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GRAPHICAL ABSTRACT

Single-crystalline Mg,Bi, ,..Sb, . Te, ... Double-stage device
zT ~ 1.05 at 300 K AT . ~106.7 Kat T =350 K

PUBLIC SUMMARY

m Centimeter-sized MgsBi,.,Sb, single crystals were synthesized by a slow-cooling method.

m Record-high thermoelectric performance was achieved in the sub-ambient temperature range.

= Double-stage cooler with a superior cooling performance of ~106.8 K exceeding commercial Bi,Te; devices.
= More than 2,000 cycles of cooling performance measurements confirmed the superior stability of the cooler.

m The MgsBi,-based cooler is highly promising for applications in electronic thermal management.
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Solid-state thermoelectric coolers, which enable direct heat pumping by
utilizing electricity, play an essential role in electronic refrigeration. Given
that these devices usually cool down to the sub-ambient temperature range,
their performance is critically dependent on the material properties at tem-
peratures below 300 K. Consequently, enhancing the thermoelectric proper-
ties of materials at sub-ambient temperature is of paramount importance for
advancing cooling technology. Herein, a single-crystalline Mg3Bi,-based
material has been prepared and exhibits high electron mobility. As a result,
thermoelectric figure-of-merit values of ~1.05 at 300 K and ~0.87 at 250 K
(along the ab plane) have been achieved, which are superior to commercial
n-type Biy(Te, Se)s. Thermoelectric coolers (single- and double-stage
devices) based on the n-type single-crystalline MgsBij 497Sbo.5T€0.003
and p-type (Bi, Sh),Te; have been fabricated. The double-stage cooler
demonstrates a remarkable maximum cooling temperature difference of
~106.8 K at the hot-side temperature of 350 K, surpassing the performance
of commercial Bi,Tes-based devices. Notably, the MgsBi,-based double-
stage device exhibits exceptional cyclic stability, maintaining its cooling
performance without any observable degradation after approximately
2,000 cycles between the input currents of 1 and 3 A. These findings
show that single-crystalline MgsBi, alloys hold great promise for thermo-
electric cooling applications.

INTRODUCTION

Solid-state thermoelectric coolers can convert electricity into cooling and heat-
ing via the Peltier effect,'* and they have been applied to electronic refrigeration
and thermal management.®® The cooling performance of the thermoelectric
device, quantified by both the coefficient of performance (COP) and achievable
temperature difference (AT), is fundamentally governed by the materials’ dimen-
sionless figure-of-merit (zT).”° This critical parameter is defined as 2T = S*T/(xp),
where S represents the Seebeck coefficient, k denotes the thermal conductivity,
p stands for the electrical resistivity, and T is the absolute temperature.

Since their discovery in the 1950s, Bi,Tes-based alloys have remained the
cornerstone of commercial thermoelectric cooling technologies. Despite exten-
sive research efforts in thermoelectric materials development, only a limited
number of alternative compounds have demonstrated competitive performance
near room temperature. These include MgAgSb,'® 2 SnSe,''* Ag,Se,'® '8
PbSe-based materials,'>*° and the recently developed MgsBi,-based alloys,>' =°
which have emerged as promising candidates for thermoelectric cooling. Ther-
moelectric devices typically cool down to the sub-ambient temperature range
(less than 250 K), making their performance critically dependent on material
properties below 300 K" Among the existing materials, Bi,Tes alloys hold
unparalleled zT values in this low-temperature range. The development of new
materials exhibiting enhanced thermoelectric performance at sub-ambient
temperatures presents both significant scientific challenges and technological
implications for advancing efficient cooling solutions.

Herein, a single-crystalline MgsBi; 5Sbg s-based material has been prepared
and optimized, and it exhibits zT values of ~1.05 at 300 K and 0.87 at 250 K along
the ab plane. These values surpass those of commercial n-type Biy(Te, Se); alloys
in the sub-ambient temperature range. By utilizing the n-type single-crystalline
MgsBi, alloys in conjunction with p-type (Bi, Sb),Tes, both single- and double-
stage thermoelectric coolers have been fabricated. A maximum cooling temper-

ature difference of ~106.8 K at the hot-side temperature of 350 K has been
realized in the double-stage device, representing an improvement over the con-
ventional Bi,Teg-based coolers.

