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In thermoelectric (TE) and other functional electronic materials, chemical doping is commonly
employed to tune the carrier density toward an optimal Fermi level and, in turn, maximize the electrical
transport. However, in some systems, such as the emerging high-performance p-type TE material
a-MgAgSb, chemical doping is challenging due to its weak chemical bonds and extremely low solubility of
heteroatomic dopants, which makes it difficult to increase the hole carrier density and realize the otherwise
predictable improvements in the TE power factor. Here, we report a doping-free strategy to enhance the TE
performance of a-MgAgSb by utilizing a phase-transition-induced self-doping process. Annealing at the
phase-transition temperature of 593 K lowers the formation energy of Ag vacancies in the high-temperature
p phase, and these vacancies are subsequently retained upon cooling back to the « phase. As a result, the
hole concentration increases markedly from 4.5 x 10" to 1.3 x 10%° ¢cm™3, activating multiple valence
bands and boosting the room-temperature power factor by ~35% to 30 pW cm~! K2, A single-leg device
fabricated from the optimized material achieves a high conversion efficiency of 10.7% and a maximum
output power of 71.1 mW at AT = 285 K. This work demonstrates a viable pathway for enhancing TE

performance via phase-transition engineering.

DOI: 10.1103/gqjx-6kqr

Thermoelectric (TE) materials, capable of direct con-
version between heat and electricity via the Seebeck and
Peltier effects, offer a promising route to sustainable energy
harvesting [1,2]. The efficiency of TE materials is gauged
by the dimensionless figure of merit, zT = S?>6T/«x, where
S, o, and k represent the Seebeck coefficient, electrical
conductivity, and thermal conductivity, respectively, and T
is the absolute temperature [3,4]. The conversion efficiency
(n) and output power (P,,) of TE modules are critically
governed by the material’s z7 and power factor (S%0),
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respectively [5-8]. Thus, simultaneous improvement in
both performance parameters is essential for broadening the
practical applicability of TE technology.

To date, bismuth telluride (Bi,Te;) remains the com-
mercial benchmark near room temperature and, as the
dominant commercial TE material, exhibits a high z7 of 1.0
at 300 K and a conversion efficiency of 6% at a temperature
difference (AT) of 200 K [9-11]. In contrast, magnesium-
based compounds such as p-type MgAgSb and n-type
Mg;(Sb, Bi), have recently emerged as compelling alter-
natives due to their nontoxic constituents and excellent TE
performance over a broad temperature range [12,13].
Notably, all-Mg-based modules have achieved a conversion
efficiency exceeding 12% under a temperature difference of
300 K [5]. Although significant efforts have been devoted
to p-type MgAgSb in recent years, most studies have
focused on the device-level engineering, particularly on
electrode selection [14—-16]. Specifically, in Li’s work, [6]
a/p-MgAgSb junction was constructed in the device,
and the a/f phase transition was taken advantage of to
reduce the internal resistance of the device. However, the

Published by the American Physical Society
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underlying physical mechanism remains poorly under-
stood. At the material level, conventional chemical doping
remains the primary strategy for optimizing the carrier
concentration [17-20]. Heat treatment is a commonly
employed strategy to manipulate Ag vacancies, including
tuning the SPS temperature to vary the Ag-vacancy con-
centration and thereby achieve the optimal carrier concen-
tration. However, most of these studies are limited to
scenarios with low band degeneracy, resulting in relatively
low power factors [21]. However, the full potential of
p-type MgAgSb has been hindered by its relatively low
power factor (~23 pW-cm~!'-K=2), which limits the
output power in generation mode. This limitation persists
despite a complex valence band structure with a theoretical
valley degeneracy as high as 14 [22], suggesting significant
untapped potential for enhancing the power factor via
optimized carrier concentration tuning.

Conventional approaches to carrier optimization in
MgAgSb rely on chemical doping, which is often con-
strained by low dopant solubility and undesirable Ag-ion
migration [23-25]. The underlying mechanism is tied to the
unique crystal structure of MgAgSb, which crystallizes in @
phase (I4c2) structures below 583 K. It is noted that the Ag
atom is located at the center of the Sb tetrahedron and the
Mg atom is in the distorted Sb octahedron [24,26]. The weak
Ag-Sb bonds and high Ag mobility favor the formation of
Ag vacancies and Ag-Mg antisite defects [24]. Owing to its
limited solid solubility and unique crystal structure, achiev-
ing a high carrier concentration in a-MgAgSb via conven-
tional doping often comes at the expense of phase purity. In
this work, we break from this paradigm by introducing a
doping-free strategy that exploits the reversible o — f phase
transition around 593 K to intrinsically engineer Ag vacan-
cies. We demonstrate that annealing in the f phase signifi-
cantly reduces the formation energy of Ag vacancies,
enabling the creation and subsequent “freezing-in” of a
high concentration of these defects upon rapid cooling back
to the a phase as shown in Fig. 1(a). Combined with density-
functional theory calculations, Ag vacancies consistently
exhibit the lowest formation energy across the relevant
Fermi-level range in both a and f phases, while Mg/Sb
vacancies and antisite defects are higher in formation energy,
even after accounting for charge-state stability (Fig. S1) [27].
Therefore, the excitation of Ag vacancies can be achieved
through phase-transition-induced self-doping. This process
elevates the hole concentration from 4.5 x 10" to
1.3 x 10 cm™ and activates multivalley transport, as
evidenced by an increase in the effective valley degeeracy
N, from 8 to 14 as shown in Fig. 1(b). The enhancement of
the induced intervalley electron-phonon scattering is parti-
ally compensated by the increased density of states (DOS)
effective mass after annealing, which results in only a
modest decrease in carrier mobility from 60 to
45 cm? - V' . 57!, This collective enhancement yields a
remarkable ~35% improvement in the room-temperature

