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Carrier mobility has conventionally been manipulated to enhance thermo-

electric performance by reducing crystal defects. Therefore, an effective strategy
for optimizing carrier mobility is highly desired for nanostructured materials. In
this work, InSb nanoprecipitates are formed in situ within the nanostructured
MgAgSb matrix, serving as channels for accelerating charge carriers. A high
carrier mobility of 93.1cm?V* s* is achieved in MgAg 97Sbg 99-0.02InSb com-
posite at 300 K, resulting in an average power factor of 23.8 pW cm™ K? from
300K to 553 K. To address the efficiency degradation caused by the narrow
operational temperature range of MgAgSb, a two-pair segmented thermo-
electric module is developed. A high conversion efficiency of 12.4% is achieved
under a cold-side temperature of -293 K and a temperature difference of -540 K,
presenting an effective strategy for carrier mobility optimization and opening

new avenues for medium-temperature waste heat harvesting using MgAgSb.

Thermoelectric (TE) technology enables the direct and reversible con-
version between thermal and electrical energy and serves as an attrac-
tive approach for waste heat recovery and solid-state cooling?, owing
to its distinctive advantages of long-term robustness®, miniaturization®,
and precise temperature control’. Theoretically, the conversion effi-
ciency () of a TE module is determined by the average dimensionless
figure of merit (ZT,,.) of material over the operating temperature range
between the hot (7Ty) and cold (7¢) sources, as follows:
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where ZT,. is expressed as:
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The temperature-dependent dimensionless figure of merit ZT is
given by ZT =S?T/(p k), where S, p, k, and T are the Seebeck coefficient,
electrical resistivity, thermal conductivity, and absolute temperature
(in Kelvin), respectively. Typically, p is governed by carrier con-
centration (n) and carrier mobility (u), while k comprises both lattice
thermal conductivity (ki) and electrical thermal conductivity (k).
Therefore, it follows from the above expression that maximizing ZT
over a broad temperature range is crucial for achieving high TE con-
version efficiency®®.

Ideally, a high-performance TE material should simultaneously
exhibit a well-ordered crystal structure to facilitate electron transport
and a disordered architecture to scatter phonons of various wave-
lengths—a concept known as the ‘phonon glass-electron crystal®'°.
However, the intricate interrelations between TE parameters (S, p, and
k) make achieving a high ZT value in practice challenging. Fortunately,
k. and p, as two relatively independent parameters, have been inten-
sively manipulated to enhance the ZT of materials". Defect engineering
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is a widely adopted approach to reduce k. by enhancing phonon
scattering"®. However, the introduction of defects often hinders
carrier transport, leading to a significant reduction in carrier mobility
in nanostructured TE materials, thereby limiting the improvement of
ZT. Eliminating carrier scattering through manipulation of crystal
defects involves strategies such as crystal growth and crystal sym-
metry manipulation, which have shown great potential for enhancing
thermoelectric performance™ .

In the low-temperature range, a-MgAgSb has emerged as a pro-
mising alternative to p-type Bi,Tes, attracting significant attention due
to its inherently low lattice thermal conductivity, which stems from
complex microstructure, as well as its excellent electrical transport
properties arising from high energy band degeneracy” ™. However,
the inherent irreversibility of phase transitions limits the applicability
of crystal growth methods for optimizing carrier mobility. Fortunately,
the two-phase hybridization effect, which strategically incorporates a
secondary phase with intrinsically high-carrier mobility to facilitate
charge carrier transport, offers a compelling approach to enhancing
the thermoelectric performance of composite materials. This
approach has undergone extensive validation across a diverse range of
composite materials, including Half-Heusler’>” and skutterudite?
composites incorporating InSb, BiCuSeO*, GeTe”, Bi,Tes”, and

Mg3Sb,**?” composites incorporating single-wall carbon nanotubes
(SWCNTSs). Moreover, due to the low phase transition temperature of
a-MgAgSb (-600 K)***°, the remarkable ZT of a-MgAgSb can only be
sustained within a narrow operational window from room temperature
to approximately 573K, thereby restricting the viable temperature
range of MgAgSb-based TE power generators®>2, To address this lim-
itation, the development of segmented TE modules, which integrate
materials with high ZT at their respective optimal operating tempera-
tures, has emerged as an effective strategy.

Herein, inspired by the two-phase hybridization effect and guided
by the quaternary phase diagram (Fig. S1), a high-carrier-mobility InSb
secondary phase was in situ formed within the MgAgSb matrix. Acting
as an acceleration channel for charge carriers (Fig. 1A), the InSb
nanoprecipitates significantly enhance carrier mobility, which in turn
boosts the TE performance of composites. As shown in Fig. 1B, a high-
carrier mobility of 93.1cm?V? s! was achieved in MgAgg.97Sbg 9o-
0.02InSb composite at room temperature, which is notably higher
than that of the previously reported ball-milled samples®*°, resulting
in a high average power factor (PF,.) of 23.8 pW cm™ K at a relatively
low carrier concentration and a high average figure of merit (Z7T,,.) of
1.1 from 300 to 553 K. To further extend the operating temperature
range of MgAgSb and achieve higher conversion efficiency, a MgAgSb-
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Fig. 1| Carrier mobility optimization and segmented module of MgAgSb.

