 175K, which aligns with the curves of Z value pre-
sented in Fig. 1a. Since 1968, the best cooling performance in the deep-
temperature regime has been AT=2.5K at T;,=79 K*. Our Big ggSbo 1o-
based module has rewritten this record, and for the first time, it
demonstrates the capability for deep-temperature cooling below
liquid nitrogen temperature using an n-p paired configuration. While
single-leg  TEC modules incorporating high-temperature super-
conductors as passive legs have demonstrated better low-temperature
cooling performance®*®, n-p paired TE modules made from poly-
crystalline materials provide greater value in practical applications.

First-principles calculations based on the VCA for Bi-Sb alloys

To elucidate the outstanding TE performance of the Big ggSbo 1 poly-
crystal, first-principles calculations based on the virtual crystal
approximation (VCA) were employed to investigate electron and
phonon transport in the alloy system. As an example, the phonon
spectrum of Big ggSbo 1> obtained using the VCA is shown in Supple-
mentary Fig. 3. The phonon frequencies lie between those of pure Bi
and Sb crystals, being closer to Bi, which demonstrates the validity of
the VCA. For electron transport, the scatterings due to phonons and
alloy disorders were considered. The localized disturbances in crystal
potential caused by Bi and Sb alloy atoms (Supplementary Fig. 4) were
factored in constructing the electron- and hole-alloy coupling matri-
ces. For phonon transport, three-phonon, four-phonon, and phonon-
alloy scatterings were included. Phonon scattering by alloy disorder
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prevailing TE materials'®*’. b The maximum cooling temperature differences
between the hot and cold sides of the module as a function of Tj,. The inset shows
the experimental setup for the thermoelectric cooling measurement with a uni-
couple module consisting of n-type BigpgsSbo12 and p-type Bip sSbysTe; legs.
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was modeled using a mass disorder approach, with coupling matrices
computed via the Pearson deviation coefficient®. Figure 2a shows the
normalized accumulation of electrical and thermal conductivity as a
function of the maximum mean free paths (MFPs) of the correspond-
ing carriers. The lower and upper characteristic MFPs for electrons are
55 and 1700 nm, respectively, while for phonons, they are 2 and 20 nm.
Electrons and phonons with MFPs within these characteristic ranges
contribute approximately 80% of the total electrical and thermal
conductivity. This reveals an interesting feature that the MFP of the
predominant electrons in the BipgsSbo1» alloy is approximately two
orders of magnitude greater than that of the phonons, which is distinct
from other typical TE materials such as PbTe*, SnSe*, SnTe*, and Si*,
where the phonon MFPs are comparable to or larger than the electron
MFPs. This inherent electron-phonon decoupling can be observed
from room to cryogenic temperatures (Fig. 2b), where the spectral
electrical and lattice thermal conductivities exhibit a redshift as the
temperature decreases, caused by the fewer phonon occupations that
reduce the electron and phonon scatterings.

This unique high Acie/Apn ratio reveals an inherent decoupling of
electron and phonon transport in Bi-Sb alloys, which can be attributed
to two main factors. First, for a “perfect BiggsSbo1» crystal” (con-
sidering only the electron-phonon and phonon-phonon scattering),
our first-principles calculations show good electrical conductivity
(1.25x10° S'm™) and low lattice thermal conductivity (6.74 W-m™-K™)
at 100 K. Although the alloy scattering was artificially excluded, the
lattice thermal conductivity is still comparable to the values of real
Bi,Te; crystals, which range from 4 to 6 W-m™K™ at 100 K*. A com-
parison of the room-temperature thermal conductivity with other
commonly used thermoelectric materials is provided in Supplemen-
tary Table 1. This arises from a narrow band gap that facilitates the
probability of electrons occupying conduction states, as well as from
the intrinsically high lattice anharmonicity and low phonon group
velocity (Supplementary Fig. 3 and Supplementary Table 2). The high
lattice anharmonicity in Bi-Sb solids arises from the existence of
resonant bonds®*, which form because the chemical bonds are pri-
marily composed of p-electrons to satisfy the sixfold coordination
required by the cubic crystal structure®. Its relatively low intrinsic
thermal conductivity, along with the significant thermal resistance
contributed by four-phonon scattering, further supports the high
anharmonicity in the BiSb system. The calculated phonon group
velocity along the high-symmetry directions is provided in Supple-
mentary Table 2. These predictions are in good agreement with the
experimental measurements (-1200m-s™ for TA phonon and
~2500 m-s™ for LA phonon, shown in Supplementary Fig. 5), and
comparable to those of Bi,Tes (ranging from 1 to 3 THz*°). Additionally,
the alloy scattering has a much greater effect on reducing lattice
thermal conductivity than on electrical conductivity. At 100K, over
80% of the lattice thermal conductivity in Big ggSbo 12 is contributed by
phonons with frequencies greater than 0.8 THz when only the phonon-
phonon scattering is considered. In this frequency range, the phonon-
alloy scattering rate is significantly higher than the three- and four-
phonon scattering rates (Fig. 2c and Supplementary Fig. 6). Account-
ing for alloy disorder in heat conduction, the calculations show a 69%
reduction in lattice thermal conductivity at 100K (from 6.74 to
210 W-m™K™, Supplementary Fig. 7). In contrast, the has a weaker
effect on electron transport compared to phonons (Fig. 2d and Sup-
plementary Fig. 8). The experimentally measured carrier concentra-
tion is 3.2x10”cm™ at 100K, corresponding to a Fermi level of
7.1 meV above the conduction band minimum (CBM). Given that the
average thermal excitation energy (kgT) at this temperature is about
8.6 meV, electron transport is primarily dominated by electrons within
anarrow energy window near the CBM. It can be seen that the electron-
alloy scattering rates are comparable to or even lower than the charge-
phonon scattering rates near the CBM. The charge-alloy interaction
becomes significant only at higher energies, where electron occupancy