power factor, reaching 30 pW - cm~! - K=2, which is among
the highest values reported for MgAgSb-based materials as
shown in Fig. 1(c). Since no foreign dopants are introduced,
the intrinsically low lattice thermal conductivity is preserved,
leading to a room-temperature z7 of ~0.83 and an average
zT of 1.30 close to that of the as-synthesized sample
(zT 4y = 1.32) between 300 and 573 K.

To evaluate the practical applicability of this strategy,
we fabricated a single-leg TE module using the optimized
material; it achieved a conversion efficiency of 10.7%
and a maximum power density of 71.1 mW -cm™2 at
AT = 285 K, which surpasses the performance of the
as-synthesized sample by 30% as show in Fig. 1(d).
This work establishes a novel, generalizable pathway for
performance enhancement in multiphase TE systems by
leveraging inherent phase transitions for defect engineer-
ing, thereby moving beyond the conventional limitations of
chemical doping.

To elucidate the origin of the enhanced carrier concen-
tration and the structural evolution during thermal process-
ing, we performed in situ variable-temperature powder
neutron diffraction (PND) on MgAgSb. The diffraction
patterns were collected in the following sequence (from
bottom to top in Fig. 2): (i) the as-synthesized MgAgSb
sample at room temperature, (ii) at 593 K during the phase
transition, and (iii) after annealing and cooling back to
room temperature. Both the as-synthesized and annealed
samples [Figs. 2(i) and 2(iii)] were identified as the
a-MgAgSb phase (space group [-4c2), whereas at
593 K [Fig. 2(ii)], the structure transformed to f-MgAgSb
(space group P4/nmm), consistent with previous reports.
No obvious secondary phases were detected in either the
as-synthesized or annealed samples.

Rietveld refinement against the PND data confirmed
the tetragonal structure and allowed quantification
of the site occupancy factors (SOFs) for the Ag sites. In
the as-synthesized sample, the SOF of the Ag; site was
0.986, corresponding to the stoichiometry of MgAg 993 Sb,
in agreement with the earlier work [28]. After annealing,
the SOFs of Ag; and Ag, decreased to 0.978 and 0.980,
respectively, corresponding to a stoichiometry of
MgAg934Sb. This indicates an increased concentration
of Ag vacancies, consistent with the rise in hole concen-
tration from ~5.1 x 10" to ~1.1 x 10?° cm~3—more than
a twofold increase following the f phase transition. During
the measurements, a glass enclosure was placed over the
sample stage to ensure precise temperature control.
Unfortunately, although the spurious peaks from the glass
do not affect the main diffraction peaks of the material,
they do introduce some interference to the refinement
of vacancy concentrations at high temperature, which
may compromise the accuracy of the refined results.
Furthermore, our work primarily focuses on optimizing
and enhancing the carrier concentration in the « phase. The
high carrier concentration in the f phase has limited
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FIG. 1. (a) The crystal structure evolution of MgAgSb annealed above the phase transformation temperature of 593 K and cooled
back to 300 K. (b) The calculated band structure of a-MgAgSb, and the carrier concentration from n, ~4.3 x 10! cm™ to
ny, ~ 1.3 x 109 cm™ after annealing. The pockets on the right increase from 8 to 14. (c) The correlation between calculated and
experimental power factors and carrier concentration at room temperature [5,14-19,29-33]. (d) The comparisons of maximum Py - L
and efficiency of power generation modules at near room temperatures among modules, including BST/BST, Mg;(Sb, Bi),/MgAgSb,
single-leg MgAgSb (hollow and smaller symbols) [5,14,16,29,32,34-38].