A Schematic illustration of hole acceleration in MgAgSb-InSb composites based on
the two-phase hybridization effect. B Carrier mobility as a function of carrier
concentration for InSb-composited and element-doped MgAgSb samples®,

C Schematic diagram of a segmented thermoelectric module composed of p-type
MgAgSb and n-type Mg; ,SbBi as low-temperature sections, and p- and n-type

skutterudite as high-temperature sections. D Temperature difference (AT) depen-
dence of the maximum conversion efficiency (7max) of the MgAgSb/skutterudite
segmented module. For comparison, the performance of several low-temperature
Bi, Tes-based**?*, MgAgSb/Mgs(Sb, Bi),>>**™*, and skutterudite-based modules**,
and various segmented modules*** were also presented.
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based segmented TE module was designed for the first time (Fig. 1C),
with p-type MgAgSb and n-type Mgs;,SbBi as the low-temperature
section, and p-type and n-type skutterudites as the high-temperature
section. Benefiting from the enhanced TE performance of p-type
MgAgSb through carrier mobility optimization and reasonable module
geometry, a high maximum conversion efficiency of 12.4 % was
achieved at Tc=293K and AT=540K (Fig. 1D). This performance
surpasses that of classical Bi,Tes-based**’, Mg-based****, and
skutterudite-based***® single-stage TE modules, as well as several
segmented TE modules**3, demonstrating great potential for waste
heat recovery in the medium-temperature range.

Results and discussion

To investigate the phase structure of the composites, powder X-ray
diffraction (PXRD) measurements were performed on MgAgg 97Sbo 99"
xInSb (x=0, 0.02, 0.04, and 0.06) samples, as shown in Fig. S2. The
PXRD patterns of all samples exhibit excellent agreement with the
calculated diffraction pattern. Nevertheless, although the Mg-Ag-Sb-In
quaternary phase diagram predicts the formation of the InSb phase in
the composites (Fig. S1), no distinct diffraction peaks corresponding to
InSb were detected, which is likely attributed to the substantial overlap
between the diffraction peaks of InSb and those of a-MgAgSb.
Therefore, Rietveld refinement was performed to determine the lattice
parameters of MgAgSb and the volume fraction of InSb (Fig. S3). As
presented in Fig. S4A, both lattice parameters a and c of the MgAgSb
phase decrease with increasing InSb content, suggesting the possible
formation of Ag vacancies within the MgAgSb lattice rather than the
substitution of In at Sb sites. This inference arises from the relatively
larger ionic radius of In3* (0.08 nm) compared to Sb3* (0.076 nm)**. In
addition, the volume fraction of InSb increases from 1.18% to 1.99% and
2.81% as x increases from 0.02 to 0.04 and 0.06 (Fig. S4B). Scanning
electron microscope (SEM) analysis was further employed to investi-
gate the sample microstructure. The fresh fracture morphology of all
samples (Fig. S5) shows that the addition of InSb did not significantly
affect the grain size. Energy-dispersive spectroscopy (EDS) mapping
indicates that all elements are uniformly distributed within the sample,
even when the InSb content reaches 6% (Fig. S6).

Due to resolution limitations, PXRD and low-magnification SEM
could not precisely characterize the InSb nanoprecipitates within the
matrix. Therefore, high-resolution scanning transmission electron
microscopy (HRSTEM) was employed to directly investigate the phase
distribution, structure, and morphology of the composites. Figure 2A
presents the high-angle annular dark-field (HAADF) image of the
MgAg0 97Sbo.09-0.02InSb composite, where uniformly distributed
nanoprecipitates containing In, Sb, and trace concomitant occur-
rences of Ag are distinguishable, as confirmed by EDS mapping
(Fig. 2B). A magnified region from Fig. 2A, encompassing both In-Sb
and Ag-In enriched phases (Fig. S7), is shown in Fig. 2C to meticulously
characterize the phase structures and boundaries in detail. As expec-
ted, the In-Sb enriched phase in Fig. 2D was identified as InSb through
Fast Fourier Transform (FFT) analysis (Fig. 2D2). Notably, the FFT
image reveals four distinct peaks near the InSb (020) reflection, and
further analysis confirms that these features arise from the presence of
multiple nanoscale crystallographic orientations (Fig. S8). However,
owing to the pronounced lattice mismatch between MgAgSb and InSb,
an ideal coherent or semi-coherent interface fails to form at the phase
boundaries. Consequently, when charge carriers transport across
these interfaces, interfacial scattering occurs. This contributes to the
observed saturation or even reduction in carrier mobility with
increasing InSb content, as discussed in detail below. The In-Ag enri-
ched phase in Fig. 2E corresponded to AgsIn (Fig. 2E2). Notably, the
phase boundary between InSb and Agzln was determined to be
coherent, suggesting minimal carrier scattering at the two-phase
boundary. To further validate the presence of InSb in the MgAgSb
matrix, an additional In-Sb-rich precipitate from Fig. 2C was