is very low. Our calculations show that alloy scattering reduces elec-
trical conductivity by 33% (from 1.25x10° to 8.39 x10° S:‘m™). These
transport characteristics further increase the Aee/Aph ratio in the Bi-
Sb alloy.

Grain boundary scattering plays another important role in
affecting the TE transport properties, as previously mentioned. It is
worth noting that the calculated transport properties presented here
represent an average value across all crystallographic axes, specifically
(2 x binary + trigonal)/3, because the prepared Big ggSbo 1> crystals are
polycrystalline, with the orientations of individual grains being ran-
domly distributed. Our calculations show that the effect of grain size
on thermal conductivity becomes minimal once the characteristic
length reaches the micrometer scale (Fig. 2e for average values and
Supplementary Fig. 9 for binary and trigonal directions). This is
attributed to the strong lattice anharmonicity and phonon-alloy scat-
tering inherent in the Bi-Sb alloy, which restricts the MFPs of the
dominant phonons to several tens of nanometers, preventing sig-
nificant boundary scattering. As expected, a larger grain size improves
electrical conductivity due to reduced boundary scattering. However,
the Seebeck coefficient decreases slightly with increasing grain size
(Supplementary Fig. 10). This decrease is attributed to the “electron
MFP filtering effect” in semiconductors with non-parabolic bands®.
This mechanism, which was proposed to explain the Seebeck coeffi-
cient exceeding its bulk limit in small grain sizes, also applies here. As
the grain size increases, the Seebeck coefficient decreases and even-
tually recovers the bulk limit. The explanation is as follows: in n-type
semiconductors, when the Fermi level lies within the conduction band,
electrons with energies below the Fermi level typically have longer
MFPs and contribute a positive Seebeck coefficient, which is undesir-
able in n-type materials. In contrast, electrons with energies above the
Fermi level generally have shorter MFPs and contribute a negative
Seebeck coefficient. As the grain size increases, the long-MFP electrons
experience less boundary scattering, allowing them to contribute
more to the Seebeck coefficient, resulting in a lower Seebeck coeffi-
cient compared to those in smaller grains. Nevertheless, due to the
much larger increase in electrical conductivity compared to the
decrease in Seebeck coefficient, a larger power factor can still be found
in a sample with larger grain size. The calculations suggest that a grain
size greater than 10 um is required to achieve satisfactory low-
temperature electrical conductivity, while a grain size over 80 pm
can yield electrical conductivity comparable to that of single-crystal
Bio.ssSbo1o. Elemental homogeneity in Bi-Sb polycrystals is also
important in the electron transport properties, as studied in previous
studies?®*. Conversely, phase segregation may increase lattice thermal
conductivity due to reduced mass-field fluctuations, which is detri-
mental to TE conversion.

