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Outstanding Room-Temperature Thermoelectric
Performance of n-type Mg,Bi,-Based Compounds Through
Synergistically Combined Band Engineering Approaches

Hyunyong Cho, Song Yi Back, Naoki Sato, Zihang Liu, Weihong Gao, Longquan Wang,

Hieu Duy Nguyen, Naoyuki Kawamoto, and Takao Mori*

Thermoelectric cooling materials based on Bi,Te, have a long history of
unsurpassed performance near room temperature. Recently, research into
price-competitive Mg; (Bi, Sb),-based materials are focused on replacing
traditional cooling materials. Here, the thermoelectric properties of

Mg; ,Bi; 995 Sb, Te.002CUg.005 (X = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5)
polycrystalline compounds are investigated. In all temperature regions,
electrical resistivity and Seebeck coefficient are increased with Sb
concentration. The electronic transport properties of Sb-alloyed compounds
are maximized by synergistically combined band engineering approaches such
as band structure change caused by lattice strain, increased electronic density
of states, and chemical potential shift, leading to exceptionally high-power
factor values of over 3.0 mW m~' K=2 at room temperature. Furthermore, with
increasing Sb content, thermal conductivity values are systematically reduced
due to the promotion of alloy scattering of phonons and suppression of the
bipolar contribution. Consequently, these multiple approaches significantly
enhance thermoelectric performance, resulting in an enhancement of
thermoelectric figure-of-merit zT above 1.1 at 348-423 K. Additionally, a zT,,,
of 1.1 is recorded at 300-450 K, making it an unrivaled value among the
reported n-type Mg;Bi,-based thermoelectric materials. Overall, this work
demonstrates that Mg;Bi,-based materials are more promising for
thermoelectric cooling applications compared to Bi,Te,-based materials.

technologies. Among them, thermoelectric
technology can directly convert heat into
electricity and vice versa. Thermoelectric
(TE) devices, including no pollution, noise-
less, and high reliability, offer a great op-
portunity for solid-state cooling and alter-
native energy-saving system.[?] The per-
formance of TE materials is characterized
by the dimensionless figure of merit zT,
which is defined by zT = $? T/p(x},; + &),
where S, T, p, ky,, and k, are the See-
beck coefficient, absolute temperature, elec-
trical resistivity, lattice thermal conductivity,
and electronic thermal conductivity, respec-
tively. There are several well-known con-
ventional strategies for improving thermo-
electric performance. For example, a great
deal of effort has been made to lower
the lattice thermal conductivity by induc-
ing scattering of phonons from point de-
fects, lattice strain, dislocation, nanograin,
and nanoprecipitates.>% In addition, sev-
eral effective strategies have been adopted
to optimize the power factor (PF = S? /p)
by achieving band engineering, optimizing
carrier concentration, utilizing magnetism,
suppressing bipolar contribution, and in-
troducing low energy carrier filtering.!1%-17]

1. Introduction

Global climate change has been demanding the mitiga-
tion of growing environmental and energy crises, which is
spurring rapid progress in clean and efficient energy conversion

With a long history over the past decades, Bi,Te;-based com-
pounds are well-known for their excellent TE material near room
temperature and are mainly used for solid-state cooling.[®19]
However, the scarcity of tellurium element makes it expen-
sive to manufacture more applications. Therefore, there is a
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need for a material that can replace Bi,Te;-based compounds
while having low-cost and high thermoelectric performance near
room temperature. The discovery of high-performance n-type
Mg, Sb,-based materials in the mid-temperature region caused
a great sensation in the thermoelectric community.2%! Alloy-
ing Mg, Bi, with Mg, Sb, provides strengthened phonon scatter-
ing and modified band structure, resulting in high thermoelec-
tric performance.[?!! Experientially, as the Bi content increases,
the maximum zT value shifts toward lower temperatures, favor-
ing near-room temperature application. Recently, Mg, Bi,-based
compounds have attracted great attention as potential replace-
ments of traditional Bi, Te,. Mao et al. reported that Mg, Bi,-based
compounds have a great deal of potential as thermoelectric cool-
ing materials.[??! Since then, several efforts to maximize their
thermoelectric performance near room temperature have contin-
ued until recently. As reported by Liu et al., the TE performance of
Mg; ,Bi; 5Sbg 405 T€( 002 Cllg o1 Was successfully maximized by pre-
cisely controlling the microstructure to induce rapid changes in
their carrier mobility.[?*! Furthermore, a high performance of Y-
doped Mg, (Bi, ,Sb, , system was achieved by effectively mitigat-
ing the grain-boundary scattering of charge carriers.**

