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n-type MgsSb,-based materials have become a top candidate for efficient thermoelectric applications within 300-700K, due to
its high band degeneracy, inherently high carrier mobility and low lattice thermal conductivity, as well as its advantages of less
toxicity and abundance. Existing works showed that MgsBir-alloying largely help ensure the exceptional performance, leaving a
key issue to be uncovered on the primary mechanisms favoring or limiting the thermoelectric performance of MgsSb,.,Bi; alloys.
Here we focus on the alloy composition dependent transport properties at various temperatures, with a large volume of
experimental data. It is revealed that, with increasing x, the reduction in both inertial mass and lattice thermal conductivity is
significantly beneficial, but the closure in band gap leads to a strong compensation due to the bipolar effect. Such a compromise
between band structure and phonon scattering results in optimal Mg3;Bi»-alloying concentrations to be about 50% ~ 75% at 300 K,
50% ~ 60% at 450K and 50% at 600 K, which successfully guiding this work to realize extraordinary thermoelectric figure of

merit at these temperatures.
Introduction

Thermoelectricity is capable of a direct conversion
between heat and electricity. This unique advantage together
with its emission-free feature are distinguished virtues, while
the low conversion efficiency of thermoelectric devices
critically impedes its large-scale applications. Thermoelectric
efficiency is largely determined by materials’ dimensionless
figure of merit, zT =S*>0T/k, where S, 0, kand T are the
Seebeck  coefficient, electrical conductivity, thermal
conductivity and absolute temperature, respectively. Note that
thermal conductivity involves both lattice (4i) and electronic
(Kg) contributions.

Advanced thermoelectrics require materials possessing a
high electrical conductivity and Seebeck coefficient, and a low
thermal conductivity **. However, 0, S and kg are strongly
coupled, which leads to the main strategies for improving z7T
being typified either by an enhancement in power factor (S%0)
via band engineering®’, or by a suppression of 4i. through
defect engineering®!2. In addition, the interaction between
these physical parameters endows the importance of carrier
concentration optimization in maximizing z7. All above
strategies have brought about significant z7 enhancements in
many materials including GeTe!'*!>, SnTe!6!8, PbTe!*2?2, and
Bi;Te;**2°. In recent years, n-type Mg3Sb,-based materials have
been recognized as outstanding efficient thermoelectrics due to
their high conduction band degeneracy?” 8, intrinsically high
carrier mobility*-3! and low lattice thermal conductivity 3% 33,
as well as the advantages of less toxicity and abundance.

Band structure, including the band degeneracy N,, the
inertial effective mass along the transport direction my’, the
intensity of charge scattering and the band gap E,
fundamentally determines the maximal thermoelectric
performance once the material can be doped to have an optimal
carrier concentration. The conduction band minimum of
MgsSb,.,Bi, alloys locates along the L-M line with a valley
degeneracy (N,) of 6 while the valence band maximum locates
around I' point with a valley degeneracy of only 1°+37. This
makes the thermoelectric performance of n-type much better
than that of p-type. In addition to the large conduction band
degeneracy, the electron inertial mass m;" of ~0.2 m. for
MgsSb,.,Bi, alloys was found to be sufficiently small to ensure
a high mobility thus a high zT 33,

With years of development, a few effective dopants are
revealed to ensure a broad range of carrier concentration up to
10% c¢m for locating its optimum. These dopants are typified
by group-IIlp (Sc*®and Y*"*?) and rare-earth (La***, Nd* and
Pr#) cations for Mg and chalcogen (Te?” %7, Se*¥:4%) anions for
Sb. The low electron inertial mass m;" largely ensures an
electron mobility to be as high as ~170 cm*V-s at 300 K,

providing the grains are sufficiently large™, grains are
minimally oxidized®®, and the material is free of charge
scattering sources other than acoustic phonons®. These
scattering sources include ionized impurities®" 32, secondary
phases®*3%, and boundary potential barriers®> 3% 7, which tend
to exist in materials synthesized by a wet-chemical or a
ball-milling approach. This further inspires a development in
synthesis technique using a tantalum-sealing for melting and a
nearly hot-deforming for sintering®-*? or similar ones including
a post-annealing under a Mg-vapor 30385,