scrutinized (Fig. 2F). Both the HRSTEM images and corresponding
atomic structural model (Fig. 2G, H) unequivocally confirmed the
formation of InSb nanoprecipitates. These findings indicate that the
incorporation of In-Sb into MgAgSb leads to the spontaneous forma-
tion of uniformly distributed InSb nanoprecipitates during mechanical
alloying and hot press sintering. Simultaneously, a small amount of In
reacts with Ag, forming a trace Agsln phase, which increases the con-
centration of Ag vacancies and results in a slight reduction in the lattice
parameters of MgAgSb.

Figure 3 illustrates the TE properties of MgAgo 97Sbg.o9-XINSb
(x=0, 0.02, 0.04, and 0.06) composites. As shown in Fig. 3A, B, both
the electrical resistivity (p) and Seebeck coefficient (S) of all samples
increase with temperature and then decrease at higher temperatures
due to intrinsic excitation. Meanwhile, the in situ formation of InSb
within the MgAgSb matrix leads to a noticeable reduction in both p and
S, especially near the room temperature region. Specifically, p
decreases from ~29.72 uQm for x=0 to ~14.27 pQm for x=0.04 at
300K, while the S decreases from ~241.09 pV K™ to ~188.05 uVK™. To
further elucidate the factors that contribute to alterations in electrical
transport properties, the room temperature carrier concentration (1)
and carrier mobility (1) of all samples were measured. As shown in
Fig. 3C, the ny remains nearly unchanged for the 0.02InSb composite.
However, it slightly increases from ~2.82x10cm™ for the pristine
sample to ~4.59 x 10" cm™ for the x = 0.04 sample with increasing InSb
content. This suggests that the InSb precipitates have minimal impact
on the doping level of the matrix. The observed increase in ny is likely
attributed to the proliferation of Ag vacancies within the MgAgSb
phase, triggered by the formation of a trace amount of the Agsin
secondary phase, as evidenced by XRD and HRTEM results. Simulta-
neously, uy exhibits a significant enhancement with increasing InSb
content. At room temperature, the p1 increases from ~-74.7 cm?V1s?!
for the pristine sample to 93.1 cm? Vs for the 0.02InSb composite, as
the InSb content further increases, a maximum i of ~94.8 cm? V?! slis
observed at 0.04InSb composite, followed by a decrease to 83.5cm? V'
s for the 0.06InSb composite, indicating that two competing effects
govern the mobility in the composite materials. On the one hand, the
formation of the intrinsically high-mobility InSb phase accelerates the
charge transport. On the other hand, increased concentration of Ag
vacancies, the formation of Ags;In/MgAgSb and InSb/MgAgSb phase
boundaries, as well as enhanced carrier-carrier scattering, contribute
to the degradation of mobility. Nevertheless, even at its lowest, the
mobility of the composites remains significantly higher than that of the
pristine sample.

According to the two-phase hybridization effect, both the intrinsic
electrical properties of the secondary phase and the carrier transport
behavior at the phase boundaries play crucial roles in determining the
carrier mobility of composites. In particular, the formation of an
energy barrier at the interface is a key factor influencing carrier
transport, especially when the interface is formed between two semi-
conductors. Therefore, it is essential to evaluate the semiconducting
nature of the secondary phase. In our composites, InSb is embedded in
an Ag- and Mg-rich environment, where Ag and Mg may incorporate
into the InSb lattice and alter its properties. Literature reports indicate
that Ag doping in InSb has a negligible effect on its semiconductor
nature®, In contrast, Zn, which exhibits a similar doping effect to Mg in
TE materials, can be readily doped into InSb, effectively converting
InSb into a p-type semiconductor®. Therefore, the TE properties of
Mg-doped InSb were thoroughly investigated. As illustrated in Fig. S9,
a small amount of incorporated Mg converts InSb into a p-type semi-
conductor. Furthermore, nanostructured p-type Mg 0oslng.99sSb
exhibits a carrier mobility of 212.5cm?V's? at room temperature,
which remains superior to that of MgAgSb across the entire tem-
perature range, as shown in Fig. S10. This suggests that no phase
boundary with a significant energy barrier is formed between p-type
MgAgSb and p-type InSb. Consequently, the uniformly distributed
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Fig. 2 | STEM characterization of the MgAgo.97Sbo 99-0.02InSb composite.