MATERIALS AND METHODS
Crystal growth and material preparation

MgsBi,-based single crystals are prepared by using the slow cooling method. To prepare
the MgsBi,-based single crystals, magnesium (Mg ingots, ZNXC, 99.995%), bismuth (Bi
shots, ZNXC, 99.999%), antimony (Sb shots, ZNXC, 99.999%), and tellurium (Te ingots,
ZNXC, 99.999%) were weighed according to the nominal composition of Mgsgs
Bi1.997xSbxTeg.003 @and Mgs 0sBiq 5,Sbo s Tey. The raw materials were sealed in the niobium
tube (with an inner diameter of 22 mm and a length of 100 mm) with the partial pressure
of argon using an arc welder. The niobium tubes were then sealed in the quartz tube in a
vacuum. The sample was heated up to 1,223 K in 12 h, maintained at this temperature
for 48 h, and then slowly cooled down to 923 K at the rate of 3 K h™, followed by annealing
at this temperature for 72 h and then cooling down to room temperature.

Device fabrication

Single-crystalline MgsBiy 497SbosTeg 003 Was prepared into a disk with a diameter of
~12.7 mm along the ab direction (in the device, the electric current will be applied parallel
to the c direction of the crystal) and a thickness of ~2.52 mm by wire cut electrical discharge
machining. The raw elements of magnesium (Mg ingots, ZNXC, 99.995%) and nickel (Ni
powder, ZNXC, 99.99%) were weighed according to the composition of Mg,Ni in the glove
box. These elements were sealed in the Nb tube and then encapsulated in the quartz
tube. It was heated up to 1,223 K in 3 h, maintained at this temperature for 24 h, and
then quenched in water. The ingot of the as-prepared Mg,Ni was ball milled into powders.
The junction of the Ag/Mg,Ni/MgsBiy 497Sbo 5 T€0.003/MgoNi/Ag disk was prepared by spark
plasma sintering of the Ag powder/Mg,Ni powder/MgsBiy 497Sbo s T€o.003 disk/MgoNi pow-
der/Ag powder together at a temperature of 623 K. The temperature increased from 300 to
623 K with a heating rate of 50 K min~' and was maintained at 623 K temperature for 5 min
under a compressive force of 3.5 kN. After that, the furnace was cooled down to room
temperature. The sintering process for layered MgsBii497SbosTeg oz Crystals impose
dual constraints: high temperature can cause Mg evaporation, reducing carrier concentra-
tion which ultimately degrading the thermoelectric property. High sintering pressure will
induce plastic deformation and weakening mechanical strength.

The sintered pellets were cut into legs by wire cutting (with the protection of oil) in a
dimension of ~19 x ~1.9 x ~3.2 mm. The contact layer of the p-type (Bi, Sb),Tes leg
(RusTec) is electroplated in a Ni(SOsNH,), solution after acid etching by HNOs (65%—
68%). The p-type Ni/(Bi, Sb),Tea/Ni junction was cut into the required dimension according
to the simulation (Figure ST) by sand-wheel slice cutting in water. The optimal area ratio of
An/A, should be around 0.9 (1.71:1.9 mm). However, due to the wire-cutting accuracy and
fabrication difficulties, the actual ratio of A, /A, for both the single- and double-stage
modules is close to 1:1 (1.9:1.9 mm). The contact resistance of the thermoelectric leg
is characterized by the homemade four-probe setup, and the contact resistance of the
Ni/(Bi, Sb),Tes/Niis shown in Figure S2. The n-and p-type thermoelectric legs were soldered
(Sn4,Bisg, melting point: 411 K) to the ceramic plate deposited with Cu and Ni metals by a
one-step reflow method performed with a reflow oven (T-937, Puhui). First, the temperature
was raised to 408 K at a heating rate of 1 K s™', and the temperature was maintained at 393
K for 2 min. Then, the temperature was raised to 453 K at a heating rate of 1 K s~', and the
temperature was kept at 453 K for 45 s. Finally, it was cooled to room temperature at a
cooling rate of 1 K s™'. The single- and double-stage devices based on commercial
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Figure 1. Mg3Bij 497Sbo sTeg 003 single crystal and
the thermoelectric cooling performance of the de-
vice (A) X-ray diffraction and Rietveld refinement
of single-crystalline MgsBi 497Sbo.5 T€0.003. (B) Single-
crystal X-ray diffraction pattern of MgsBij 497Sbg s
Teo.003 along the [0001] direction. (C) Comparison of
the temperature-dependent zT between MgzBij 497
SbosTeooos single crystal and commercial n-type
Bix(Te, Se)s. (D) Comparison of the cooling tempera-
ture difference between the single-crystalline Mgs
Bi1 497Sbo.sTeo.003-based single-stage device and the
device based on the commercial Bi,Tes alloys. The