Normally, in the Mg,;Bi,-Mg,Sb, alloy systems, band engi-
neering has been adopted as one of the useful strategies to en-
hance their performancel'??] because Mg;Bi, compound has a
semimetal behavior which typically has been considered disad-
vantageous in TE applications.[?>2¢] Recently, it has been also
been considered to be a Nodal-line semimetal. Therefore, mod-
ifying the band structure, such as opening the band gap, by
controlling the amount of Sb is necessary to obtain a better
TE performance. Band convergence and band alignment, which
dramatically increases valley degeneracy, are other representa-
tive examples of band engineering.?28] One of the effects of
band engineering is that the PF can be improved by increasing
weighted mobility (u,,), which is proportional to valley degener-
acy (Ny).[23% This means that high Ny, values can effectively im-
prove thermoelectric properties. The lowest conduction band of
Mg, Bi, compound is located along L*-M*line with six-folded val-
ley degeneracy (N, = 6) and there is a single-valley conduction
band (N, = 1) at T point.[1425:26:31-33]

Here, we report the thermoelectric properties of
Mg; ,Bi; g5 Sb,Teg 00, Clg o5 (hereafter referred to as Sbx,
x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5). The state-of-the-art power
factor values among the Mg, Bi,-based system exceeding 3.0 mW
m~! K2 near room temperature were obtained for Sb0.3, Sb0.4,
and Sb0.5 through a highly effective band engineering realizing
high u,,. Furthermore, we found quite a few lattice strains in
the microstructure of the present compounds due to nanopores
generated by the evaporation of excess Mg content during
the sintering process. Through the theoretical band structure
calculation, it was discovered that the lattice strain can aid
their band alignment and affect the thermoelectric properties.
Our results provide a combined band engineering strategy in
which alloying and lattice strain effects synergistically act to
improve the PF and u,, near room temperature. In addition, the
thermal conductivity values were systematically reduced due to
the suppression of bipolar contribution and strengthened alloy
scattering of phonons. Consequently, the maximum zT value
almost reached 1.2 at 423 K for Mg;,Bi; 404 Sbg 5 Te 002CUg 005
Surprisingly, a zT value of 1.1 at 300 K was also achieved
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for Mg; ,Bi; 505Sbg 4 Teg 002 Cllg g0s- Our work demonstrates that
Mg;Bi,-based compounds have great potential to be a game-
changer in the near-room temperature cooling applications.

2. Results and Discussion

Figure 1a shows the powder X-ray diffraction (XRD) patterns of
the Mg; ,Bi; 95, Sb,Te( 00, Clg 005 (Sbx, x = 0.0, 0.1, 0.2, 0.3, 0.4,
and 0.5) sintered compounds. The XRD patterns indicate that the
major diffraction peaks are well indexed to the trigonal structure
of Mg, Bi, (space group No. 164, a-La,O;-type structure). In pre-
vious studies, it was revealed that the dopant Cu atoms prefer
occupying interstitial sites to Mg sites in the Mg, Sb,-based sys-
tem and the minor addition of Cu does not change the lattice
parameters.[?)l Meanwhile, we confirmed Bi impurity peaks in
the XRD patterns as shown in Figure 1a, but the intensities of
Bi phase gradually decrease with increasing Sb concentration. It
seems that the peak disappeared in Sb0.5 compound. It is also
known that under high-temperature conditions, the secondary
phase of Bi begins to appear at temperatures above 723K, result-
ingin the reduction in microscopic strain.[2*34 The lattice param-
eters in both a and c axes show a slowly decreasing trend with the
content of Sb as presented in Figure 1b, because the ionic radius
of Sb* is smaller than that of Bi*~.

Scanning electron microscopy (SEM) images show the frac-
tured surface of the compounds (Sb0.0, Sb0.3, and Sb0.5), as
presented in Figure 2a-c. As the Sb content increases, the grain
size becomes gradually smaller compared to that of Sb0.0. It is
speculated that this is closely related to the fact that the melting
point of Mg, Sb, (21500 K) is much higher than Mg,Bi, (~1094
K) while all samples were sintered under the same temperature
conditions. In other words, the grain morphology can be adjusted
depending on the Sb content. Meanwhile, all samples have some-
thing in common feature which is a lot of nanopores as shown
in Figure 2. The nanopores are formed by evaporation of excess
Mg during the high-temperature sintering process and the pore’s
size gradually becomes smaller with increasing the amount of
Sb. Despite the large number of nanopores, the relative density
values of all samples are greater than 96%. This means that only
virtually any excess Mg atoms (Mg, ,-based system) are evapo-
rated during the sintering process. Figure S1 (Supporting In-
formation) shows the High-angle annular dark-field scanning
transmission electron microscopy (HADDF-STEM) images and
energy-dispersive X-ray spectroscopy (EDS) elemental maps for
the Sb 0.5 Sample. The HADDF-STEM images show the regions
(indicated by green arrows) that can be considered nanopores less
than 200 nm in size. The EDS elemental maps reveal different
contrasts, allowing the identification of an empty nanopore. In
addition, the real chemical compositions measured by energy-
dispersive X-ray spectroscopy (EDS) for all samples are shown in
Table S2 (Supporting Information). The atomic percentage val-
ues of the major elements in our system (Mg, Bi, and Sb) show
reasonable variations. The values of Mg are almost maintained,
while the values of Bi and Sb show linear changes with increas-
ing Sb content. Despite Mg evaporation issue, the target chemical
composition ratios (Mg, (Bi, Sb),) are relatively well preserved.