Thermally, MgsSbo-based materials are found to be
naturally strong in lattice anharmonicity®, and small size of
Mg cations®® is believed to be favorable for soft vibrational
modes. Both features lead the lattice thermal conductivity to be
intrinsically low®? 3* ¢! Furthermore, alloying reduces lattice
thermal conductivity because of the strengthened phonon
scattering by alloy defects? ©2,

With all above efforts, MgsiSb,-thermoelectrics, in
particular, MgsSb,.,Bi, alloys have been realized to show a very
bright future for efficient and eco-friendly applications within
300-700 K3! 354238 However, the effect of band gap on the
thermoelectric properties, has be much less focused on, of
which the resultant strong bipolar conduction in these narrow
gap materials might be critical®!:3% 63, This can be quite similar
to the case of conventional Bi,Tes-thermoelectrics®, of which
the insufficient band gap size fundamentally limits its high
efficiency to cover a temperature range of 7>450 K.

In this study, a large number of existing results and
additional experiments/calculations in Mg3Sb,.(Bi, alloys
consistently show a smooth change with x in critical parameters
determining the thermoelectric performance. This reveals the
existence of a strong bipolar effect induced by the insufficient
band gap, which offers a guidance for optimization and further
improvements. This leads this work to locate the optimal alloy
compositions for various working temperatures and to realize
the corresponding extraordinary thermoelectric figure of merit
zT of 0.8 at 300 K, 1.2 at 450 K and 1.6 at 600 K.

Results and Discussion

The details on synthesis, characterizations, measurements
(Fig. S1) and calculations for MgsSb,.,Bi, are given in the
supplementary. In order to ensure a high mobility, the materials
are with coarse grains (tens of microns) enabled by a
tantalum-sealing for melting and by a nearly hot-deforming for
sintering?®. This technique further enables an much less excess
of Mg (~1.7%) than that in literature work (usually ~7%*") for
ensuring a high doping efficiency, which might be helpful for
less impurities as well. The corresponding powder X-ray
diffraction (XRD) patterns are shown in Fig. S2. The observed
diffraction peaks can be well indexed to those of Mgs3Sb, with a



CaAlSi, structural (space group of P3m1%* %), Phase purity
is further confirmed by scanning electron microscope (SEM)
and energy dispersive spectrometer (EDS) analyses (Fig. S3).
The lighter-color boundaries seen in the SEM images (Fig. S3)
suggest a higher concentration of Bi, and the etching process
promotes its formation. These Bi-rich boundaries have been
frequently observed in the literatures®® %7, and the reason can be
an interesting topic deserving further investigations.
Fortunately, the existence of Bi-rich boundaries shows no
detrimental effects on mobility thus thermoelectric
performance, as long as the grains are coarse enough?® 4% 9,
The lattice parameters for Mg3Sb,.,Bi, alloys are shown in Fig.
S4, showing an increase due to MgzBir-alloying.

( ilOO (b) 0.35
a 300 K This work Literatures 300 K O Thiswork ( O Average),
o, ©° x=0 L4 Literatures
= s x=0.5 0.30 Q Linear Fitting
300 | D °, ° x=1.0 ;
& o, ° x=15 0.25 -
—~ °, ° x=20

-S (uV/K)

200 SPB modeling
—— m=1.6m,
——m=14m,
100 f—m=t2m,
—— m=1.0m,
—— m=08 m,

0.0 0.5 1.0 15 2.0

0.1
n, (10°cm®) xin Mg,Sb, Bi_

(c)2s (d) 800

O Thiswork ( O Average) 500 | 300 K
300K o Literatures 400 Prediction at n, = 4x10"° cm®, E,_ =20 eV
20 Linear Fitting 300
_ - ;
—_ M q ? 200 s é
m 15 é rrg 3 § ¢ é
= q 5 7-26%) m e g8 .
x - g g8 o - © ) ’
€ 10f ° 8 g§ ~g| 100} § e
05 52 i O Thiswork( O Average)
° o0 Literatures
58 n,~4#1E19 cm®
0.0 1 1 1 1 1 1 i 1 1 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
xin Mg Sb, Bi, xin Mg,Sb, Bi,

Fig. 1. Hall carrier concentration dependent Seebeck coefficient
(a), composition dependent density-of-states mass m* (b), inertial
mass m*| (c) and Hall mobility 4 (d) for n-type MgszSb2..Biyx alloys at
300 K. Literature results’”> 43 48, 51,52, 62, 68, 69 are included for a
comparison.