Growth of Bi-Sb alloy polycrystals and microstructure
characterizations

The analysis above highlights that optimizing grain size and improving
elemental homogeneity are critical for enhancing the TE performance
of Bi-Sb alloys. Regarding alloy synthesis, rapid quenching is com-
monly used to preserve the thermodynamic characteristics of mate-
rials from the preceding liquid phase*. Among the reported quenching
techniques, melt spinning is widely employed to produce uniform
metal alloy ribbons with a thickness of less than a few microns*, fol-
lowed by hot pressing to solidify the melt-spun ribbons into bulk
polycrystalline samples. However, this crystal growth method cannot
produce sufficiently large grains and inevitably introduces oxidation at
the grain boundaries, leading to a degradation of the electrical prop-
erties of Bi-Sb alloys. To overcome the limitations of melt spinning, in
this study, a spray casting technique with an ultra-fast quenching rate
(-10°K-s™) was used to prepare Bi;_Sb, polycrystals. This method
allows the direct fabrication of bulk polycrystals with the desired size
and dimensions, and is no need for additional grinding and
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solidification steps. As illustrated in Fig. 3a, the pre-synthesized Bi-Sb
was mounted into a quartz tube with a 0.5 mm diameter nozzle at the
bottom, and then heated by induction to a temperature of approxi-
mately 200-300 K above the upper solid-liquid line in the Bi-Sb binary
phase diagram. After heating for 30 s, the molten Bi-Sb was quenched
inside a copper mold to room temperature within 200 ms. The
resulting cylindrical Bi-Sb bar, with a diameter of 3 mm and a length of
30 mm, is shown in the bottom right of Fig. 3a. The morphology and
grain size of the as-quenched Bi-Sb were characterized using electron
back-scattering diffraction (Fig. 3b), showing an average grain size of
approximately 7.4 um, with irregular grain boundaries, and no dis-
cernible texture was observed based on the grain misorientation angle
distribution (Supplementary Fig. 11). Subsequently, the as-quenched
Bio.ssSbo .12 sample was annealed at 530 K—20 K below the solid-liquid
line in the phase diagram—for 7 days. As shown in Fig. 3¢, the sample
recrystallized and the average grain size increased to approximately
80 um, more than 10 times the size of the as-quenched sample. This
significant grain growth was also observed by SEM (Supplementary
Fig. 12). In comparison, Bi-Sb polycrystals synthesized by conventional
ball-milling and melt-spinning techniques typically yield much smaller
grain sizes of only a few microns. These samples exhibit relatively low
ZT values as a result of the low carrier mobility, which is caused by
significant grain boundary scattering®.

The annealing process can also improve the elemental homo-
geneity of the sample, which is critical for maintaining the desired
band gap and maximizing phonon scattering in Bi-Sb alloys. As shown
in Fig. 3d, e, the as-quenched sample exhibited rough compositional
distribution, characterized by significant Bi (green) and Sb (pink line)
fluctuations at the microscale. After annealing, the enhanced ele-
mental homogeneity in BiygsSbo1, is observed, driven by thermal
diffusion and grain growth, as demonstrated by the Bi (red) and Sb
(blue line) distributions and the energy dispersive spectroscopy ima-
ges in Fig. 3f. Supplementary Fig. 13a shows the X-ray diffraction pat-
terns for various annealed Bi;.,Sb, samples, where the sharp diffraction

peaks indicate large crystal sizes and high-quality crystallization across
all samples, which is further supported by the transmission electron
diffraction results shown in Supplementary Fig. 14. Notably, as Sb
content increases, the peaks of XRD shift to higher angles, reflecting a
decreased lattice constant, as shown in Supplementary Fig. 13b. This
also demonstrates the compositional precision and uniformity of the
Bi..,Sb, alloys prepared in this study.

Thermoelectric performance of Bi,.,Sb, bulk polycrystals

A series of Bi.,Sb, compositions centered around x = 0.12 (0.06, 0.09,
0.12, 0.15, and 0.18) were prepared using the synthesis method we
developed, optimal performance can be achieved after 7 days of
annealing (Supplementary Fig. 15), during which homogeneity
improves and grain size increases concurrently. These compositions
were selected since BigggSboi, exhibits favorable TE transport
properties**. As shown in Fig. 4a, the electrical conductivity for
x=0.09 to 0.18 exhibits semiconductor properties, with conductivity
initially increasing as the temperature rises and then decreasing as
further temperature increases. The conductivity for x=0.06 shows a
monotonic decline across the measured range, which is linked to its
low carrier excitation temperature due to its semi-metallic nature. In
the low-temperature regime (7<200 K), electrical conductivity initi-
ally decreases and then increases with increasing x. This behavior is
primarily caused by the varying carrier concentrations and bipolar
effects (Supplementary Figs. 16 and 17), both of which arise from the
different band gaps of these compositions. A crossover occurs at
x=0.12 with the highest isotropic electrical conductivity of 6.8 x10°
S'm™ is observed at 175K for this composition, as shown in Fig. 4a
and Supplementary Fig. 18. Based on the temperature-dependent
electrical conductivity, the band gap for each composition was cal-
culated using the Arrhenius law, as presented in the inset of Fig. 4a.
Notably, the band gap value of the Bi.,Sb, samples aligns well with
results of single crystals obtained through angle-resolved photoemis-
sion spectroscopy®’, where a band gap of 15 meV was identified for
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Fig. 4 | Temperature-dependent TE properties of the Bi;.,Sb, polycrystals conductivity obtained by the first-principles calculations. The inset shows the
(x=0.06, 0.09, 0.12, 0.15, and 0.18) prepared using the synthesis methods respective contributions of lattice and charge carriers, including electronic and
developed in this study. a Electrical conductivity. The inset shows the band gap of  bipolar transport, of the Big ggSbo 1> polycrystal. e ZT. f ZT of the Big gsSbo 12 poly-
the five samples, derived from the Arrhenius law and the measured electrical crystal under different magnetic field intensities.