Figure 3a-c shows the low-magnification transmission elec-
tron microscopy (TEM) images and the inverse fast Fourier
transform (IFFT) image of Sb0.5 compound. Ripple-like contrast
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Figure 1. a) Powder X-ray diffraction patterns and b) lattice parameters of Mg; ,Bi; g95_Sb,Teg 992 Cug ggs (x=0.0,0.1,0.2,0.3, 0.4, and 0.5) compounds.

patterns associated with lattice distortion are easy to spot in both
the low-magnification images (Figure 3a,b). It can be inferred
that the formation of ripples is likely due to strong strain caused
by the nanopores inside the lattice.?>3¢] One of the probable
strain formation mechanisms is the differential expansion or
contraction of the lattice near the nanopores when heating or
cooling the material during the sintering, resulting in strong lat-
tice strain. The inverse FFT image shows the dense dislocation ar-
ray (marked as 1) caused by internal stress in the ripple shape lat-
tice fringe, as presented in Figure 3c. To analyze the lattice strain
caused by the strong stress, high-quality high-resolution TEM im-
ages are focused. Figure 3e (enlarged TEM image of the marked
regions shown in Figure 3d) shows that the lattice fringes are
clearly divided into the ripple and non-ripple areas. Based on a ge-
ometric phase analysis (GPA), which is a semiquantitative lattice

image processing approach, spatially distributed strain fields can
be mapped as shown in Figure 3g,h. Large lattice strain fluctua-
tions exist in the ripple region containing a lot of dislocations and
it is also confirmed that the ripple and non-ripple areas contrast
sharply by strain mapping. This means that there is strong stress
in that lattice fringe. Furthermore, the electron diffraction pat-
tern of the compound along the [122] zone axis (marked with yel-
low solid circles in Figure 3f) displays elongated diffraction spots
along the crystal planes, indicating strong lattice distortions or
stress in the matrix. Consequently, the TEM observations clearly
show the lattice strain due to strong stress, and it is strongly as-
sumed that the lattice strain is formed by differential expansion
or contraction by the nanopores created during the sintering.
To support this assumption, we investigated the XRD patterns
of excess-Mg and non-excess samples (Mg;Bi, and Mg, ,Bi,)

Figure 2. Scanning electron microscope images a—d) of Mgs ,Biy g93_,Sb, Teg g0, Clig go5 (X = 0.0, 0.3, and 0.5) compounds.
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Figure 3. Microstructure of Mg ,Bi; 995 Sb,Teg 002Clgoos (X = 0.5) compound: a,b) low magnification transmission electron microscopy images.
¢) Enlarged inverse fast Fourier transform (IFFT) image of the boxed region in (b). Dislocations indicated as yellow symbols are clearly shown. d) High
resolution TEM image of specimen edge. e) Enlarged view of the boxed region in (d) including ripple shape lattice fringe. f) Electron diffraction pattern
of the x = 0.5 sample along the [122] zone axis, displaying elongated diffraction spots. g,h) the corresponding strain mappings of the image (e) along

the €,, and exy (color scale indicates —29% to 29% strain distribution).