blue, red, and gray symbols represent the results ob-
tained at hot-side temperatures of 303, 325, and
350 K, respectively. The solid and dashed lines in
(D) are the parabolic fitting of the measured data.
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p-type (Bi, Sb),Tes (RusTec) and n-type Biy(Te, Se)s (RusTec) were fabricated by a similar
process to that mentioned above.

RESULTS AND DISCUSSION
Growth of Mg3Bi,-based single crystals

The previously reported Mgs(Sb, Bi), crystals were primarily prepared by the
Bridgman®?>® and metal flux methods.?**° ¢ Layered Mgs(Sh, Bi), tends to
crystallize into plate-like crystals with relatively small sizes when the metal flux
method is used, which limits the fabrication of thermoelectric devices. In
addition, the Bridgman method requires sophisticated equipment.®® Herein, sin-
gle-crystalline MgsBiy-based materials (with a nominal composition of Mgz s
Bi1 a97-xSbxTen.003 and Mgs 0sBiq 5,Sbo 5 Tey) were prepared by the slow cooling
method.*® The obtained crystal can be easily cleaved along the (0001) plane
(e, the ab plane), and the phase identification and crystal orientation are
confirmed by X-ray diffraction (Figure 1A) and Laue diffraction (Figure S3).
The crystallographic information of single-crystalline MgzBii.497Sbg5T€0.003 IS
collected by single-crystal X-ray diffraction, and the crystallographic data are
shown in Tables S1—S4. The titled compound crystallized in the anti-La,03 struc-
ture type in the trigonal space group P3m1 (164), which features a cationic Mg1
sheet and an edge-shared [MgBi,] anionic tetrahedral layer.*® The layered
structure of the cleaved MgsBi,-based single crystal can be easily observed by
scanning electron microscopy (SEM) (Figure S4A), and uniform elemental distri-
bution is confirmed by energy-dispersive spectroscopy (EDS) (Figure S4B—S4E).
The actual composition of the single crystal is determined to be Mgz 04Bi1 5Sbo s,
while the Te content cannot be accurately quantified due to its low concentration.
Figure 1C shows the comparison of the temperature-dependent zT between sin-
gle-crystalline MgsBiy 497Sbg 5 Te€0,003 (@long the ab plane) and commercial n-type
Biy(Te, Se)s (Figure S5). The zT values of the MgsBiy 497Sbg.s T€o 003 Single crystal
reach ~1.05 at 300 K and ~0.87 at 250 K, demonstrating superior performance
compared to n-type Biy(Te, Se)s. Notably, the performance disparity between
single-crystalline  MgsBi; 497SbosTepo0s and Bix(Te, Se)s alloys becomes
increasingly pronounced above the temperature of 350 K, primarily due to the
more significant bipolar conduction in Biy(Te, Se)a.

Benefitting from the superior thermoelectric performance, single-crystalline
MgsBi 497Sbo5Teg 00z demonstrates exceptional potential for cooling applica-
tions. A single-stage thermoelectric device, comprising seven pairs of the

further comparison of the thermoelectric cooling

performance has been conducted between the
single-crystalline MgsBi 497Sbg 5 Teg 003-based single-stage device and various
state-of-the-art polycrystalline devices, including MggBiy-based materials, >’
MgAgSh,*>*® SnSe,'* and Bi,Te; alloys™ “® (Figure S7; Table S5). The experi-
mental results demonstrate that the single-crystalline MgsBiq 497Sbo sTe€0.003-
based device exhibits superior cooling performance to these reported thermo-
electric coolers. In addition, commercial Bi,Teg-based single-stage devices
from KELK (KSMH023), Marlow (SP5162-01AC), and Laird (CP14-71-10-L1-RT)
have been characterized. The cooling temperature differences are 70 K for the
KELK cooler and 65 K for both the Marlow and Laird devices (Figure S8;
Table S6) at a hot-side temperature of 300 K. In other words, the single-crystalline
Mg3Biq 497SbosTeg poa-based coolers are comparable to the KELK device
(KSMH023) and higher than the others.