conductivity. b Seebeck coefficient. ¢ Total thermal conductivity. d Lattice thermal
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BigggSbo.12. Hall measurements were conducted to determine the
carrier densities and mobilities. As shown in Supplementary Fig. 19, the
Hall carrier densities of the Bi;.,Sb, polycrystal initially decrease and
then increase, with the lowest value occurring at x=0.12, corre-
sponding to the largest band gap among the compositions. The carrier
mobility follows a T*° trend across the studied temperature range,
indicating that electron transport is primarily limited by acoustic-
deformation-potential interactions rather than lattice defects or phase
segregation, which typically cause deviations from the 7 relation, as
reported in previous studies**°. This suggests that the samples syn-
thesized by conventional methods contain significant crystal imper-
fections, and demonstrates the quality of our polycrystalline samples.

The Seebeck coefficient exhibits an opposite trend to electrical
conductivity with varying x, consistent with previous reports** and our
first-principles calculations (Supplementary Fig. 10). The maximum
Seebeck coefficient of —155 pV-K™ is observed in Big gsSbg.1» at 100 K.
Other compositions show lower Seebeck coefficients due to the
reduced band gap, where bipolar transport becomes more significant
as a result of the semi-metallic nature. The absolute value of the See-
beck coefficient decreases with increasing temperature due to thermal
excitation resulting from the small bandgap in the Bi-Sb alloys. As
shown in Supplementary Fig. 17a-c, the temperature dependence of
carrier concentration and mobility indicates that the bipolar effect
becomes more pronounced with increasing temperature across all
three samples. Additionally, the ratio of hole conductivity to total
conductivity (Supplementary Fig. 17d) shows that the bipolar transport
effect is more significant in Big94Sbg.0s and Big g,Sbg 15 compared to
Big.ssSbo.12. These findings are consistent with the observed band gap
and electrical transport properties: Bip gsSbo 1 exhibits a broader band
gap than the other compositions, resulting in a weaker bipolar trans-
port effect and a superior Seebeck coefficient among the materials
studied.

The total thermal conductivity increases with increasing tem-
perature, as shown in Fig. 4c. In contrast, the phonon component of
total thermal conductivity decreases with rising temperature due to
the enhanced lattice anharmonicity, as demonstrated by the first-
principles results in Fig. 4d. Furthermore, the differences in lattice
thermal conductivity for various x become very small at 300 K because
alloy scattering is weakly dependent on temperature. As a result, the
lattice heat conduction is primarily dominated by phonon-phonon
interactions at elevated temperatures. The difference between the
total and lattice thermal conductivity indicates a significant contribu-
tion of charge carriers to heat conduction in Bi-Sb alloys. The electron
and bipolar thermal conductivities can be obtained by subtracting the
first-principles lattice thermal conductivity from the total. As shown in
the inset of Fig. 4d, charge carriers contribute approximately 30% to
the total thermal conductivity in Big gsSbo 1> polycrystals even at 100 K.
The presented lattice thermal conductivity represents an average
value from two binary and one trigonal direction, with detailed results
for additional compositions provided in Supplementary Fig. 20. The
averaged lattice thermal conductivity shows small variation within the
range of 0.08 <x < 0.60, with the lowest value at .98 W-m™-K™! (x=0.3)
and the highest at 2.71 W-m™K™ (x= 0.6). For Big gsSbo 1>, the averaged
lattice thermal conductivity is 2.26 W-m™K™ at 100 K.

The temperature-dependent ZT values were obtained from the
measured electrical conductivity, Seebeck coefficient, and total ther-
mal conductivity, as shown in Fig. 4e. For all samples, the ZT values
generally increase and then decrease as the temperature rises. Our
experiments revealed that Biy.,Sb, with x = 0.09, 0.12, and 0.15 possess
better TE performance over the studied temperature range. Among
these, BiggsSbo12 polycrystals displayed the highest ZT values from
125K to 200 K, with a peak ZT of 0.48 at 150 K, which is comparable to
the best-reported value for single-crystal Bi-Sb alloys?>* (ZT -~ 0.55 at
125K). A strong interaction between TE transport properties and the
Lorentz force has been demonstrated in Bi-Sb systems*’. Our results

show that introducing a magnetic field with H < 0.75 T can enhance the
ZT values when the temperature exceeds 175K, as shown in Supple-
mentary Fig. 21. The peak ZT shifts to higher temperatures as the
magnetic field intensity increases, with the largest enhancement
observed at 200 K under 0.50 T, achieving a ZT of 0.68. The prepared
Bio.ssSbo12 sample, used as the n-type leg, was integrated into a pro-
totype TEC module, exhibiting the low interfacial electrical resistivity
(3.7 uQ-cm?) and interfacial thermal resistivity (0.14 mm*K-W™, Sup-
plementary Fig. 22). This module demonstrated not only an excellent
TE performance but also the capability for TE cooling below liquid
nitrogen temperatures, as introduced earlier in this work.