because the nanopores come from excess-Mg sample during the
sintering process as presented in Figure S2a (Supporting Infor-
mation). In general, the XRD peak broadening was caused by lat-
tice strain and decreased crystallite size. The Williamson-Hall re-
lation provides information about the lattice strain and crystallite
size from XRD patterns as shown in the following equation!3”3#:

peos = g + 40 sinf (1)

where 4 is the incident X-ray wavelength, K is a dimensionless
shape factor with a typical value of 0.9, r is the crystalline domain
size, o is the micro-strain fluctuation, @ is the diffraction angle,
and p is the full width at half maximum (FWHM). Figure S2b
(Supporting Information) shows fcos versus 4sind plots for sam-
ples with and without excess Mg, in which the slope of regression
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line represents the strain component. The slope value of Mg, , Bi,
increased slightly by ~8% compared to the non-excess sample,
which means that there is more lattice distortion inside the lat-
tice in excess-Mg sample. To further support our claim, we inves-
tigated the microstructure of the fracture surface of Mg, ,Bi, and
Mg;Bi, samples through SEM measurements as shown in Figure
S3 (Supporting Information). In the Mg-excess sample in Figure
S3d-f (Supporting Information), the nanopores can be seen to be
formed in a lot of numbers, but in the non-excess system (Figure
S3a-c, Supporting Information), the overall number of nanopores
is significantly reduced. To be precise, not all nonpores have dis-
appeared. This means that Mg atoms are still highly volatile at
high-temperature sintering conditions. Nevertheless, it can be as-
sumed that the significant change in the number of nanopores
is one of the main factors in the formation of lattice strain. Fur-
thermore, as shown in Figure S4 (Supporting Information), Bi
particles (dark gray regions marked with orange arrow) as an
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Figure 4. a—c) Calculated band structure of Mg;Bi, compound under different strains. d) The band energy relations between conduction band minimum

(CBM) and others (I', M and K band).

impurity secondary phase were found within the matrix. The size
of the particles varies from a few micrometers to hundreds of
nanometers. It can be expected that the Bi particles can easily ag-
gregate together. Additionally, comparing the randomness of the
distribution of Bi-particles (Figure S4, Supporting Information)
and nanopores (Figure S3d,e, Supporting Information), it can be
seen that the distribution of nanopores is more randomly dis-
tributed and the sizes of the nanopores are almost similar, which
means that randomly distributed nanopores influence the strain
more dominantly than the Bi impurity particles. Herein the mi-
nor added Cu in our system may cause additional lattice strain,
but such an effect from Cu was not considered because of a very
small portion of Cu compared to excess-Mg content. Based on
these results, we propose that the nanopores created by excess-
Mg during the sintering can strongly induce the lattice strain.
The crystal structure of Mg,Bi, is composed of Mg?* cation
layer and [Mg,Bi,]2~ anion layer and the layers are stacked along
the c axis. The Mg atoms of the cation layer is located at vertex
site of a single cell and can be easily evaporated during synthe-
sis process, leading to the formation of Mg vacancy defects.*”!
In addition, it is known that the position of the excess-Mg atoms
favors some interstitial sites in the cation layer.[*”) That is, in our
system, it can be strongly assumed that the grain boundaries con-
taining the nanopores created during the sintering are closely re-

Adv. Funct. Mater. 2024, 34, 2407017
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lated to the Mg cation layer, and the formation of these nanopores
causes the lattice strain. The strong stress can appear as the rip-
ples on the plane of the lattice fringes, which means that biax-
ial strain can be applied to our system. Normally, the formation
of such lattice strains can affect the carrier transport properties
by causing electron-phonon interactions or by changing the elec-
tronic band structure.l*!*? To study the effect of biaxial strains on
the electronic band structure of Mg, Bi,, density function theory
(DFT) calculations considering the strain effect were performed.
The biaxial strains were applied for the Mg, Bi, unit cell accord-
ing to the procedure described in Experimental Section. Figure 4a
shows the band structure of unstrained Mg, Bi,, and Figure S2a—c
(Supporting Information) shows unfolded effective band struc-
ture of alloyed compositions Mg;Bi, Sb, (x = 0.3125, 0.40625,
and 0.5, respectively). The band structures indicate that the con-
duction band minimum is located at along the L*-M* line inside
the first Brillouin zone with six-folded valley degeneracy while
the valence band maximum is located near I' point. Figure 4a
shows that Mg;Bi, has negative band gap or the band overlap.
It is well known that DFT calculations tend to underestimate
the band gap without any correction schemes, but the energy
relationship within the conduction bands is relatively accurate.
Nevertheless, even with increasing Sb content, there appears to
be little qualitative difference in the band structure, except for a
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Figure 5. a) Temperature-dependent electrical resistivity p(T), b) Seebeck coefficients S(T), c) power factors PF and d) weighted mobility p, for
Mgs 5 Bi} g58_xSby Teg 002 Clg.g0s5 (x = 0.0, 0.1,0.2, 0.3, 0.4, and 0.5) compounds in comparison with the data from Liu et al.[?*] and Mao et al.[?2] Imasato

etal.l" Ying et al.[24]