A HAADF-STEM image. B Corresponding EDS mapping of (A). C HAADF image of
the area enclosed by the red box in (A), with InSb and Ag;In nanoprecipitates
outlined by white and orange dashed lines, respectively. D, E High-magnification
TEM images from (C), showing InSb-MgAgSb and InSb-Ag;In phase boundaries. The

o 4 f¢101)

corresponding FFT images were indexed as MgAgSb (D1), InSb (D2 and E1), and
AgslIn (E2), respectively. F Atomic-resolution HAADF image of the InSb secondary
phase along the [111] crystallographic direction. G, H Magnified views of (F) with the
corresponding atomic structural model.

InSb phase within composites serves as an acceleration channel for
carriers, effectively enhancing the uy of the composites and potentially
leading to a further foreseeable increase in PF.

In addition to the scattering of carriers during transport by pho-
nons and defects, the effective mass (m*) of the carrier is another key
factor that significantly affects pyy. To investigate this, a Pisarenko line
depicting the relationship of ny and S at room temperature was fitted
using the single parabolic band (SPB) model, based on acoustic pho-
non scattering mechanisms, as plotted in Fig. S11. The m*of the pristine
sample at 300K is 1.76 m. (m. is the free electron mass), which is
comparable to the previously reported m* values. Moreover, the m* of
composites shows no significant deviation from the line upon the
incorporation of InSb, indicating that the increased py is not due to a
reduction in m* and the band structure of MgAgSb remains largely
unaltered. The weighted mobility (u.), which elucidates the electronic
structure and scattering mechanisms in materials, is calculated and
depicted in Fig. 3D. The py, curves for all samples display an expo-
nential decrease with temperature, following a T° dependence in the
low-temperature range, indicating that acoustic phonon scattering
dominates. Additionally, a consistent increase in py, across the entire
temperature range is observed after the formation of InSb in the
composites. Combining these two results, we conclude that the

primary mechanism governing carrier scattering is not altered by the
in situ formation of InSb nanoprecipitates. Therefore, the optimized
carrier transport mechanism is driven by the two-phase hybridization
effect, rather than grain boundary scattering elimination, which con-
trasts with the mechanism observed in Mgs(Sb, Bi),-based
materials”~%, As a result of the independent increases in py, the trade-
off relationship between PF and ny is decoupled (Fig. S12). Conse-
quently, the PF increases from 19.53 pW cm™ K™ for the x = 0 sample to
24.79 pW cm K2 for the x = 0.04 sample at 300 K (Fig. 3E). Notably, a
maximum average power factor (PF,y.) value of 23.84 pyW cm™ K72 is
achieved for the x = 0.04 sample across the 300-550 K range (Fig. S13).
The thermal conductivity (x) of MgAgSb-InSb composites shows a
moderate increase between 300 and 550 K compared to the pristine
sample, as depicted in Fig. S14. This phenomenon can be primarily
attributed to the simultaneous rise in both electrical thermal con-
ductivity (ke) and lattice thermal conductivity (ki), as illustrated in
Fig. S15. The underlying reason can be attributed to the ultrahigh k; of
InSb. Overall, despite the increase in k of the composites, a maximum
ZT of 0.86 at 300 K (Fig. 3F) and ZT,,. of 1.15 over 300-550 K (Fig. S13)
are realized in MgAgo 97Sbg 09-0.02InSb.

To further extend the operating temperature range of MgAgSb to
elevated temperatures, overcoming the limitations imposed by its low
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A, B Temperature dependence of electrical resistivity (p) and Seebeck coefficient
(5), respectively. C Room temperature carrier concentration () and mobility (uy,).
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phase transition temperature is essential. Meanwhile, extensive
research conducted over the past decade on the TE properties of
skutterudites® and n-type Mgs(Bi, Sb),*>®', as well as their barrier
layers***%%? has enabled the development of advanced segmented
modules. Consequently, a two-pair segmented TE module was devel-
oped, consisting of optimized p-type MgAgg.97Sbp.99-0.02InSb from
this work and n-type Mg;,SbBi as low-temperature components, with
p- and n-type skutterudites as high-temperature components. Further
details regarding the TE performance of these materials (Fig. S16) and
preparation of the segmented TE module can be found in the Methods.
To optimize the module performance over its operational temperature
range, a series of calculations was performed based on the material
properties at a cold-side temperature (7},) of 293 K with a temperature
difference (AT) of 540 K. In these calculations, the cross-sectional area
of each leg was set to 4 x 4 mm? to achieve a higher fill factor for the
module, thereby reducing thermal convection and radiation within the
module®®. As shown in Fig. 4A, an enhanced theoretical maximum
conversion efficiency (7max) is achieved by increasing the proportion
of the low-temperature sections of the p-type (Rp) and n-type (Ry) legs
relative to the total leg length. Nevertheless, a pivotal yet often dis-
regarded aspect is the temperature distribution at the segmented
interface, which significantly affects the stability of the module. If the
temperature at the segmented interface exceeds the threshold that the
material in the low-temperature section can withstand, the module
becomes highly susceptible to damage. This is a particular concern for
MgAgSb, which is prone to phase transition. As illustrated in Fig. S18,
the temperature at the p-type segmented interface is predicted to
remain below 573 K (the stable service temperature of MgAgSb) when
Rp is less than 0.28, and the Ry should be less than 0.3 for the n-type
legs. Consequently, the lengths of the p-type MgAgSb and Skutterudite
segmented legs were designed to be 3 mm and 8.6 mm, respectively,
with the same design applied to the n-type segmented legs to ensure
ease of fabrication. Based on the simulated module geometry, we
further calculated the theoretical conversion efficiency () and output
power (P) of the segmented module as a function of InSb content in the