Discussion

In summary, the excellent TE performance of Bi-Sb bulk polycrystals is
attributed to the inherent decoupling of electron and phonon trans-
port which enables a uniquely high Aeje/Ap ratio compared to the other
commonly seen TE materials. A novel ultra-fast quenching method,
combined with an annealing process, was developed to synthesize
high-homogeneity Bi;_,Sb, polycrystals with enlarged grain sizes of
approximately 80 pm. The Big ggSbo 1> polycrystal achieved a compe-
titive ZT value of 0.48 at 150 K, comparable to the best-reported results
for single crystals Bi-Sb alloys. As a proof of concept, a uni-couple TEC
module based on the BigggSbo 1> polycrystal was fabricated, demon-
strating superior TE performance compared to existing Bi,Te;-based
commercial TECs, and, for the first time, achieving solid-state cooling
below liquid nitrogen temperatures in a TEC device with an n-p paired
configuration. The developed experimental technique, along with the
revealed physical characteristic of a high Acie/Apn ratio, provides a new
pathway for designing high-performance thermoelectrics.

Methods

Materials synthesis

Bi (pieces, 99.99%, Alfa Aesar) and Sb (pieces, 99.99%, Alfa Aesar) were
weighed according to the nominal stoichiometry Bi;_,Sb, where
x=0.06, 0.09, 0.12, 0.15, and 0.18. The raw elements with a total mass
of 10 g were sealed in quartz tubes under a high vacuum of 10™* Pa. The
quartz tubes were heated to 973 K for 4 h, held at this temperature for
another 2 h, and then cooled in iced water to obtain the precursor
ingots for ultrafast quenching. The obtained ingot was placed into a
quartz tube with a 0.5 mm diameter nozzle, melted by an induction
coil under a 0.01MPa argon atmosphere, and then sprayed into a
copper mold under 0.04 MPa of argon pressure. For the annealing
process, the Bi-Sb alloy rods obtained by ultrafast quenching were
sealed in a quartz tube under a vacuum of 10! Pa and annealed at 533 K
for 7 days.

Phase and microstructure characterization
Powder X-ray diffraction (Bruker D2 Phaser diffractometer) with Cu K
radiation (1=1.5418 A) was performed to analyze the phase composition
at room temperature. Element distribution on the polished surface and
the microstructure of the fracture surface were examined by a scanning
electron microscope (SEM, S8100, Hitachi) equipped with Oxford
energy-dispersive spectroscopy. To estimate the grain size and orien-
tation, electron back-scattering diffraction was conducted using an
Oxford Nordlys Max3 EBSD detector. Cryogenic Transmission Electron
Microscopy (JEOL JEM-ARM200OF NEOARM) at liquid nitrogen tem-
perature was employed to obtain electron diffraction pattern images.
All transport properties of the samples were measured along the
axial direction of the quenched sample rods. The total thermal con-
ductivity and Seebeck coefficient were measured using a Thermal
Transport Measurement System (TTMS, Multifields Tech.), and the
electrical resistivity was measured using a Physical Properties Mea-
surement System (PPMS, Quantum Design). The steady-state method
was employed for measuring the total thermal conductivity and See-
beck coefficient. The thermoelectric transport properties under
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magnetic fields and Hall coefficients, Ry, were also measured using the
PPMS. The Hall carrier concentration, ny, and the Hall carrier mobility,
U, were calculated by:

1
ny= R, @)
1y =0R,,, )

where e is the electronic charge, o is the electrical conductivity and Ry
is the Hall coefficient.

Two-band transport model
The isotropic conductivity o of m parallel-conducting carrier popula-
tions subject to a perpendicular magnetic field Bz is given by*®

o q;n;l;
0. (B.) = i _ it 3)
w(B:) S 1+uB,)’ ;1+(11i31)2
m (U m_ a.n.u?
O.xy (Bz) — Z gl(ﬂlBZ) - qlnl”[ BZ (4)

S1+uB,) S 1+wB,)*

With the convention that g; and y; carry the same sign. From the
conductivity tensor equation,

Oxx Oxy Rxx ny
= E<—= =E, S)
J < _ny Oy ) ( -R Rxx J

Xy

where the longitudinal and transverse resistances are expressed as:

- OXX (BZ)
RXX(BZ) O.XX (B ) +0xy (BZ) 4 (6)
B
ny (BZ) — oxy( Z) (7)

OXXZ (BZ) + nyz (BZ) .