slight upward shift in the conduction band at I point, as shown in
Figure S5 (Supporting Information). However, the applied strain
causes significant changes in the band structure of Mg, Bi,, as
presented in Figure 4b,c. Figure 4d represents the band energy
relations between the conduction band minimum (CBM) and
other bands. Especially, the energy difference between CBM and
I" band is minimized by —1.5% strain (~0.03 eV). The difference
values (AE;-cgy) decrease toward the minimum point with in-
creasing the strain and then increase again but is still lower than
the unstrained value (0.0%). When performing the calculation
with a strain of —1.5% for the composition x = 0.3125, a similar
reduction in the energy difference AE-p), is also observed from
0.186 to 0.143 eV, as shown in Figure S6 (Supporting Informa-
tion). Based on these results, it can be concluded that the strain
modifies the band edge structure in the form of band alignment
and can improve their carrier transport properties as a hidden
role in the excess-Mg strained systems.

Figure 5a presents the temperature-dependent electrical re-
sistivity p(T) of Mg, Bi; 995 SbyTe( 002 Clg g5 compounds. The
p(T) in all samples show degenerate-semiconducting or metal-
lic behavior. Previous studies have shown that the minor ad-
dition of Cu not only reduces the thermal conductivity but
also eliminates the extra scattering mechanism such as ion-
ized impurities and grain boundaries scattering and allows
the acoustic phonon scattering to dominate, which helps re-
duce the electrical resistivity with decreasing temperature.[?340]
This means that the effect of Cu addition is still being ap-
plied to our system. The p(T) values are gradually increased
with increasing the Sb content. This is because the Hall car-
rier concentrations listed in Table 1 in the alloyed samples are
steadily decreased at room temperature, and could also be asso-
ciated with the gradual disappearance of semi-metallic proper-
ties with increasing Sb amount, which will be discussed in detail
later.

Table 1. Hall carrier concentration ny;, Hall mobility uy;, Seebeck coefficient S, reduced chemical potential #, weighted mobility y,,, and density-of-state
effective mass m’; of Mg 5By g9g_,Sb, Teg 002 Clig.005 (x = 0.0, 0.1,0.2, 0.3, 0.4, and 0.5) compounds at 300 K.

Sb ny [10° em™3] |S] [uV K] n Py [em? V71577 m’,/m, W, [em? V=157
0.0 3.55 105 2.24 196 0.61 160
0.1 2.90 152 0.98 244 0.88 292
0.2 1.98 184 0.34 248 0.93 298
0.3 1.70 212 —-0.13 280 1.1 400
0.4 1.50 233 —0.43 300 1.2 477
0.5 1.13 244 —0.60 292 1.1 398
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The Seebeck coefficients S(T) of all samples are displayed in
Figure 5b. They have n-type properties with negative Seebeck co-
efficient values. The absolute values of S(T) in the samples show
systematic increasing trends with increasing the Sb content over-
all temperature range compared to the Sb0.0 sample. Overall,
the S(T) of the Sb-alloyed samples similarly tends to decrease
with increasing temperature, except for slightly different curve of
the Sb0.5 composition. It is well known that such S(T) showing
the decreasing trends is common in narrow band gap systems
due to the increased bipolar contribution such as Bi,Te;-based
systems. The systematic increase in the S(T) with increasing Sb
content can be referred to a change in the band structure. Al-
though the band gap by our DFT calculation is underestimated,
the increasing trend in band gap with increasing Sb content, in-
cluding Sb-rich region,[**! can be observed (Figure S5d, Support-
ing Information). That is, in the case of the Sb0.5, the bipolar
contribution at around room temperature decreases due to the
increase in the band gap, and the maximum value of the S(T)
shifts toward higher temperature compared to the other sam-
ples. In particular, it is known that in Sb-rich Mg, (Sb,Bi), sys-
tem, the S(T) does not drop even at high temperature.[***3] To
indirectly prove the band gap opening, we investigated the mag-
netoresistance (MR) and Hall resistivity (p,,) in the Sb0.0 and
0.5 samples at different temperatures in a magnetic field of up
to 8 Tesla. The Mg,Bi, compound have recently become known
as nodal-line semimetal, a new type of topological.’?®! It has
also been reported that the large MR properties appear in even
polycrystalline Mg,Bi, compound.?®! The MR values for the
Sb0.0 at 2K and 8 Tesla (Figure S7a, Supporting Information)
show the dramatic increased value of ~500% and are still un-
saturated even at a magnetic field strength of up to 8 T. Electron-
hole compensation and ultrahigh carrier mobility are typically re-
quired for large MR. In addition, due to the presence of electrons
and holes, these topological semimetals typically have a high MR
that does not saturate even in high magnetic fields. The magnetic
field dependent Hall resistivity p,,, shows non-linear behavior in
the Sb0.0, as presented in Figure S7c (Supporting Information),
which means that this system is based on two carriers. In con-
trast, the Sb0.5 sample indicates much lower MR and linear p, in
all temperature regions (Figure S4b,d, Supporting Information).
This means that the single carrier transport can be more advan-
tageous in this system. Therefore, the band gap in the Mg, Bi,-
based systems can become larger as the Sb content increases.