All the Mg3Sb,.,Bi, alloys in this work show a dominant
charge scattering by acoustic phonons (Fig. S5). This enables a
single parabolic band model (details in the supplementary) to
approximate the charge transport properties (Fig. 1). With
Mg;Bi, alloying, the density-of-state effective mass (m") is
found to decreases from 1.6 to 0.8 m.. This can be largely
understood by the decrease in the inertial effective mass (m",
Fig. 1c and Fig. S6) determined by the optical measurements
according to the Lyden method™. Therefore, the Hall mobility
is found to increase at near-optimum carrier concentration (7)
of ~4x10" cm™ with increasing Mg;Bi,-alloying, indicating
that MgsBir-alloying is indeed beneficial for enhancing the
electronic performance since the maximal power factor (PFmax)
is inversely proportional to inertial mass (m"1) 7. Note that the
much lower literature & shown in Fig. 1d could be understood
by the existence of charge scattering mechanisms other than
acoustic scattering37- 4348, 31,52, 62, 68,69

According to the band structure calculations (Fig. 2), the
conduction band minimum (CBM) locates roughly along the
(L-M) direction. The exact coordinate for MgsSb, is (0.42, 0,
0.33) in the Brillouin zone, which might show a small deviation
depending on the computational techniques. Therefore, there
are six symmetry-equivalent electron pockets for the CBM (a
valley degeneracy of 6, Ny= 6). In case of Mg3Bi,, a negative
gap of -0.15 eV (between I'-K and L-M) is obtained in this

work. These calculations are consistent with literature results>
and the differences (minor if any) are due to the choice of
pseudopotential, exchange-correlation functional, and the
spin-orbit coupling effects®> 2. The detailed Fermi surfaces for
a few electron densities are shown in Fig. S7 and Table. SI.
Experimental Mg;Bir-alloying dependent band gap in this work,
according to the optical absorption measurements, reasonably
agrees with the calculated ones and the literature results’.

(@), v (d)
" 0.6

=
5 | Literat
g, 0.0 Mg,Sh, 5 L Iteratures
-1.0
18 A A/I . 0.4 -
1.5 |
b
( )1.07 V \\// o3l
i 3 02!
g00 Mg,SbBi 2 02
& -08 ’ w
=10 0.1 -

—_—
(2]

i 0.0
10 V L This work N
o 0.1 | —O— Exp. \
Mg;Bi, | --O-- Calculation

Q2L vy
00 05 10 15 20

x in Mg,Sb, Bi_

Energy (eV)
o
o

-1.5

A\
r M K I A L H ALMKH

Fig. 2. Calculated band structures for MgsSb2 (a), MgsSbBi (b)
and Mg3Bi2 (c), as well as the composition dependent band gap (d) for
MgsSb2.Biyx alloys, with a comparison to literature results3! 3316,

As it is generally observed, ab initio calculations tend to
underestimate the band gap particularly for Mg;Bi; in this work.
It is still not entirely clear weather Mg:Bi, is a semimetal or a
nearly zero-gap semiconductor. ab initio calculations usually
show a negative bandgap of ~-0.1 eV3"34 so does this work.
However, experimental results’’ on optical absorption and
transport properties consistently suggest a degenerated
semiconducting behavior in Mg;Bi,. As shown in Fig. 2d and
S8, many literature measurements show a small but negative
band gap of <0.15 eV in Mg3Sb,..Bi, alloys at x>1.5. The
argument of degenerately semiconducting behavior in Mg3;Bi»
can further be supported by the large magnitude of |S| (> 80
MV/K at 7>300 K) and its continuous increase with increasing
temperature®!.  Therefore, it should be reasonable to
approximate Mg3;Bi, as a degenerate semiconductor even if it
does have slightly overlapped conduction and valence bands.
Note that the possible underestimation in band gap of Mg3Bi»
by ab initio calculations might further lead to an
underestimation of the band gaps of MgsSb,.,Bi. alloys with
high concentrations of Bi.