p-type low-temperature segment, under identical geometric and
temperature conditions. As shown in Fig. S19, a maximum theoretical P
of 1.32W and a high n of 17.03% are achieved for the x=0.02 InSb-
segmented module, both of which are higher than those of the x=0
module (1.28 W and 16.88%, respectively). These results indicate that
the performance enhancement of the segmented module indeed ori-
ginates from the improved ZT induced by the introduction of InSb.
Consistent with the simulation results, the p- and n-type segmented
legs were fabricated and joined to measure the contact resistivity and
evaluate the quality of the joints. As illustrated in Fig. 4B, no notable
jump in contact resistivity (R.) was observed at any of the connecting
interfaces as the test probe was moved, indicating that high-quality
contact and joining layers were successfully achieved (Detailed R.
values of four interfaces are provided in Fig. S17 and Table S1). More-
over, all R. curves in the materials section were linear, and the resis-
tivity values calculated from the R. curves showed excellent
correlation with those obtained using the four-probe method via ZEM-
3. This suggests that the sintered materials with barrier layers are
internally homogeneous and exhibit minimal changes in TE properties.

The output power and conversion efficiency of the segmented TE
module were measured by varying the current (/) under different
temperature differences (AT) with a fixed cold-side temperature (7¢)
of ~293 K. Meanwhile, the theoretical performance of the segmented
module was calculated under the same AT for comparison and analysis
(Fig. S20). As illustrated in Fig. 5A, the measured series of voltage-
current (V-I) curves exhibited a satisfactory linear correlation. The
inner resistance R;, of the module was determined from these V-/
curves, with a slight deviation from the theoretical values (Fig. 5B). This
discrepancy is likely due to additional inner resistance introduced
during the soldering or contact resistance during the module mea-
surement. Moreover, the unavoidable interface thermal resistance
resulting from the imperfect contact between the TE module and the
heat/cold sources leads to a reduction in the effective AT across the TE
module, with this discrepancy increasing in line with rising AT. Con-
sequently, as depicted in Fig. 5C, the divergence between the
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Fig. 5| Power generation performance of the MgAgSb/skutterudite segmented
module. A Current (/) dependence of the lord voltage (U). B, C Temperature dif-
ference (AT) dependence of measured and simulated inner resistance (R;,) and

1(A)

open-circuit voltage (V,.). D, E, F Current (/) dependence of output power (P),
output heat flow (Q), and conversion efficiency () for the Mg-based/skutterudite
segmented module at a cold-side temperature of ~293 K.

theoretical and actual open-circuit voltage (V,.) of the module
becomes increasingly pronounced. Figure 5D shows the P of the
module at varying AT. The actual maximum output power (Pmax)
reaches 0.93 W with a AT of ~540 K (Fig. 5E), which is lower than the
theoretical value of 1.32 W (Fig. S20B) due to the negative effects of
additional inner resistance and interface thermal resistance. Similarly,
the measured output heat flow (Q) was progressively higher than the
theoretical values (Fig. S21), which can be attributed to the increased
thermal radiation and convection between the hot and cold sides of
the module—another significant factor that impairs the actual perfor-
mance of the module. Ultimately, a maximum conversion efficiency

(Mmax) 0f 12.4% was achieved at Tc =293 K and AT =540 K (Fig. 5F). This
indicates that further optimization of the soldering process, elimina-
tion of interface thermal resistance, and isolation of thermal radiation
and convection will enable higher power generation performance in
future iterations.

In conclusion, an effective strategy for optimizing carrier mobility
in a-MgAgSb was successfully established, enabling the development
of a high-performance two-pair MgAgSb/Skutterudite segmented TE
module with excellent conversion efficiency. The in situ formation of
InSb nanoprecipitates with intrinsically high-carrier mobility within the
MgAgSb matrix was demonstrated to markedly enhance carrier
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transport, achieving a high-carrier mobility of 93.1cm*V?! s* in the
MgAgo.97Sbg.09-0.02InSb composite at 300 K. As a result of enhanced
carrier mobility over the entire temperature range, the MgAgo 97Sbo 99~
0.02InSb composite exhibited a PF,,. of 23.8 pyW cm™ K2 and a ZT,,. of
1.1 between 300 K and 553 K. Furthermore, integrating skutterudite as
the high-temperature segment in the MgAgSb/Skutterudite TE module
successfully overcomes the limitations imposed by the phase transi-
tion of MgAgSb, thereby extending its applicable temperature range.
Ultimately, the synergy between the enhanced TE performance of
MgAgSb, the optimized module geometry, and the well-engineered
contact layers of the four constituent materials yields a notable con-
version efficiency of 12.4% under T¢c =293 K and AT =540 K. This work
not only provides a practical and effective approach for optimizing
carrier transport in MgAgSb-based thermoelectric materials but also
offers a viable strategy for their application in mid-temperature waste
heat recovery.