The Hall carrier concentration ny;, Hall mobility p,;, Seebeck
coefficient S, reduced chemical potential 5, weighted mobility p,,
and density-of-state effective mass m}, of all samples at 300 K are
listed in Table 1. The nyvalues of the alloyed samples are sys-
tematically decreased to that of Sb0.5 from 3.55 x 10! cm™ to
1.13 x 10" cm~3. Typically, the ny and py, are inversely propor-
tional. The pyvalues of the alloyed samples show a significant
increasing trend with the Sb content. The m} values from the
experimental n,; dependent S have been estimated using the sin-
gle parabolic band (SPB) model (Table 1). The n;-dependent See-
beck coefficient can be calculated under acoustic phonon scatter-
ing using the SPB model derived from the Boltzmann transport
equation.[*4l

_ E 2Fl("l)_
5= e <Fo(”l) ’7) @

2407017 (7 of 1)
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o 16z (2mik T [ (Fy ()’ 0)
IR F_y(n)
where F;(n) and 7 are Fermi integral of order i and the reduced

Fermi energy (n = Eg/k,T) and F;(y) is the ith order Fermi inte-
gral given by

gi

1 +exple —n) )

Fin) =/
0

where ¢ is the reduced energy. The estimated m values of the
Sb-alloyed samples significantly increase compared to that of the
Sb0.0. Although the # values gradually decrease with increasing
Sb content, the maximum m; value is shown in Sb0.4 sample
and not in Sb0.5. This means that the chemical potential shifts to
the edge of the density of state in the SPB system, but the slightly
lower m; value of Sb0.5 indicates further modification of the band
structure. It was mentioned above that increasing the Sb content
can cause the I' band to shift upward as presented in Figure S5
(Supporting Information). This slight decrease in the m}, and p,
of the Sb0.5 sample can be due to the chemical potential moving
to the DOS edge and further away from the influence of the I'
band with the linear-like dispersion associated with high carrier
mobility. That is, the upward deviation of the I" band for the Sb0.5
means that the band alignment effect due to the strain is also
reduced. In addition, the significant increase in effective mass
values of the Sb-alloyed samples indicates a growing DOS.

The power factors PF are presented in Figure 5c. The PF val-
ues for the Sb-alloyed samples are higher than that of the Sb0.0
sample. Itis noteworthy that the room temperature power factors
of the Sb0.3, Sb0.4, and Sb0.5 samples have higher values than
3.0 mW m~! K2 and especially an ultrahigh value of the Sb0.4
sample even reaches ~4.0 mW m~! K=2, which corresponds to
the state-of-the-art value among the Mg, Bi,-based compounds.
In addition, these ultrahigh values mean that the samples in this
work are as good as those of Bi,Te;-based compounds(!3154546]
near room temperature. Therefore, the high-power factor values
could be achieved in our work through various combined band
engineering strategies, such as the band alignment by the strain,
shifting the chemical potential, growing the electronic density of
states with Sb content. The weighted mobility p,, proportional to
the PF values is a good direct indicator of the electronic transport
quality of thermoelectric materials. Generally, the p, is a prod-
uct of drift mobility and density of states effective mass and is
also estimated from p,; and m. Recently, Snyder et al. provided
a simple equation to calculate p, from measured S and p within
the single band assumption as in the following equation:*’!

2 -3/2
", = 3319 me cm ( T )
Vs P 300K
sl _ 3 sl
xp I:kB/e 2] 72 kg/e
1+exp[—5<%—l>] 1+exp 5(%— )]
B/€ ple
The obtained p, values are shown in Figure 5d and Table 1. The

p,values of the Sb-alloyed samples are dramatically improved
with Sb content at 300 K and sample and tend to be similar to
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Table 2. Band parameters (effective mass m*, deformation poten-
tial Egp (eV), weighted mobilityn,, for conduction band (CB) and
valence band (VB), band gap and weighted mobility ratio A) of
Mgs ,Biy 998_xSb,Teg 002 Clig.005 (X =0.0, 0.4, and 0.5) compounds at 300 K
determined from the measured electronic transport properties using the
two-band model.