reference value for the final results of the a-phase meas-
urement, we did not perform a refinement analysis of the
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of the Ag site occupancies are also provided in Fig. 1(a).
To provide a quantitative estimate of the effective hole
concentration associated with vacancies, we performed
first-principles calculations and evaluated the free hole
concentration from the electronic density of states using
Fermi-Dirac statistics. We started from a perfect
a-MgAgSb supercell with 96 atoms, and then constructed
three vacancy models by removing one Ag atom, one Mg
atom, and one Sb atom, respectively. These defective
supercells represent a nominal concentration of one
vacancy per 96-atom supercell. For each model, we 12 18 24 30
calculated the electronic DOS and determined the Fermi d( A)
level from the DOS output. The free hole concentration at
300 K was then evaluated by integrating the valence-band FIG. 2. The in situ variable-temperature powder neutron
DOS weighted by the probability of occupation absence: diffraction pattern of MgAgSb powder at different temperatures.
From the bottom to the top, the profile plot of Rietveld refinement
against the PND dataset of as-synthesized a-MgAgSb at 303 K,
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Here, D(E) is the total DOS in units of states per eV per
supercell, and E, is the valence band maximum. The
integral gives the number of holes per supercell, which
was then converted into cm™ using the supercell volume.
Using this approach, the calculated hole concentrations
are 5.00x 102 cm™ for the Ag-vacancy model,
943 x 10 cm™ for the Mg vacancy model, and
7.85 x 10'2 cm™ for the Sb vacancy model. These results
show that the carrier concentration is highly defect depen-
dent, and that a percent-level reduction of Ag site occu-
pancy can support a hole concentration on the order of
1.00 x 10?° cm™3. Therefore, the refined Ag-vacancy frac-
tion and the Hall carrier concentration are not expected to
follow a simple linear relationship.

We further note that the Hall carrier concentration
reflects mobile carriers and can differ from the total ionized
acceptor concentration. The effective number of free
holes contributed by each Ag-vacancy can be reduced
by charge compensation from other defects or by the
formation of electrically neutral defect complexes. In

addition, multivalley transport and possible changes in
the Hall factor can affect the carrier concentration extracted
from Hall measurements when the Fermi level shifts. These
effects provide explanations for why a modest change in
refined Ag-site occupancy can coincide with a large relative
change in the measured Hall carrier concentration. Based
on our DOS-based evaluation, a hole concentration around
1.1 x 10%° cm™ is within a reasonable range for the
present material when compensation and transport-related
factors are considered.

In situ transmission electron microscopy (TEM) was
conducted on a focused ion beam (FIB)-prepared MgAgSb
sample to visualize micro-structural evolution during heat-
ing. As shown in Fig. 3(a), the sample was heated from
room temperature (293 K) to 603 K (above the phase
transition temperature) and then cooled back to room
temperature. Second-phase precipitates emerged at
403 K and stabilized by 603 K, and they persisted after
cooling. Energy-dispersive x-ray spectroscopy (EDS) con-
firmed these precipitates to be Ag-Sb compounds, which
can be assigned to Ag;Sb [Fig. 3(b)]. The precipitation
mechanism is attributed to the low formation energy and
high mobility of Ag vacancies at elevated temperatures.
Ag atoms readily vacate their lattice sites, creating Ag
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FIG. 3.

In situ transmission electron microscope results. (a) High-angle annular dark-field images of a focused-ion-beam prepared

MgAgSb sample recorded while heating from room temperature (RT) to 603 K and subsequently cooling back to RT. (b) Energy-
dispersive x-ray spectroscopy (EDS) map showing the distribution of the precipitations that form during annealing. (c) HAADF images
of the annealed MgAgSb sample taken along several crystallographic directions at RT. The lattice planes of Ag;Sb precipitate and Ag
vacancies in the MgAgSb matrix are prominently visible. Enlarged insets highlight individual Ag atoms (solid blue and red circles) and

the accompanying vacancies (dotted blue circle).
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vacancies. Once liberated, Ag ions diffuse swiftly through
the MgAgSb crystal lattice and precipitate on the sample
surface [26,39]. Ionic diffusion in solid materials is
governed by D = Dye~2/RT where D is the diffusion
coefficient, D, is the diffusion constant, and Q is the
diffusion activation energy [26]. For FIB-prepared samples,
the reduced thickness results in fewer atomic layers and
shorter diffusion distances, promoting the longitudinal
diffusion and migration of Ag atoms [40]. To preserve
electrical (charge) neutrality within the MgAgSb crystal, Sb
also precipitates, ultimately forming Ag;Sb on the sample
surface. This process does not markedly alter the material
properties of the crystal. However, bulk samples exhibit
different behavior, as demonstrated by the EDS analysis of
annealed MgAgSb shown in Fig. S2 [27]. Two different
regions in the annealed MgAgSb sample were chosen for
scanning. At low magnification (Figs. S2a and S2c¢) [27],
no obvious segregation is visible, and the elemental
distribution appears uniform. However, a high-magnifica-
tion view (Fig. S2b) reveals local Ag enrichment [27].
The elemental ratio analysis of the magnified region II
(Fig. S2d) shows that the Ag concentration is substantially
higher than that of Sb and Mg [27]. The results confirm that
diffusion is limited in bulk samples: only trace amounts
of Ag;Sb precipitates are detected, and they do not affect
the dominant phase and the TE performance of the bulk
sample. In situ TEM images confirm the existence of trace
Ag;Sb precipitates. Notwithstanding this observation, the
MgAgSb sample remains phase pure. This is consistent
with the nonstoichiometric nature of MgAgSb, which is
both kinetically and thermodynamically stable (as shown in
Fig. S6) [22,27].