Methods

Materials

MgAgo.97Sbo.9o-XINSh. The samples with stoichiometric composi-
tions MgAgo 97Sbo.09-XINSb (x =0, 0.02, 0.04, and 0.06) were prepared
using a two-step ball milling process followed by Hot Press Sintering
(HPS). The Magnesium (Mg) pieces (99.99%, Aladdin) and Silver (Ag)
particles (99.999%, Aladdin) were first loaded into a stainless-steel jar
in an argon-filled glove box and then ball-milled for 10 h. Afterwards,
the Antimony (Sb) particles (99.99%, Alfa Aesar) and/or Indium (In)
particles (99.999%, Alfa Aesar) were added into the jar under an argon
atmosphere with another ball milling of 10 h. The obtained powder was
loaded into a graphite die with an inner diameter of 12.7 mm and sin-
tered using HPS at 573 K for 30 min. After that, the as-prepared sam-
ples were annealed at the corresponding sintering temperature for
30 min to characterize microstructures and measure properties.

Mgz 2Sb;Bio.og5T€0.005. The samples with stoichiometric composi-
tions Mg;,Sb;Bip.995T€0.005 Were prepared with ball milling followed
by HPS. The Mg pieces, Bismuth (Bi) particles (99.999%, Aladdin), Sb
particles, and Tellurium (Te) powder (99.999%, Alfa Aesar) were loa-
ded into a stainless-steel jar in the argon-filled glove box and then ball-
milled for 5h. Afterwards, the obtained powder was loaded into a
graphite die with an inner diameter of 12.7 mm and sintered using HPS
at 1073 K for 20 min.

Mg,In,,Sb (x =0, 0.005, 0.01). High-purity raw materials Mg pieces,
Sb particles, and In particles were weighed according to the corre-
sponding chemical composition and then added into the carbon cru-
cible, which was then sealed in a quartz tube under vacuum, slowly
heated to 1073 K and maintained for 6 h and then cooled to room
temperature. The ingots obtained were loaded into a stainless-steel jar
inside an argon-filled glove box, where they were ball milled for 2 h.
Afterwards, the obtained powder was loaded into a graphite die with
an inner diameter of 12.7 mm and sintered using HPS at 673K for
30 min. The obtained bulk materials were cut and polished for ther-
moelectric characterization.

Skutterudites

High-purity raw materials Cobalt (Co) pieces (99.95%, Alfa Aesar), Sb
particles, Ytterbium (Yb) ingots (99.9%, Alfa Aesar), Silicon (Si) pieces
(99.9999%, Alfa Aesar), Cerium (Ce) ingots (99.8%, Alfa Aesar), Neo-
dymium (Nd) ingots (99.8%, Alfa Aesar), and Iron (Fe) ingots (99.99%,
Alfa Aesar) were weighed according to the chemical composition of
Yb03C04Sb12/005COS| and Ce0.45Nd0.45Fe3.5C00‘55b12 and then placed
in the carbon crucible which is then sealed in a quartz tube under
vacuum, slowly heated to 1423 K and maintained for 3h and then
cooled to room temperature. The reacted ingot was cleaned and
placed in a quartz tube with a fine nozzle, which was induction-melted

and injected onto the copper wheel with a rotating speed of 4000 rpm
under a high-purity Ar atmosphere. The obtained ribbons, droplets,
and pieces were ground into fine powders in the glove box and den-
sified using the hot-pressing method at a fixed temperature (923K for
p-type and 1023 K for n-type skutterudite) for 1 hin a12.7 mm diameter
graphite die under an axial pressure of 80 MPa.

Sample characterization and measurement

XRD. Initial phase characterization of MgAgp97Sbo.9o-XINSb (x=0,
0.02, 0.04, and 0.06) composites was carried out by X-ray diffraction
at room temperature. Finely crushed powder (-2g) from the as-
sintered pellets was used for X-ray analysis in the X'Pert PANalytical
instrument using Cu Ka wavelength of 1.5418 A and step size 0.01°
from 10° to 100°. Rietveld refinement was performed on the powder
XRD data with FullProf software.

SEM. The morphological, structural, and chemical characteristics of
the sintered pellets were examined using a scanning electron micro-
scope (SEM, Helios Nanolab 600i) equipped with an energy-dispersive
X-ray spectroscopy (EDS) detector. To evaluate grain size, fresh frac-
ture surfaces were imaged in secondary electron (SE) mode at an
accelerating voltage of 20 kV and beam current of 0.69 nA, a working
distance of 6.3mm, and a magnification of 160,000%. For phase
composition analysis, the sample surfaces were mechanically polished
using successive grades of sandpaper followed by diamond paste, then
cleaned in anhydrous ethanol using ultrasonication. The polished
surfaces were subsequently characterized in back-scattered electron
(BSE) mode under an accelerating voltage of 20 kV, with a working
distance of 6.1 mm and a magnification of 10,000x.