In the case of two carrier species, the resistance tensor becomes:

ol mioner)
0y? (1 + (ﬂsz)2> +0,0, (1 + (lluusz)z) +0,? (1 + (ﬂle)z) ’

xXx

olﬂle (1 + (ﬂZBz)Z) + 0'2[1231 <1 + (”IBZ)2>
0,2 (1 + (ﬂsz)2> +0,0, (1 + (ﬂ1ﬂ23z)2) +0,? <1 + (ﬂle)2> '

9

Ry=

The polynomial expansion of R, and Ry, in powers of B, can be
expressed as*’:

Co :%:Rsh o
2
1 + i, (1 — 1)
TR PY T (quyy +q2n2p2)3

54:C§/Cz

BZ

z

Rxx (Bz) =

10)

2
_ QM (G + qz”z)z (1 — 1)

B+ ...
(G +q2n2p2)3

7 ’

=Ry ]
2
Ry, (B,)= QBT+ Gl B (H — 1) B
e (@ + qanap)* (g + %"2112)4 :

an

cs=c3/c3

2
+ QG5 (G +02”2)3(Il1 — 1) B+ ...
6 z ’
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Here the R, is even and Ry, is odd polynomial magnetic field
dependence, respectively. The expansion coefficient ¢;in Egs. 10 and 11
satisfies a recursive condition:

(1+p(2+1)

~1

12)

Such that R, and in Egs. 10 and 11 can be equivalently expressed
(without truncating the expansions) as:

c,B?
R (B;)=co+ =z, 13)
1+ (&8.)
B
Ryy(B;) =B, ——>= (14)

The band-resolved densities and mobilities are obtained from the
Co-3 coefficients by:

263 — 16563 +¢3(CoCs £58N(qy5)C)

ng,= , 15
12 2qy 5 (c163 — c3)C” )
_ €16+ CoC3 758N (qy,2)C 16
M2 2606, ) (16)
where,
c'= \/cg (¢ +4coC,) — 2€0€1C5C5+CRCS. (17)

Module preparation and cooling AT measurement

Copper contact layers were deposited onto the samples using ion
beam deposition, resulting in a Cu/Big gsSbo 1, interface with remark-
ably low interfacial electrical resistivity (3.7 pQ-cm?) and interfacial
thermal resistivity (0.14 mm*K-W™), respectively (Supplementary
Fig. 22). The electrode-plated Big gsSbo 1> samples were then diced into
square legs measuring 0.9 x 0.9 x3mm?®. Similarly, the commercial
p-type BigsSb;sTe; materials (Supplementary Fig. 23) were cut into
square legs with an optimized area of 1.3x1.3mm? and the same
length.

Utilizing these two types of legs, we fabricated a uni-couple single-
stage thermoelectric module. The temperature difference was mea-
sured using a TTMS (Multifields Tech.). One side of the connected
current leads, as the hot end, was attached to the constant-
temperature heat sink on the sample platform, as shown in the inset
of Fig. 1b. PT-100 temperature sensors were affixed to both the cold
and hot ends to measure the temperatures at these locations.
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Virtual crystal approximation and lattice parameters

The thermoelectric transport properties of the BiggsSbo 1, alloy are
investigated using first-principles calculations, performed with the
Quantum ESPRESSO*°, EPW*, and ShengBTE**** packages. In the fol-
lowing sections, we introduce the fundamental theory and computa-
tional details for the electron-phonon, electron-alloy, phonon-phonon,
and phonon-alloy interactions.

In the density-functional theory (DFT) calculations, a fully relati-
vistic norm-conserving pseudopotential with the Perdew-Zunger
parameterization of the local density approximation exchange-
correlation functional’* is used for both Bi and Sb. The pseudopoten-
tial for the Big.gsSbo 1, is reconstructed by mixing 88% Bi and 12% Sb,
based on the virtual crystal approximation (VCA)>. Spin-orbit coupling
is incorporated into the DFT calculations, and the plane-wave cut-off
energy is set to 80Ry on an 18 x18x18 uniform k-grid mesh in
momentum space. Convergence is achieved in the self-consistent
calculations when the estimated energy error is less than 10712 Ry. The
optimized lattice constant is 4.6816 A with an oblique angle of
57.9509° in a rhombohedral crystal structure, and the positions of the
two basis atoms are (0, 0, 0) and (0.4702, 0.4702, 0.4702) in crystal
coordinates. For comparison, the optimized lattice constants and
angles are 4.7042 A and 57.9874° for Bi, and 4.4813 A and 57.9180° for
Sb. The lattice constant of the Big ggSbg 15 virtual crystal is close to the
average lattice constant of Bi and Sb, which is consistent with Vegard’s
law, validating the applicability of VCA®,