Weighted mobility enables a meaningful measure of
electronic performance for thermoelectrics. Based on the single
parabolic band model (SPB) with a charge scattering
dominated by acoustic phonons, the deformation potential
coefficient (Eqr) and density-of-state effective mass (m*) are
estimated to be nearly independent with temperature and
doping level (Fig. S9, and S10), largely simplifying the
understanding on temperature dependent transport properties.

Taking linear fits to the alloy composition dependent m*,
m*; (Fig. 1b and Ic) and an average deformation coefficient
Eqer of 18 eV, the SPB model enables quantitative predictions
on mobility at a certain electron concentration (Fig. 1d),
maximal power factor (PFmax, Fig. 3a) and weighted mobility



(U, Fig. 3b) for MgsiSb,,Bi, alloys at a few exemplary
temperatures. With increasing x at x<I~1.5, the increase in L4
and PFuay is primarily due to the reduction in m";, which are
further in good agreement with model predictions. The
discrepancy between prediction and measurements at x>1~1.5
can therefore be attributed to the bipolar effect, since
MgsBis-alloying significantly reduces the band gap (<10 kgT
depending on temperature and composition). Furthermore, the
bipolar effect gets stronger and the discrepancy gets larger at

higher temperatures in heavily MgsBi»-alloyed compositions.
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Fig. 3. Composition dependent power factor (a) and weighted
mobility (£4, b) for n-type Mg3Sb..Biyx alloys at 300, 450 and 600 K,
with a comparison to literature results*> 48 31, 52, 62, 68, 69 and model
predictions.

With low phonon relaxation times due to a strong
anharmonicity (i.e. a large Guneisen parameter of ~2, Table S2
and Fig. S10 and S11), pristine MgsSb, shows a low lattice
thermal conductivity. Room-temperature longitudinal (vy),
transverse () and mean (vs) sound velocities decrease linearly
with increasing x (Fig. 4a), which indicates a beneficial effect
for reducing the lattice thermal conductivity (AL, more
precisely k-LoT with a Lorenz factor L determined by the SPB
model) due to MgsBir-alloying. Note that both calculated and
measured A¢ (in the extrinsic conduction region) show a nearly
1/T dependence, indicating the dominance of phonon-phonon
Umklapp scattering in these materials.

Taking into account the sound velocity change, the lattice
thermal conductivity can be predicted for Mgs;Sb,.(Bi, alloys,
according to the Callaway model with the phonon dispersion
considering the Born and von Karman periodic boundary
conditions!?> 776 (details given in the supplementary with other
estimated elastic parameters listed in Table S2). Due to the
strong phonon scattering by large mass/strain fluctuations of
Bi/Sb alloying defects and the strong reduction in sound
velocity, the predicted ki decreases continuously with
increasing Mgs;Bis-alloying (Fig. 4b-4d). Importantly and being
quite similar to the case of x dependent electronic properties
shown in Fig. 3, the bipolar effect gives a significant rise in
k-LoT at x>1~1.5 (particularly at high temperatures) as
compared to that of model prediction.

In order to further ensure the reduction in vy and the
strengthening in phonon scattering due to MgsBir-alloying,
Raman spectrum with Lorentzian deconvolutions for
MgsSb,..Bi, alloys are shown in Fig. S12. The Raman peaks at
about 2.1, 3.5 and 4.5 THz, respectively correspond to the TOy,
LO; and TO> modes of pristine MgsSby. The shift of these
peaks to lower frequencies consistently suggests the reduction
in v due to MgsBir-alloying (Fig. S12). Meanwhile, the

broadening in the Full Width at Half Maximum (FWHM) at
x~1 offers an important evidence of a broadening in phonon
dispersion for a strong phonon scattering?® 77,

The predicted composition dependent electronic and
phononic properties (Fig. 1, 3 and 4), enable a full prediction in
the maximum thermoelectric figure of merit 7T Indeed,
MgsBis-alloying enables both reductions in inertial mass and
lattice thermal conductivity, which leads to a significant
increase in predicted zTmax MgsSbo.Bi. alloys (Fig. 5a-5c).
However, the reduction in band gap due to Mgs;Bis-alloying
simultaneously leads to a strong bipolar compensation in
thermoelectric  properties (detailed transport properties,
reproducibility and stability are given in Fig. S10, S13 and
S14). This leads experimentally realizable predicted z7 .. to be
limited in lightly MgsBir-alloyed compositions and at low
temperatures.
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Fig. 4. Composition dependent sound velocity at 300 K (a) and
lattice thermal conductivity (more precisely x<-LoT) for n-Mg3Sbz.«Bix
alloys at 300 K (b), 450 K (c) and 600 K (d), with a comparison to
literature resultszg’ 31, 33, 35, 37, 41-44, 51, 52, 57, 62, 66, 78, 79 and model
predictions.