STEM

Sample preparation. STEM specimens of MgAgg.97Sbo.99-0.02InSb
were prepared using conventional mechanical thinning followed by
argon ion milling. Briefly, the process included the following steps: (i)
Bulk samples were cut into approximately 2.5 x 2.5 x 1 mm pieces with
wire cutting. (ii) These pieces were polished successively using SiC
abrasive papers (#400, #800, #1000, #2000, and #4000 grit) fol-
lowed by a final polish with a 6000-grit colloidal silica suspension.
Polishing continued until a mirror-like, scratch-free surface was
achieved, resulting in a final thickness of about 30 um. (iii) The
polished samples were mounted onto 3-mm molybdenum support
rings with a special thermosetting adhesive and cured at 120 °C for
20 min. (iv) Final thinning to electron transparency was performed
with an ion beam milling system through a stepwise protocol: 5° inci-
dence angle, 4 kV voltage, 30 min (to remove residual adhesive and
surface polish); 8° incidence angle, 4 kV, until electron transparency
was detected (“flashing behavior”); 6° incidence angle, 2 kV, continued
until perforation occurred; 4° incidence angle, 0.5kV (for low-angle
milling, final cleaning, and minimizing ion beam damage layers).

STEM imaging. High-angle annular dark-field (HAADF) and annular
bright-field (ABF) scanning transmission electron microscopy (STEM)
images were obtained using a JEM-ARM300F2 microscope equipped
with a cold field-emission gun (CFEG) and double probe aberration
correctors (both condenser and objective lens systems with 12-pole
aberration correctors). This setup offers sub-angstrém resolution at
300 kV. The probe convergence semi-angle was set to 26 mrad during
imaging. HAADF signals were collected over an angular range of
65-200 mrad, while ABF signals were captured within 13-26 mrad.

Image processing. The STEM images were processed after acquisition
to improve signal-to-noise ratio (SNR). For low-magnification images, a
single application of a two-dimensional Wiener filter was used. For
high-resolution atomic images, 10 frames were acquired, aligned,
averaged, and processed with the same Wiener filtering technique. The
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images in Fig. 2D, E, F, G were subjected to average background sub-
traction and filtering to improve contrast. The EDX was operated at an
acceleration voltage of 300 kV with a probe current of 1 nA. The col-
lected spectra include the K-line of Mg, the L-line of Ag, the L-line of In,
and the L-line of Sb. The image pixel density was 512 x 512, with a dwell
time of 0.01 ms per pixel, repeated 275 times.

Electrical and thermal properties

The electrical conductivity and Seebeck coefficient of the materials
were measured using a ZEM-3 commercial setup (Ulvac-Riko, Inc.,
Japan) in a low-helium atmosphere. The temperature dependence of
thermal conductivity was determined according to the relationship
k=D p C,, where D, p, and C, are thermal diffusivity, density, and
specific heat capacity, respectively. A disk-shaped sample with a dia-
meter of ~12.7 mm and a thickness of 1-2 mm was polished to measure
density using Archimedes’ method at room temperature. Subse-
quently, D was measured by a laser flash method with a commercial
system (LFA 457, Netzsch), and C, was measured using differential
scanning calorimetry (DSC-404F3, Netzsch) from room temperature
to 553K. The electrical conductivity and Seebeck coefficient mea-
surements each carry an uncertainty of 5%, resulting in a combined
uncertainty of approximately 11% for the power factor. The thermal
conductivity has an estimated uncertainty of 7%, accounting for 5% in
thermal diffusivity, 5% in specific heat, and 2% in density. Overall, the
combined uncertainty in the calculated ZT value is about 13%.

Thermoelectric legs preparation

MgCuSb/MgAgSbh/MgCuSb. The MgCuSb/MgAgo,97Sbo,.09-0.02InSb/
MgCuSb powders were loaded into a graphite die for one-step hot-
pressing at 573 K for 30 min under a uniaxial pressure of ~80 MPa. The
obtained MgCuSb/MgAgo 97Sbg 99-0.02InSb/MgCuSb cylinders with a
dimension of ~12.7 mm in diameter were cut into squares with an area
of 4 x4 mm?,

Fe/Mg3 2Sb;Bio 995T€0.005/Fe. The Mg;,Sb;Big 995 T€0.005s powder and
two Fe foils with a thickness of 300 pm were loaded into a graphite die
for one-step hot-pressing at 1073 K for 20 min under a uniaxial pres-
sure of ~45MPa. The obtained Fe/Mg;,Sb;Bigg9s5Te€q 00s/Fe cylinders
with a dimension of ~12.7 mm in diameter were cut into squares with an
area of 4 x4 mm?,