High-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) imaging [Fig. 3(c)]
further reveals polycrystalline Ag;Sb  precipitates
embedded in the MgAgSb matrix, [27] as well asatomic-
scale Ag vacancies within the MgAgSb matrix observed
along the [110] direction. Differently colored dots in the
HAADF image correspond to distinct atomic species.
Specifically, these include five Ag atoms (red dots) and
two Ag atoms (blue dots) within a single unit cell, as well as
the overlapping projections of two Mg and two Sb atoms
(green dots), and the overlapping projection of one Mg
and one Sb atom (purple dots). These direct observations
provide clear evidence that Ag migration and the formation
of vacancies are responsible for the increase in hole
concentration.

On the basis of the elevated carrier concentration, the
electrical transport properties of annealed a-MgAgSb are
improved compared with those of the as-synthesized
MgAgSb. The TE properties of the as-synthesized and
annealed samples are summarized in Fig. 4. As shown in
Fig. 4(a), the room-temperature (303 K) carrier concen-
trations of a-MgAgSb annealed at different temperatures
(373, 473, 573, 583, and 593 K) are presented. The results

show that annealing above the phase transition temperature
(583 K) induced a sharp increase in carrier concentration
from 4.2 x 10" to 1.3 x 10%° cm™3, which is attributed to
the formation of Ag vacancies. A pronounced increase in
carrier concentration is obtained only when the annealing
temperature exceeds the phase transition temperature.
Despite the higher carrier concentration, the mobility
decreased only slightly, which is attributed to improved
crystallinity in the annealed sample (Fig. S3) and enhanced
valley degeneracy that mitigates ionized impurity scattering
[27]. The carrier mobility (1) of a-MgAgSb was theoreti-
cally calculated using the single parabolic band (SPB)
model. As shown in Fig. S7 [27], a comparison between the
mobility calculated under high and low degeneracy band
approximations reveals that the transport behavior of the
as-grown sample agrees better with the low-degeneracy
approximation. The mobility is primarily limited by the
combined effects of acoustic phonon, grain boundary,
ionized impurity, and point defect scattering, which is
consistent with the behavior observed in annealed
MgAgSb. Because of its high density of states (DOS)
and number of valleys (Ny), the annealed sample maintains
a high mobility even at a high carrier concentration. As a
result, the electrical resistivity of MgAgSb decreases
significantly after annealing [Fig. 4(b)], reaching as low
as 10 pQ-m at room temperature. As a reference,
MgAg97Sb also exhibited a decrease in resistivity similar
to that of the stoichiometric MgAgSb sample. With
increasing temperature, the bipolar effect occurs at
423 K, which is higher than that in the as-synthesized
MgAgSb sample due to the increased carrier concentration.
When the temperature exceeded 423 K, the resistivity
decreases with increasing temperature because electron-
phonon interaction dominates the carrier transport. The
Seebeck coefficient decreased with rising carrier concen-
tration [Fig. 4(c)], in accordance with the relationship
S « n~?/3. For the annealed samples, the Seebeck coef-
ficient increased from 180 pV-K~!' to a maximum of
203 pV - K~ at 423 K, beyond which it declined due to the
bipolar effect—a trend consistent with the resistivity
behavior. The Seebeck coefficient retains a high absolute
value owing to an increased DOS effective mass m*. Fitting
the Seebeck coefficient as a function of carrier concen-
tration using the single parabolic band (SPB) model yields
m* = 3.0m, for the annealed sample, exceeding previously
reported values ~2.3 m, and 1.9 m, [5,18], which corre-
spond to the as-synthesized MgAgSb sample and earlier
reports [5,17-20,30-32,41,42]. The enhancement of m*
further confirm the contribution of multivalley transport
[Fig. 4(d)]. The improved electrical transport leads to a
very high power factor, which increased from 23.5 to
30.3 pW - cm~! - K2 at room temperature, with an average
value exceeding 30 pW -cm™' - K2 across 300-573 K
[Fig. 4(e)]. For comparison, the power factor of the
MgAg,9;Sb sample also increases relative to that of the
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FIG. 4. The TE performance of the as-synthesized and the annealed MgAgSb samples. (a) The carrier concentration and mobility of
MgAgSb at different annealed temperatures. (b) The comparison of the temperature-dependent Seebeck coefficient. (c) Resistivity of the
as-synthesized MgAg o;Sb and MgAgSb. (d) Carrier concentration dependence of Seebeck coefficient at 303 K, the lines are calculated
by a single parabolic band model with specific effective masses [5,17-20,30-32,41,42]. (e) The comparison of the temperature-
dependent power factor, (f) thermal conductivity of the as-synthesized MgAg,;Sb and MgAgSb. (g) The comparison of the
temperature-dependent lattice thermal conductivity of the as-synthesized and annealed MgAgSb. (h) The comparison of zT values of
MgAgSb-based materials from 300 to 573 K [5,14-19,29-33]. (i) The average power factor and z7 of MgAgSb-based materials from

300 to 573 K [5,14-19,29-33].

as-synthesized sample. It indicates that the increasing band
degeneracy leads to an enhancement in electrical transport
properties. This represents the highest power factor
reported to date for a-MgAgSb-based materials, marking
a critical step toward compatibility with high-performance
n-type Mg;Sb,-based compounds.