Thermoelectric performance of single-crystalline Mg;Bi,-based
materials

The thermoelectric properties of single-crystalline MgsBiy g97xSbxT€0.003 @and
MgsBis 5,SbgsTe, have been characterized, as shown in Figures S9 and S10.
The transport properties of the MgsBi; 497SbosTe0003 Single crystal along
different crystallographic planes are shown in Figure 2. The electrical resistivity
of single-crystalline MgsBi; 497Sbo sT€g.003 is ~9.2 nQ m along the ¢ plane and
~7.7 uQ m along the ab plane at a temperature of 250 K (Figure 2A). The
disparity in electrical resistivity is not appreciable, and it can be ascribed to the
similar Hall electron mobilities along different crystallographic planes. As shown
in Figure 2C, the Hall electron mobility is ~457 cm? V=" s~ along the ab plane
and ~321 cm? V™' s7! along the ¢ plane at a temperature of 250 K. By
eliminating grain boundaries and minimizing the concentration of other defects
in single crystals, carrier mobility can be effectively improved, thus enhancing the
electronic properties. The Seebeck coefficient is nearly identical along the ab and
¢ planes, which exhibits the typical feature of semiconductors (Figure 2B). As a
result, the power factor (S%/p) in the ab plane is similar to that of the ¢ plane
(Figure S17). The power factor of single-crystalline MgsBii.497Sbg5T€0.003 IS
~38 uW cm™' K~2 along the ab plane and ~34 uW cm~' K~2 along the ¢ plane
at a temperature of 250 K. The thermoelectric properties of single-crystalline
MgsBi; 5Sbg s have also been calculated along different crystallographic planes,
and they are comparable (Figure S12), indicating that the thermoelectric proper-
ties are nearly isotropic.***’ Theoretical calculations reveal that the conduction
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Figure 2. Thermoelectric properties of single-crystalline Mg3Bi; 497Sbg sT€o.003 (A—E) Temperature-dependent (A) electrical resistivity, (B) Seebeck coefficient, (C) Hall electron

mobility, (D) thermal conductivitg{

among different materials.”*%*~*

band Fermi surface of MgsBi, sSbgs shows weak anisotropy”® (Figures S13
and S14), supported by the nearly isotropic conductivity effective masses.
Specifically, the calculated conductivity effective masses of electrons is
~0.24 mg (where mg is the free electron mass) along the ab plane and
~0.21 mg along the ¢ plane at a carrier concentration of 2 x 10'® cm™. The
observed isotropic thermoelectric behavior in MgsBi,-based materials, while
structurally layered, finds its origin in the three-dimensional charge transport
characteristic enabled by the nearly isotropic interatomic bonding network.*

The measured thermal conductivity and zT of single-crystalline MgsBi 497
ShosTegoos along different crystallographic planes are shown in Figure 2D.
The thermal conductivity in the ab plane is slightly higher than that of the ¢ plane,
and the estimated sums of lattice thermal conductivity and bipolar thermal con-
ductivity are also similar (Figure S15). As a result, the zTs are comparable along
the ab plane and the ¢ plane (Figure 2E). The thermal stability of single-crystalline
Mg3Bii.997-xSbxTe€g 003 has been evaluated through cyclic thermoelectric proper-
ties measurements across the temperature range of 300—573 K, encompassing
five complete heating and cooling cycles. The measured thermoelectric
properties are highly comparable (Figures S16—S18), which confirms the thermal
stability of the material under operational conditions. Additionally, the reproduc-
ibility of the thermoelectric performance for single crystals from different batches
has been verified and shows comparable results within the uncertainty of the
measurements (Figures S19 and S20). A comparison of the average zT (zT )
in the temperature range between 250 and 300 K is presented in Figure 2F,
encompassing various state-of-the-art materials, including polycrystalline
MgsBi,-based materials,”***? Ag,Se,®° Biy..Sby alloys,®' Biy(Te, Se)s, and sin-
gle-CryStalline Mg3B|'| 497Sb0_5TeQ 003 Siﬂgle-crystallihe MggBi1_4g7Sb0_5Te0_003
exhibits a high average zT of ~0.97 along the ab plane, outperforming all other
compared materials.