Cu/NiCr/Cegp 45Ndo s5Fes 5C00 5Sb12. The NiCr powder was synthe-
sized by ball milling Nickel (Ni) powder (99.95%, Aladin) and Chro-
mium (Cr) powder (99.9%, Aladin) at 300 rpm for 4 h using a planetary
ball mill. The as-prepared Ni-Cr disk/Ceg.45Ndo 45Fe35C00.5Sb;, powder
was loaded into a graphite die for one-step hot-pressing at 903K for
30 min under a uniaxial pressure of ~80 MPa. After that, the obtained
Cu/NiCr/Ceg.45Ndg 45Fe35C005Sby, cylinders with a dimension of
~12.7 mm in diameter were cut into squares with an area of 4 x 4 mm?

Cu/NiCr/Ybg 3C0,4Sb,,-0.05C0Si. Similarly, the Cu powder/as-sin-
tered NiCr disk/ Ybg3C04Sb;,-0.05C0Si powder was loaded into a
graphite die for one-step hot-pressing at 903K for 30 min under a
uniaxial pressure of -80 MPa. After that, the obtained Cu/NiCr/
Ybo3C04Sby,-0.05CoSi cylinders with a dimension of -12.7 mm in dia-
meter were cut into squares with an area of 4 x4 mm?

Contact resistivity measurement

The interfacial contact resistance (p.) of all junctions was measured
using a home-made four-probe measurement system. The as-sintered
sandwich-structure bulk, including thermoelectric material and the
contact layers, was cut into a regular cuboid shape. Before measure-
ment, the sample surfaces were meticulously polished, and the
dimensions were precisely determined. During the measurement, a
constant current of 100 mA was applied while the sample was

positioned between two electrodes. The voltage was recorded as the
probe scanned along the sample length, traversing both interfaces
with a defined step size. The p. was identified by the abrupt increase in
voltage at the interface between the thermoelectric material and the
contact layer.

Simulation of the theoretical performance of the

segmented module

The cross-sectional area (A) of each thermoelectric leg was fixed at
4 x4 mm? to maximize the fill factor, and the total leg height (L) was
maintained at approximately 11.6 mm. This geometry was chosen to
collectively minimize parasitic losses arising from thermal radiation
and convection between the top and bottom substrates of the device.
Temperature-dependent electrical conductivity, Seebeck coefficient,
and thermal conductivity of the four materials were employed in the
simulation. As the length ratio (R) between the high-temperature and
low-temperature legs varied, the segment interface temperature
occasionally exceeded the experimentally measured range. To ensure
continuity in the simulations, linear interpolation was applied to
extend the property data of the low-temperature segment materials up
to 773 K. The optimal value of R was subsequently determined based
on the resulting temperature distribution across the segment
interface.

Thermoelectric module fabrication and characterization
According to simulated optimization results of the dimensions of
thermoelectric legs (Fig. 4A), all the pellets were diced into several
squares with an area of 4 x4 mm? using a Wire-Cutting Machine. The
joining processes were divided into two steps due to the different
service temperatures of the segmented legs. At the first step, the
consolidated skutterudite sandwiches with a size of 4 x4 x 8.6 mm’®
were carefully polished to ensure their flatness and parallelism and to
obtain similar heights of the legs. A MosoCus, electrode was used to
bridge the skutterudite legs using Ag-Cu-Sn-Zn solder. At the second
step, the joined high-temperature parts were welded together with
Mg-based legs as well as Al,O5; ceramic plates using Sn-based solder.
The dimension of AlLO; is 10 x10 x 0.65 mm>. Afterwards, Copper
wires are soldered onto the cold-side electrodes for 4-point current
and voltage measurements. Then, a full-scale 2-pairs segmented
module was prepared (Fig. 1C).

The power generation performance of the MgAgSb/skutterudite
segmented module was evaluated using a custom-designed setup
under vacuum. A copper block with known thermal conductivity was
employed as a heat-flow sensor, with four K-type thermocouples
embedded along its length to measure the temperature gradient. The
heat flux was determined using the one-dimensional Fourier’s law:

Koy XA
Qout = % x ATCu (3)
Cu

where K¢y, Acy, ATy, and Lc, denote the thermal conductivity, cross-
sectional area, length, temperature difference, and vertical distance of
the heat-flow meter, respectively. The cold-side temperature was
maintained at 293K using a water-cooling system. To reduce
interfacial thermal resistance, graphite paper (0.2 mm) and thermal
grease were applied at both the hot-side interface (between heater and
module) and the cold-side interface (between module and heat-flow
meter). The hot-side and cold-side temperatures (Ty and T¢) were
monitored using K-type thermocouples: a 0.5 mm-diameter probe
inserted into the heater and a 0.03 mm-diameter wire placed at the
interface between the module and Cu block.

Data availability
All data generated or analyzed during this study are included in this
published article (and its supplementary information file).
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