To address the limitations of the SPB model in complex,
high-carrier-concentration systems, we employed first-
principles band-occupation calculations to directly dem-
onstrate how Fermi-level shifts activate specific transport
valleys (Fig. S8) [27]. In this plot, the color scale represents
hole occupation: values close to 0 indicate negligible hole

occupation, whereas values close to 2 indicate a high
degree of hole occupation. From the band structures near
the Fermi level, the Ag-vacancy case exhibits flatter bands
and a larger number of states in a narrow energy range,
which is consistent with an increased density-of-states
effective mass. This mainly reflects the contribution of
the larger effective mass to the power factor enhancement.
More importantly, the band occupation analysis provides
more direct evidence for multivalley transport activation.
In pristine a-MgAgSb, the valence bands below the
Fermi level are nearly fully occupied, and the hole
occupation around the valence band edge is therefore
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negligible. In contrast, in the Ag-vacancy model, clear hole
occupation appears at the valence band edge. This hole
occupation is not confined to a single valence band
maximum, but is distributed among the secondary and
third valence band maxima at different k points. This
indicates that, after the introduction of Ag vacancies, holes
populate multiple valence band valleys near the band edge.
Therefore, the improvement in power factor can be under-
stood from two effects: the flatter bands contribute to a
larger effective mass and higher density of states, while the
occupation of multiple valleys demonstrates increased
valley participation in transport.

Although the total thermal conductivity increases
slightly after annealing, from ~1.05 to ~1.19 W-m~!.K~!
for the annealed MgAgSb sample over the measured
temperature range [Fig. 4(f)], this increase is primarily
owing to the enhanced electronic thermal conductivity
dictated by the Wiedemann-Franz law [43,44].

The lattice thermal conductivity of the annealed
MgAgSb sample exhibited a minor increase compared
with that of the as-synthesized sample at lower temper-
atures (below 450 K) and remained low overall [Fig. 4(g)],
which is attributed to the formation of metallic Ag;Sb
precipitates that provide additional pathways for phonon
transport. The annealing treatment significantly increases
the concentration of Ag-vacancy defects in MgAgSb
samples. At temperature above 450 K, the stronger phonon
scattering due to more defects led to a decrease in lattice
thermal conductivity, especially in annealed MgAgSb.

First-principles calculations were employed to assess
the impact of microstructural features on lattice
thermal transport in a-MgAgSb (k. =k, = 0.537,
k. =0.692 W-m~! - K~!). Analysis of the cumulative x
as a function of phonon MFP (Fig. S9) shows that ~90%
of the thermal conductivity arises from phonons with
submicrometer MFPs (~0.45 pm in-plane, ~1.1 pm out-
of-plane) [27]. The experimentally observed Ag;Sb pre-
cipitates after annealing are separated by micrometer-scale
distances, with most interprecipitate spacings exceeding
~500 nm [Fig. 3(a)]. This length scale is significantly
larger than the characteristic phonon MFPs that dominate
lattice thermal conductivity.

In terms of carrier transport, the micrometer-scale
separation of Ag;Sb precipitates precludes the formation
of a dense scattering network, making long-range carrier
scattering unlikely. Conversely, because Ag;Sb is metallic,
its precipitation results in a modest increase in the lattice
thermal conductivity.

Because of the increase in thermal conductivity, the
room-temperature z7 of the annealed MgAgSb sample
decreased slightly from 0.95 to 0.87. Nevertheless, the
significantly enhanced power factor led to improved zT
values in the high-temperature region. As illustrated in
Fig. 4(h), the annealed MgAgSb sample achieved excellent

zT values compared with most previously reported data in
the literature [5,14-19,29-33].

The significant gain in power factor outweighs the
moderate increase in thermal conductivity, resulting in a
high average zT of 1.30, only marginally lower than that of
the as-synthesized sample (zT,,, = 1.32) over the temper-
ature range from 300 to 573 K, as illustrated in Fig. 4(i).
More notably, the annealed MgAgSb sample achieves a
record-high average power factor in this temperature range,
surpassing all previously reported values for MgAgSb-
based materials [5,14-19,29-33].

We have added several control experiments to confirm
that the observed effect is not merely a result of simple heat
treatment, but that annealing within the f-phase temper-
ature region is responsible for the enhancement of carrier
concentration. As shown in Fig. S10 [27], annealing was
performed at 563, 573, 583, and 593 K. It can be seen that
no obvious changes in TE parameters occurred at annealing
temperatures below 583 K (a-f phase transition temper-
ature). Furthermore, the reproducibility of this annealing
strategy was confirmed using samples annealed at 588,
593, 598, and 603 K, all of which exhibited consistently
enhanced power factors and TE performance when
annealed above the phase transition temperature. The
results indicate that the enhancement of carrier concen-
tration is achieved not by general heat treatment, but by
annealing in the f phase.