Fabrication of the single-crystalline Mg3;Bi,-based double-stage device
To further evaluate the performance of single-crystalline MgsBiy 497Sbgs
Tepoos, Single- (the inset of Figure 1D) and double-stage devices based on
n-type MgsBii.497Sbo s T€0.003 and p-type (Bi, Sb),Tes have been fabricated. The
double-stage device comprises a hierarchical arrangement of 7 thermoelectric
pairs in the upper stage and 17 pairs in the lower stage (Figure 3D). The n-type

,and (E) zT of Mg3Bir 497Sbo sTeo 003 along ab plane and ¢ plane. (F) A comparison of the average zT in the temperature range between 250 and 300 K
5051 3G stands for the single-crystalline sample, and P stands for the polycrystalline sample.

thermoelectric legs feature a multilayer structure of Ag/Mg,Ni/MgsBiy 497
SbosTeq003/MgoNi/Ag, fabricated by spark plasma sintering. In this configura-
tion, Mg,Ni serves as the contact layer, providing both low interfacial contact
resistivity (o) and good mechanical bonding strength,>” while Ag is chosen as
the soldering layer. SEM combined with EDS (SEM-EDS) analysis of the inter-
faces reveals no observable secondary phase formation or elemental diffusion
(Figure S21). The interfacial contact resistivity of the Ag/Mg,Ni/MgsBi; 497Sbo 5
Tepooa/Mg,Ni/Ag joint is ~2.1 uQ cm? (Figure S22). The multilayer junction of
Ag/MgZNi/MggBij_497Sb0_5Teo_003/MgzNi/Ag, integra’[ed with Cu interCOﬂneCtS,
was subjected to an isothermal aging process at 360 K (10 K higher than the
maximum service temperature of 350 K) for 14 days. Post-aging characterization
through contact resistance measurement and combined SEM-EDS analysis
show preserved interfacial integrity with low contact resistivity and sharp phase
boundaries (Figures S23—525), indicating the reliability of the joints.

The prepared Ag/Mg,Ni/MgsBiq 497Sbo s Teo.003/MgoNi/Ag disks are sectioned
into legs using wire cutting with oil protection (Figure 3A). Comparative
characterization of single-crystalline MgsBiy 497Sbg .5 T€g.003 before and after the
sintering process reveals similar thermoelectric properties (Figure S26). The ther-
moelectric performance of the p-type Bi,Tes-based alloys is characterized in the
temperature range of 200—-600 K (Figure S27). The p-type Ni/(Bi, Sb),Tea/Ni disk
is prepared by Ni electroplating followed by sand-wheel slice cutting into legs
(Figure 3A). The SnBi solder is uniformly applied to the top, middle, and bottom
ceramic substrates using stencil printing (Figure 3B). Following this, the thermo-
electric legs are precisely positioned and assembled onto the bottom and top
substrates with the aid of a fixture (Figure 3C), and the double-stage device is
then assembled step by step using a custom-made fixture (Figure 3D). Finally,
the fully assembled device is subjected to a one-step reflow soldering process
for integration, and the fabricated double-stage cooler is shown in Figure 3.