Electron-phonon interaction

The electron-phonon interaction is initially determined by the phonon
perturbed potential due to atomic displacements, denoted as 6V),q(r),
where q and p represent the wavevector and branch index of a phonon,
respectively, and r denotes the real-space position. The electron-
phonon coupling matrix is given by*’:

12
18
2mow,,q) <mk+q, [, 6V pq (1), |,nk>, 18)

gmnp(kr Q= (

where mg is a reference mass; w is the phonon frequency; k is the
electron wavevector; n and m represent the index of the initial and final
electron bands, respectively. Using this coupling matrix, the electron
scattering rate due to phonons can be calculated by:

2n dq
eph h Qpz

f
<fmk+q > < Emk+q +hwpq>
* (1 —fmk+q +nﬁ¢l)6(£nk — Emk+q — hwpq)

Zmnp (K, q)\
19)

’

where Qg7 is the volume of the first Brillouin zone; ¢ is the electron
energy; f and n represent the Fermi-Dirac and Bose-Einstein distribu-
tions, respectively.

The electron Hamiltonian of the BipggSbo 1, virtual crystal was
computed on a 12 x 12 x 12 k-grid mesh using non-self-consistent DFT
calculations performed on the Quantum ESPRESSO package. The
dynamical matrix and phonon perturbed potential were computed on
a 6 x6x6 q-grid mesh using density-functional perturbation theory
(DFPT). In the phonon calculations, the threshold for self-consistency
was set to 1078 Ry. The DFT and DFPT results were then interpolated
onto a 140 x 140 x 140 mesh to compute the electron and phonon
eigenvalues and the electron-phonon coupling matrix using the EPW

Electron-alloy interaction

To compute electron-alloy scattering rates, we follow the method
proposed by Murphy-Armando and Fahy®, which provides a fully first-
principles framework based on the VCA for random binary substitu-
tional alloys. In this method, the coupling matrix due to alloy disorder
is given by:

8mnap (K, K') =N (mK'|AV (1) nk)

—Nsc<mk”AVﬁ(r)’nk>, (20)
where N is the total number of virtual atoms in the supercell; AV,(r) is
the perturbed potential due to a type-a atom. It is determined by the
difference between the bare potential of the virtual crystal supercell
and the supercell where one virtual atom is replaced by a type-a atom,
i.e.,

Ava(r) = Va(r) - Vvirtua[(r)- (21)

The electron scattering rate due to alloy disorders is calculated by*®

1 2mrx(1—x /
¢ al h ( )Z/ ‘gmn(k'k)|26(£nk _‘Smk')' (22)
nk

where x is the alloy composition ratio, which can be 0.88 or 0.12 in this
study. The delta function ensures energy conservation in the electron-
alloy scattering process, calculated using the tetrahedral smearing
technique®’.

The alloy scattering rates were computed using our in-house
modified version of the Quantum ESPRESSO package. A supercell is
required to calculate the coupling matrix, as alloy disorder perturbs
the potential of surrounding atoms. Although this perturbation
is localized, a single primitive cell may not sufficiently exclude
interference between two disorder sites. For BipgsSboi, a
2 x 2 x 2 supercell containing 16 virtual atoms with an 8 x 8 x 8 k-grid
mesh in momentum space was employed. The plane-wave cut-off
energy and convergence threshold are the same as those used in
crystal optimization. A virtual atom was replaced by Bi or Sb to
compute V,(r), and then was subtracted from V,;,,q/(r) to obtain the
perturbed potentials on a 109 x 109 x 109 mesh in real space. This
supercell was large enough since the perturbed potentials decay to
approximately zero within 2.0 Bohr, as shown in Supplementary
Fig. 4. The electron-alloy and hole-alloy scattering rates were com-
puted for 1800 k points, each considering 20 electron bands from
the lowest conduction and highest valence bands, resulting in the
calculation of scattering rates for 36000 electron states. The
obtained alloy scattering rates were interpolated to the
140 x 140 x 140 k-grid mesh according to the electron energy, to
match the resolution of the electron-phonon scattering rates. The
DFT and interpolation results for the alloy scattering rates are shown
in Fig. 2d and Supplementary Fig. 8.