In addition to the above, we performed supplementary
experiments with different cooling rates across the phase
transition temperature (593 K), including slow cooling at
a controlled rate, natural cooling in the furnace, and rapid
cooling by quenching. The results are shown in the
Fig. S11 [27]. As seen, changing the cooling rate has
little effect on slowly cooled and naturally cooled sam-
ples. In contrast, the rapidly cooled (quenched) samples
exhibit a significantly lower Seebeck coefficient and
electrical resistivity. Carrier concentration measurements
of these three samples further show that the quenched
sample has a much higher carrier concentration. These
results indicated that Ag vacancies can reequilibrate in the
a phase during cooling, whereas rapid cooling preserves
a larger number of Ag vacancies, resulting in a higher
carrier concentration (Table S4 [27]). Consequently, the
final thermoelectric zT of the quenched sample is slightly
lower than that of the slowly cooled samples.

To the best of our knowledge, this is the first report of
using a phase-transition-based annealing process to tune
the carrier concentration and enhance TE performance
without chemical doping. This strategy ensures that both
high conversion efficiency and high output power can be
simultaneously achieved in device applications.

To evaluate the practical performance, a single-leg module
(3.14 x 3.00 x 7.00 mm?) was fabricated. Among various
electrode materials (Ag, Co, MgAgMng,, MgCuSb,
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The performance of power generation and TE cooling modules. (a) Output voltage-output power evolutions versus current at

different temperature gradients of the annealed single-leg MgAgSb module. (b) The calculated and experimental power density of the
single leg as-synthesized and the annealed MgAgSb modules. (c) The Comparison between the product of the reduced power density
and the leg length of the annealed MgAgSb single leg module with other MgAgSb power generation devices [5,14,16,29,32,34-38].
(d) The comparison of the maximum TE conversion efficiency of the annealed MgAgSb device at different temperatures versus other

materials [5,14,16,29,32,34-38].

and Sb) reported for MgAgSb [5,14-16,29,45], Ag was
selected and sintered onto the MgAgSb pellets. Although
prolonged annealing or a large interfacial area can increase
contact resistivity, as reported in our previous work [46],
the contact resistivity at the Ag/MgAgSb interface in this
work increased only moderately from 11.3 to 17.9 pQ - cm?
after annealing, as shown in Fig. S5 [27]. We compared the
EDS results of the Ag/MgAgSb contact layer before and
after heat treatment (Figs. S12—16) [27], which illustrate the
effects of different annealing times (20, 40, 60, and 100 h).
After 100 h of annealing, microcracks can be observed in the
Ag-MgAgSb contact layer. The results show that interfacial
diffusion increases with annealing time, leading to gradual
interfacial degradation. In contrast, short-time annealing has
a minor effect on the interface in this work.

The reduced cross section and rapid annealing process
help minimize interfacial degradation. As shown in Fig. 5,
the power generation performance was evaluated under
various temperature gradients. Figure 5(a) demonstrated
that the output voltage varies linearly with current, with the

intercept and slope representing the open-circuit voltage
(Vo) and internal resistance (R;,), respectively. Both
parameters correlated with the Seebeck coefficient and
electrical resistance of the MgAgSb leg under different AT.
The output power (P,,), calculated from the voltage
and current, initially increases and then decreases as the
current increases, reaching a maximum of ~0.071 W at
AT = 285 K, as shown in Fig. 5(b). The output power is in
good agreement with the theoretical value at lower temper-
atures, but the discrepancies increased at higher temper-
atures due to the radiation losses from the ceramic plate and
the contact resistance between the module and the heat
source, resulting in the actual AT being lower than the set
AT. Even so, the annealed sample exhibits a 30% improve-
ment in P, over the as-synthesized sample (0.054 W). To
fairly evaluate the output capability, we use the reduced
specific power density Py X L, where Py = Poy/S(nip)
represents the output power per cross-section area of a
single n/p leg. As shown in Fig. 5(c), the annealed
MgAgSb sample achieved a reduced specific power density
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of 52.6 W-m™! at AT = 285 K, surpassing most previ-
ously reported devices [5,14,16,29,32,34-38]. This high
output power density directly results from the enhanced
power factor of the annealed MgAgSb material [47,48].

Subsequently, cycling tests were conducted on both the
MgAgSb thermoelectric material and the single leg, as
shown in Fig. S17 [27]. The results show that the presence
of these precipitates does not lead to obvious degradation in
the cycling performance of the thermoelectric material
itself. We then measured the open-circuit voltage (V)
at 573 K and the internal resistance (R;,) of the device at
303 K. While V. remained stable, R;, gradually increased
with the number of cycles (after 120 h). This increase is
primarily attributed to the evolution of the Ag electrode/
MgAgSb interface during long-term cycling. Although the
total internal resistance of the device increases, the change
remains below 10%, resulting in no significant impact on
the overall device performance.

Finally, the power generation efficiency reached a
maximum conversion efficiency (1) of ~10.7% at AT =
285 K [Fig. 5(d)]. The annealed module demonstrated a
high conversion efficiency in the near-room-temperature
region. The combination of high output power and
high efficiency makes annealed MgAgSb a promising
candidate to replace Bi,Tes-based materials in near-room-
temperature power generation applications.