As the result of compromise between band structure and
phonon scattering in n-MgsSboBi. alloys, this work
respectively realizes extraordinary z75 of 0.8 @ 300 K, 1.2 @
450 K and 1.6 @ 600 K in optimal Mgs;Bi,-alloying contents of
50%~75%, 50%~60% and ~50% (Fig. 5d). Such a strong
bipolar compensation is very similar to that of thermoelectric
Bi;Te;**?°, and n-MgsSbyBi, alloys have shown very
competitive performance for alternative applications. Moreover,
n-Mg3Sb,..Bi, alloys show top efficiency among all known
n-type thermoelectrics?!': 2+ 43:57- 7885 in a temperature range of
300-600 K.

Note there is a possibility of property-anisotropy due to

the anisotropic crystal structure particularly in p-type
conduction, according to directional solidification
experiments® and theoretical calculations®® 8. Among the

thermoelectric transport properties, resistivity is the most
anisotropic and it differs by a factor of ~4.5 ¥ between
crystallographic directions along [001] and [101] in p-type
MgsSb,. However in n-type conduction, the difference in
resistivities along [001] and [101] is less than 20% %’. Note that
such an anisotropy is much weaker than that of conventional
thermoelectric n-Bi,Tes, of which the resistivity can vary by a
factor of >3 8. This rationalizes the observations in the



literatures*”> % a  negligible property-anisotropy  in

polycrystalline n-type Mg3Sb, thermoelectrics, including those
with coarsen grains of >45 um*>% _ In this work, a big chunk
of Mgs.0s5Y0.01sSbBi with a Hall carrier concentration (~9x10'°
cm) slightly higher than its optimum is synthesized as well for

property measurements along and perpendicular to the

hot-press  direction, which confirmed the effective
property-isotropy as shown in Fig. S15.
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Fig. 5. Composition dependent thermoelectric figure of merit (z7)
for n-type MgsSb2..Bix alloys at 300 K (b), 450 K (c) and 600 K (d),
with a comparison to literature results?® 31 33: 35, 41-44, 48, 51, 52, 57, 62, 66, 68,
6. 78 7 and model predictions; temperature dependent zT for
Mg3.0sSbBi obtained in this work, with a comparison to literature
results for n-type thermoelectrics?! 24 37:43, 57, 68, 78-85,

Furthermore, a single-leg device (2.5X2.5 X6 mm?®) using
the above mentioned big sample is fabricated for the efficiency
measurement (Fig. S16). According to the literature results®!
8991 for a stable and conductive contact between the electrode
and the thermoelectric material, both hot- and cold-side
contacts are designed to include a 0.9 mm thick Ni electrode
with a 0.1 mm thick Fe diffusion barrier layer in this work.
Such a contact structure enables a contact resistance as low as
2.4 mQ, corresponding to an interfacial contact resistance of
~11 pQcm?. This guarantees a measured maximum conversion
efficiency as high as ~7% under a temperature gradient of ~400
K, which is very comparable to the predicted results based on
the performance of thermoelectric material. Note the lower
measured efficiency than the literature results®®! can be
understood by the lower thermoelectric performance of the
material used here for the single-leg device.

Summary

In summary, this work reveals the significantly beneficial
effects of reductions in both electron inertial mass and phonon
conductivity by Mg3Biz-alloying for n-Mg3;Sb, thermoelectrics.
Yet the simultaneous closure of band gap leads to a strong
compensation due to the bipolar conduction of both electrons
and holes. Such a compromise effectively guides this work to
experimentally  realize in  optimal = Mgs;Bir-alloying
compositions extraordinary thermoelectric performances in
these eco-friendly n-type Mgs3Sbo-Mg3Bi» alloys at different
working temperatures. Importantly, this work indicates a
further realization of the full thermoelectric extraordinariness

of n-type Mgs3Sb,-Mg3Bi; alloys likely to be accomplished by a
band gap engineering approach, for an even brighter future.
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