Cooling performance of single-crystalline MgsBi,-based device

The cooling performance of the MgsBiy 497Sbg sTeg.003/(Bi, Sb),Tes double-
stage device is characterized by a homemade apparatus, as illustrated in Fig-
ure 4A. Two T-type thermocouples are securely fixed on the hot and cold sides
of the double-stage device to monitor the hot-side temperature (T},) and cold-
side temperature (T,) in real time. This setup enables the direct measurement
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of the cooling temperature difference (AT = Ty, — T.) once the system reaches a
steady state. Based on the linear relationship between cooling temperature differ-
ence and cooling power, the cooling temperature differences at zero cooling po-
wer are extrapolated for each applied input electric current. By fitting a parabolic
curve to the measured temperature differences as a function of input electric cur-
rent, the maximum cooling temperature difference (ATmax) at a given hot-side
temperature is determined. In addition, four T-type thermocouples (with readings
T, To, T3, and T,) are evenly fixed along the centerline of the standard sample to
measure the heat load applied to the cold side of the device. It should be noted
that the measured heat flow corresponds to the cooling power (Q.) of the double-
stage device. Using these data, the COP is evaluated as the ratio of cooling power
to the input electrical power, providing another critical metric to evaluate the
cooler's performance.®®

The relationship between the cooling power and the temperature difference of
the double-stage module at different hot-side temperatures is shown in
Figures 4B, S28, and S29. The cooling power exhibits a linear decrease as the
cooling temperature difference increases. Consequently, the cooling power rea-
ches its maximum value when the temperature difference is zero for a given
input electric current.®? The uncertainty analysis of the measured heat flow
has been discussed in the supplemental information, and the results are shown
in Figures S30 and S31. The relationship between the cooling power and input
electric current is shown in Figure 4C. By parabolic fitting of the cooling power
asa function of input electric current, the maximum cooling power is determined
tobe ~2.7 W, achieved atan optimal electric current (/o) of ~3.5 A. The COP also
shows a good linear relationship with temperature difference in Figure 4D, and
the relationship between COP and electric current is further shown in Figure 4E.

The input-electrical-current-dependent cooling temperature differences are
shown in Figure 4F, and the maximum cooling temperature differences of this

Figure 3. The fabrication of the single-crystalline
Mg3Bij_497Sbg sT€.003/(Bi, Sb),Te; double-stage de-
vice (A) Contact layer bonding and dicing. (B) Solder
paste printing. (C) Leg assembly for each stage. (D)
Device assembly. (E) The fabricated double-stage
device after reflow soldering.

double-stage device are ~83.1, ~94.5, and
~106.8 K at hot-side temperatures of 303, 325,
and 350 K, respectively (Figure 4F). The simu-
lated cooling temperature differences (repre-
sented by dashed lines in Figure 4F) are slightly
higher than the experimentally measured data,
which can be ascribed to the non-vanishing elec-
trical contact resistance. The stability of this dou-
ble-stage device is evaluated by the cyclic mea-
surement of cooling performance between the
electrical currents of 1 and 3 A, as illustrated in
Figure 4G. The device demonstrates superior
stability, with cooling temperature differences
maintaining consistency even after undergoing
2,000 continuous cycles (exceeding 320 h of
operation). In addition, a double-stage device
consisting of commercial p-type (Bi, Sb),Tes
and n-type Biy(Te, Se)s has also been fabricated,
and the maximum cooling temperature differ-
ences are ~79, ~94, and ~103 K at hot-side tem-
peratures of 303, 325, and 350 K, respectively
(Figure S32). In other words, the MgsBij.497
SbosTeq.003/(Bi, Sb),Tes double-stage cooler ex-
hibits superior cooling performance compared
with the one based on commercial n-type/p-
type Bi,Tes alloys.

V& CONCLUSION

To sum up, single-crystalline MgsBij 497
Shg s5Teg 003 has been prepared, and the thermo-
electric transport properties along different crys-
tallographic planes have been investigated. The MgsBii.497Sbo5T€0003 SiNgle
crystal exhibits a zT value exceeding 1.0 at 300 K and maintaining ~0.87 at
250 K, outperforming commercial n-type Bix(Te, Se)s alloys. Importantly, single-
and double-stage thermoelectric coolers utilizing n-type single-crystalline
Mg3Bi 497Sbo5Teg 003 and p-type (Bi, Sb),Tes have been fabricated. The dou-
ble-stage device demonstrates a maximum temperature difference of ~106.8
K at a hot-side temperature of 350 K, which outperforms the cooler based on
commercial n-type/p-type Bi,Tes alloys. Our findings show that single-crystalline
MgsBiy-based materials are highly promising for thermoelectric cooling
applications.

DATA AND CODE AVAILABILITY
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the supplemental information.
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