In summary, we have developed a rapid annealing
strategy that utilizes the a —f phase transition of
a- MgAgShb to deliberately introduce Ag vacancies—the
dominant point defects in this system. The increased
Ag-vacancy concentration effectively raises the hole carrier
density, as confirmed by in situ temperature-dependent
TEM and PND. Theoretical calculations indicate that
the elevated carrier concentration activates multivalley
transport, leading to a remarkable power factor of
30 yW-cm™' - K2 at room temperature—up from
23.7 pW -cm™! - K2 before annealing—and an average
value of 31 pW -cm™! - K=2 over the operating temper-
ature range, the highest reported to date for MgAgSb-based
materials. The optimized sample achieves a room-
temperature z7 of 0.85 and an average z7 of 1.30 from
303 to 573 K. A single-leg module exhibits a conversion
efficiency of 10.7% and an output power of 0.071 W at
AT =285 K, demonstrating high efficiency and power
density in the near-room-temperature regime. This work
not only substantially advances the TE performance of
MgAgSb, but also presents a generalizable, doping-free
route for carrier concentration optimization via phase
transformation, which is potentially applicable to other
multiphase functional electronic material systems.
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APPENDIX: METHODS

1. Materials synthesis and annealing process

As-synthesized MgAgSb samples were synthesized by
two-step ball milling. High-purity Mg turnings (99.9%) and
Ag particles (99.99%) were weighed according to the
atomic ratio of 1:1 into a stainless-steel jar with tungsten
carbide balls in a glove box full of Ar, and then ball milled
in a high-energy ball milling machine for 10 h. Then the
MgAg powder after ball milling and Sb shots (99.99%)
were mixed in the ball milling jar, and ball milled 10 h.
The MgAgSb powder was packed into a graphite mold
with a diameter of 12.7 mm and sintered at 573 K for
5 min at a pressure of 80 Mpa. The obtained MgAgSb
pellet was put into a ZrO, crucible. The crucible was
surrounded by quartz wadding placed above and below,
and the entire assembly was placed inside the quartz tube.
The tube was vertically placed in a heating furnace. First,
the temperature was raised to 563 K at the heating rate of
1 K- min~!, and then the temperature was raised to 623 K
slowly at the heating rate of 0.1 K-min~! and kept at
623 K for 30 min. Then, it was cooled to 563 K at a
cooling rate of 1 K-min~!, and finally cooled down to
room temperature.

2. Crystal and microscopic characterizations

The powder neutron diffraction was tested at the
Dongguan spallation neutron source, the spectrometer used
is GPPD. Both the results of XRD and neutron diffraction
results were refined using GSAS II. The lattice parameters
of all samples were obtained by the Fullprof program. The
microstructure of the MgAgSb sample was carried out on
scanning electron microscope, and energy dispersive spec-
troscopy analysis was obtained on FEI TALOS F200A.
High-quality thin-cross-sectional samples for TEM were
prepared by using focused ion beam (FIB, Helios 600i,
FEI). The bright-field (BF) TEM, in situ TEM, EDS
mapping, and high-angle annular dark-field images were
acquired by a JEOL JEM-ARM200F NEOARM. And the
FIB samples were placed on an in situ heating holder for
temperature control. The HAADF images, the SAED
patterns, and the EELS spectrum were achieved on a
JEOL ARM200F TEM equipped with a double spherical
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aberration corrector at 200 kV. The SAED patterns were
acquired at an exposure time of 3s and an aperture of
~150 nm. The HAADF images were collected at accep-
tance angles of 90 ~ 370 mrad.

3. Measurement of thermoelectric properties

The a-MgAgSb pellets were cut into bars with a
dimension of 3 x2.5x9 mm?, and the electrical and
Seebeck coefficient were measured along the in-plane
direction by LSR apparatus (Linseis, LSR-3, Germany).
The sintered samples have a diameter of 12.7 mm and a
thickness of 2.5 mm. Thermal diffusivity D were measured
by LFA 1000 (Linseis, Germany) for all samples, and the
density p of different pellets was measured by Archimedes
drainage method. The heat capacity C, was estimated
according to the Dulong-Petit law. Based on the above
parameters, the thermal conductivity can be calculated by
using this formula:

k= pC,D. (A1)
The measurement uncertainties are 3%, 5%, and 6% for
electrical resistivity, Seebeck coefficient, and thermal dif-
fusivity, respectively, which yield an error in z7 of ~20%.

4. Simulation of the thermoelectric transport
mechanism

According to the SPB model [50]

o= KT ) (a2)

_ kg (Q+N)F(n)
= < L+ )F,() ”)’ (A3)

Lk [<3 L)1+ )F,()F ()
% (L+ 2)2F,(n)?
@A Fun )

(1 + A7F, ()’ } ’ (ad)
o= [T (43)

The kg, e, and h are the Boltzmann constant, electron
charge, and the Planck constant, respectively. 1 is the
scattering factor, mx is the density of state effective mass, 7
is the reduced Fermi level, x is the reduced carrier energy,
and F;(n) is the Fermi-Dirac integral. Both the acoustic
phonon scattering and alloy scattering give 4 = 0. And the
mobility can be depicted as

1 1 1 1 1
-ttt —+—. (A06)
K Hac HION HGB HpD

These correspond to acoustic phonon scattering, ionic
scattering, grain boundary scattering, and point defect
scattering, respectively. The scattering of different mech-
anisms is given by literature [51,52]
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where 9, is the velocity of longitudinal sound waves, d is
the density, E4¢ the deformation potential, € the dielectric
constant, N; the ionized impurity concentration, D the
grain size, E;, the potential barrier of the boundary, and Ny
the neutral impurity concentration.