Phonon-phonon and phonon-alloy interactions

The anharmonicity of the lattice is one of the main causes of thermal
resistance in solid materials. Atomic vibrations are inherently anhar-
monic, and deviations from harmonic forces correspond to the
intensity of phonon scattering. As a result, the coupling matrix for
phonon-phonon scattering is related to the higher-order terms of the
force constants and is given by*>**:

tququfkpq

!l = aBy iq'-r; ,iq"-r
package. Finally, the electron-phonon scattering rates were obtained Mppp (@ 4,97 ;(aZﬁ (Dijk \/8 MMMt 0t enven
on this dense mesh, and the results are shown in Fig. 2d and Supple- SRGBY A el e
mentary Fig. 8. (23)
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where @ represents the third- and fourth-order force constants; a, f3,
and y are Cartesian coordinates; i, j, k, and [ are atomic indices in the
system; ¢ is the phonon eigenfunction; M is the atomic mass, and r is
the position of a basis atom relative to the lattice point. The three-
phonon and four-phonon scattering rates can be obtained by*>*:

\M|2(npq _ np,,q,,)
1 _2m T / dq | 6 (ha)pq — hWpyq + hwp,q,) 2
T3—Dh f’qu QBZ + % |M|2 (np « n np”q” + 1) B
x 6(ha)pq — @y — hw,,fq,)

1 _ _2m
AT Ny 2 JELIE

p.pp"
3N |2 (1 + "p’q') (1 thyg ) Ny 6 (hwpq +Hhwp g+ hwyq — hwﬁ'”ﬂ”')

1
x + ‘N‘ (1+nﬂq )np 'q" p'”q'”6(hm +hWy g —heyyqr —h@ g )

+ &V nn'q’"ﬂ"q”"ﬂ”'q"'5(hwpq — hwpq — hwpq - h“’p”'q’”)

(26)

For the phonon-alloy interaction, the scattering matrix is deter-
mined by the Pearson coefficients, which depend on the alloy com-
position ratio and the mass of the virtual atom, and is given by*>**;

27)

Pi)= ZX (z){

— M (l)}
Myca |

where s loops all types of alloy atoms. The phonon-alloy scattering rate
is then obtained by:

1
ol N ”q {ZP(I)I P, 1.p'q)[*6(wpq ,,q)} (28)

pq

The harmonic force constants were computed using DFPT, along
with the dynamical matrix and phonon perturbed potential. The
higher-order force constants were calculated using supercells within
the Quantum ESPRESSO package. A 4 x 4 x 4 supercell with a force
cutoff radius extending to the ninth nearest neighbor was used for
obtaining the third-order constants. The fourth-order constants, being
more localized, were calculated using a 3 x 3 x 3 supercell with a force
cutoff radius extending to the fourth nearest neighbor. Phonon-
phonon and phonon-alloy scattering rates were computed using the
ShengBTE code on a 40 x 40 x 40 q-grid mesh. The calculated three-
phonon, four-phonon, and phonon-alloy scattering rates are shown in
Fig. 2c and Supplementary Fig. 6.

Thermoelectric transport properties
The thermoelectric transport properties are calculated according to
the Onsager reciprocal relations®’:

Z of
QN Unk nk ;1(;(&] agn:: 4 (29)
n

_ 8c€ 1 Of nk
L= g 2 (6= & JUATR G, 30
8c€ of
Ly = Q[EV (‘c:nk - £f> nkuﬁktﬁlokta[ agnk 31
__ & 2 1 0f i
Ly=- TNT(T; (gnk - 5f> ’/Zk”ngm(ta 765:1( . 32)

where N is the number of k grids; Q is the volume of the primitive cell;
& is the Fermi energy, determined by the experimental carrier con-
centration and DFT band structure. The total scattering rate is eval-
uated using Matthiessen’s rule. In this study, we have

1 1 1

t—= 33
total e—ph Te—al’ ( )
Tnk Tnk Tnk
11 1 1 1)
total . 3—ph 4—ph ph-al’
Tha"  Tpq Tpq Tpq

for electron and phonon, respectively. Using these scattering rates and
group velocities, the electrical conductivity, Seebeck coefficient,
electrical thermal conductivity, and bipolar thermal conductivity are
calculated as follows

o= — Lu, (35)
L

s=72, (36)

Ly

LyL
Kee =Ly — ZLIHIZ ’ (37)
Lh L¢ L4 Lh

Kpip = ( %L_i‘{ - Lgl) L_ﬁ + <Lgl Lh 21> Lﬁ : (38)

The superscripts e and h represent the contributions from the
conduction (electron) and valence (hole) bands, respectively, while
values without a superscript represent the total contribution.

The lattice thermal conductivity is calculated as®

Uﬁ ot~ Pa anpq

palpaVpalpq oT

Kiae = QN Z o (39)

where Nq is the number of q grids. The computed thermoelectric
transport properties of BiggsSbo, along the binary and trigonal
directions at different temperatures are shown in Supplementary
Figs. 9 and 10.

The electron and phonon MFPs are, respectively, calculated by

Ank = ‘Vnk ‘ T:g(t’ (40)
Apq= ‘qu Toq- (41)

The lower and upper characteristic MFP are defined by the values
corresponding to normalized accumulations of 0.1 and 0.9, respec-
tively. This range encompasses the MFPs of electrons and phonons
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that contribute approximately 80% of the total electrical and lattice
thermal conductivity.

Data availability

All data are available in the manuscript or the supplementary
information.
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