5. The calculation of vacancy formation energy
using density functional theory

The first-principles calculations were carried out with
Vienna ab initio simulation package (VASP) [53] using
Perdew Burke-Ernzerhof (PBE) exchange-correlation func-
tional pseudopotentials including the generalized gradient
approximation (GGA) [54]. Variable-cell relaxations were
performed until the convergence criteria for energy and the
largest residual force fell below 1078 eV and 107¢ eV/A,
respectively, giving optimized lattice constants a = 9.268,
h=9.268, and ¢ = 12.765 A for a-MgAgSb, and a =4.432,
b =4.432, and ¢ = 7.415 A for f-MgAgSb. To facilitate a
direct comparison of the defect formation energies and
carrier properties between the two phases, a 2 X2 x 2
supercell of - MgAgSb was constructed, ensuring that
both a-MgAgSb and f-MgAgSb contain the same number
of 48 atoms in their simulation cells. Self-consistent fields
were converged to 1078 eV with a 9 x 9 x 6 k mesh and
a 400 eV plane-wave cutoff. To investigate the effects
of point defects on the properties of MgAgSb, defect
supercells were constructed based on the 48-atom primitive
cell. For a-MgAgSb, three inequivalent Ag sites were
considered, while for f-MgAgSb, two distinct Ag sites
were modeled to generate the corresponding defect
configurations.

For the non-self-consistent electronic band structure
calculations, the modified Becke-Johnson (mBJ) potential
was employed to accurately determine the band gaps
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[55,56]. Electron localization function (ELF) was per-
formed for a-MgAgSb and f-MgAgSb, which is defined

as [57]
{1

where Dp(r) denotes the Pauli kinetic energy density, and
Dy (r) represents the kinetic energy density of a homo-
geneous electron gas with the same local electron density.
For phonon properties, the second-order force constants
were obtained using the finite displacement method with a
2 x 2 x 2 supercell based on the primitive cell [58]. With
the second-order force constant, the phonon dispersion
relations were then calculated using a 12 x 12 x 12 mesh.
The defect formation energy AH is defined as

(A11)

AH(D, q,Er) = E(D, q) — E(perfect)
+ Zniﬂi +q(Evem + Er),  (Al2)

Where E(D, g) is the total energy of the supercell con-
taining a defect in charge state ¢, E(perfect) denotes the
total energy of the corresponding pristine supercell. The
term n; represents the number of atoms of type i added to
(n; < 0) or removed from (n; > 0) the system, and g; is the
chemical potential of species i, Er is the Fermi level
referenced to the valence-band maximum (EVBM).

As a result, the formation energies of defects at the three
Ag sites (Ag;, Ag,, Agz) in the a-phase MgAgSb are all
higher than those at the Ag; and Ag, sites in the § phase.
Among these, the formation energy of the Ag; defect is the
lowest, which is consistent with our neutron results. The
specific results are presented in Table S1 [27].

6. The fabrication and characterization of the
thermoelectric performance of the a-MgAgSb device

In this work, the Ag electrode was still chosen to be the
contact layer of MgAgSb. The SPS-ed Ag-MgAgSb pellet
was cut into a thermoelectric leg with a dimension of
3.14 x 3 x 7 mm>. And the TE leg undergoes the annealed
process, and then was fabricated the single-leg TE module.
The electrical contact of the Ag-MgAgSb interface in as-
synthesized and annealed samples was measured by the
four-probe technique, and the results were shown in Fig. S5
[27]. The contact resistivity slightly increased in the
annealed sample, with little impact on the device’s perfor-
mance. As-synthesized and annealed thermoelectric legs
were tested for power generation measurement by Mini-
PEMs (ADVANCE RIKO, Japan). The hot side temper-
ature 7', of the module was controlled by a heater, and the
cold-side temperature 7. was controlled by the flowing
water. Both 7', and 7', were measured by thermocouples of
the Mini-PEM. The output power (P) and cold-side heat
flow (Q,) were recorded using the Mini-PEM. Therefore,

the power-generation efficiency was calculated using
the equation.

P P

= =——". (A13)
Qin P+ Qout

n

The prediction of the thermoelectric efficiency is based on
the formula

AT \/1+z7T -1
o e
Th V14T + 3

Since z is temperature-dependent, in order to avoid over-
estimation, the predicted output power density w can be
calculated by the following formula:

(A14)

(Th - Tc)2 Syl
=——PF.
v 4L

(A15)
where (PF) and L are the average power factor and the
single-leg length, respectively. The length of the two legs is
all 7 mm.
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