Band parameters Sb 0.0 Sb 0.4 Sb 0.5
CB m*/m, 0.678 1.19 1.09
VB m*/m, 0.295 0.295 0.295
Eges e (V) 22.1 10.4 11.9
Eaef vs (€V) 12 12 12
Band gap (eV) -0.013 0.1 0.125
Uy, cp (€m?/Vs) 138 322 282
Hy,ve (cm?/Vs) 103 105 106
A (1, ca/t,vs) 13 3.1 2.7

those of the power factor. The highest p,, value among the sam-
plesis 477 cm? V-1 s7! at the Sb0.4 sample. These are exception-
ally enhanced values compared to previous reports, 222 as pre-
sented in Figure 5d. This indicates the good electronic quality of
our synthesized samples. Additionally, it can also be strongly de-
duced that the decrease in the p,, value of the Sb0.5 sample is due
to the chemical potential moving away from the influence of the
I" band.

Since the Mg,Bi,-based compounds have a narrow band gap
similar to the Bi,Te; system, it is useful to consider the bipolar
contribution to better understand the carrier transport behavior.
Table 2 lists quantitatively analyzed band parameters for the con-
duction band (CB) and valence band (VB) using two-band model
based on the SPB model considering the bipolar contribution
(details are described in the Supplemental Information).[**! The
modeled individual Seebeck coefficients (S;) and electrical con-
ductivities (0;) (where i = nand p for the CB and VB, respectively)
for the CB and VB are fitted to the experimentally measured total
S and ¢ using the following equation:

6 =o0,+o0, (6)

c,S,—0,S,
g __rr rr )

c,+0,

Here, the deformation potential E,,rand m* values for the CB
and VB were used as fitting parameters in two-band model. We
have taken the valley degeneracy N, of the CB and VB to be 6
and 1014313941 regpectively, and a longitudinal elastic modulus C,
of 40 GPal**! and the band gap values from other work.'*] The
m*values of the Sb0.4 and Sb0.5 for the CB significantly increase
compared to that of the Sb0.0 and the E,values show decreasing
trend with increasing the Sb content. We calculated the weighted
mobilities y,,( = p, (m}/my)) of each band, where y, is the non-
degenerate mobility.

erch“Nf”vlzd

= \/EEsefm: 5/2 (kB T) 3/2

Ho
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where e, #, d, and kgare the electronic charge, reduced Planck’s
constant, material density, and Boltzmann constant, respectively.
The u,, o5 values of the Sb-alloyed samples are twice larger than
that of the Sb0.0 at 300 K. In addition, the weighted mobility ra-
tio A, which provides with indications about the more favorable
carrier transport in this two-carrier system, are listed in Table 2.
The value of 3.1 for the Sb0.4 sample is the highest, whereas the
value for Sb0.5 slightly decreases at 300 K. Nevertheless, it can be
concluded that these results for the Sb alloyed samples show that
the bipolar contribution in this system is significantly reduced at
room temperature.

The total thermal conductivities Kot of
Mg, ,Bi; 995 Sb,Te( 40, CUlgoos  Samples are presented in
Figure 6a, showing that the «,, values systematically de-
creased with increasing Sb content. In addition, the «,, values
of all samples increase with increasing temperature over the
entire temperature region, implying the presence of the bipolar
contribution in this narrow band gap system. The total thermal
conductivity can be divided into electronic, lattice, and bipolar
contributions given by the following equation:

Ky = K, + Kbp + Kig (9)

where k,,k, and k, are the electronic, bipolar, and lattice ther-
mal conductivities, respectively. The k, can be obtained from the
relation k, = LT/p, where L, T, and p are Lorenz number, absolute
temperature, and electrical resistivity, respectively. The Lorenz
number is given by L, = 2.45 X 10® W Q K2 in the conven-
tional metallic system. However, the metallic Lorentz number is
not applicable in electronic correlated materials and degenerated
semiconductors. Thus, the Lorentz number is estimated using
the two-band model. The k, values of the Sb0.0, Sb0.4, and Sb0.5
are presented in Figure 6b and decrease with Sb content. The k,
can be described by the following equation:

2
S,0,+ S,0,
S0, + S.0, — (50 * Sy0)° T (10)

K
b o

P=

Figure 6¢ shows that the temperature-dependent «, values de-
crease with increasing Sb content over the entire temperature
range. The difference between the «,, values of the $b0.0 and
Sb0.5 becomes larger with increasing temperature, which sug-
gests that the bipolar contribution can be suppressed at high
temperatures by the enlarged band gap. The k), values of the
Sb-alloyed samples (Sb0.4 and Sb0.5) are greatly lowered com-
pared to that of the Sb0.0 sample, as presented in Figure 6d.
Typically, alloying has the advantage of greatly reducing thermal
conductivity because the changes in the mass and size between
Bi and Sb atoms help to scatter phonons. In our system, it can
be assumed that alloy or point defect scattering of phonons is
dominant among the phonon transport mechanisms. Addition-
ally, according to the alloy scattering model, there is little change
in the lattice thermal conductivity value between highly alloyed
compositions.!*] Figure 6d shows that the reduced «,, values of
Sb0.4 sample have little difference compared to Sb0.5 because
they have already reached the minimized region due to suffi-
cient alloy scattering effect. In other words, our results show
that the increased disorder in the atomic configuration plays an
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Figure 6. a) Temperature-dependent total thermal conductivity k., of Mgz ,Bi; g95_,Sb,Teq 092 CUg gos (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) compounds.
b) The electronic thermal conductivity «,, c) bipolar thermal conductivity x,,, and d) lattice thermal conductivity for Mgj ;Bi; 995 Sb, Te,002Clig.005
(x=10.0, 0.4, and 0.5) compounds.

important role in lowering the lattice thermal conductivity. There-
fore, it can be concluded that the «,, with increasing Sb content
is lowered by strengthening alloy scattering of phonons and sup-

pressing the bipolar contribution.

The temperature-dependent zT values for all samples are pre-
sented in Figure 7a. The high power factor and low lattice thermal
conductivity positively affect the zT values of Sb-alloyed samples,
which exhibit significantly high values. The maximum zT values
of the Sb0.4 and Sb0.5 reach 1.1 at 300 K and ~1.2 at 423 K, re-
spectively. The temperature dependent zT in the Sb 0.5 sample
shows a dome shape compared to the others because the bipolar

(a)

zT

1.6

1.2

0.8

0.4

contribution is further suppressed up to high temperatures. Un-
fortunately, it can be judged that the Sb0.4 sample with high per-
formance near room temperature is unable to overcome the bipo-

lar contribution at higher temperatures compared to that of the

shows the average zT (2T,

Vg

Sb0.5. Nonetheless, these results demonstrate the thermoelectric
performance that is superior to those of Mg;Bi,-based system-
sas well as Bi,Te;-based compounds and suggest that strategies
to further suppress the bipolar contribution in this Bi-rich sys-
tem may be highly suitable in future studies to maximize the
thermoelectric performance near room temperature. Figure 7b
) values over the temperature range

(b)

11
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Figure 7. a) Temperature-dependent zT values for Mg ,Biy g95_,Sb, Teg 02 Clig o5 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) compounds. b) average zT (zT,,,)
values in comparison with the data from Liu et al.?3] and Imasato et al.l"!l Ying et al.[24]
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from 300 to 450 K. The 2T, values of above 1.1 in this work are
superior in comparison with some other reports.['12324] Ag a re-
sult, our results demonstrate the great potential of the Mg, Bi,-
based compounds to replace the unsurpassed Bi,Te,-based ma-
terials which possess a long history for near-room temperature

applications.

3. Conclusion

In summary, this study suggests that the multiple band engineer-
ing approaches to control the electronic properties such as the
lattice strain effect, increasing the band gap, growing the density
of state, and shifting the chemical potential can promote thermo-
electric performance. Especially, it was revealed through the mi-
crostructural analysis and the DFT calculation that the nanopores
created by the evaporation of excess Mg affect the lattice strain,
and such strain can lead to the alignment of the conduction band
minimum and the I' band edge, thereby optimizing the band
structure. The increased Sb content also optimizes their electri-
cal transport properties, achieving leading-edge values exceeding
3.0 mW m~! K=2 near room temperature. In addition, the sig-
nificant reduction in total thermal conductivity is due to two fac-
tors: suppression of the bipolar contribution and promoting alloy
scattering of phonons with increasing Sb content. As a result, the
highest zT values of 1.1 and ~1.2 at 300 and 423 K are achieved
in Mg;,Bi; gog_, Sb,Te 00, Clig gps (x = 0.4 and 0.5) compounds,
respectively. Furthermore, the zT,,, of above 1.1 at 300-450 K
is recorded in Mg, , Bi; 405 Sbo sTe 40, Cllg gos compound, which is
Dbetter than other reported Mg, Bi,-based materials. Therefore, we
conclude that the synergistic band structure engineering is an ap-
propriate way to dramatically improve the thermoelectric perfor-
mance in this system in the important temperature region near
room temperature. Thereby, this work showcases the great poten-
tial of the Mg, Bi,-based compounds for room-temperature appli-
cation to replace Bi, Te;-based materials.

4. Experimental Section

Materials Synthesis: High-purity elements of Mg (99.95%), Bi
(99.999%), Sb (99.999%), Te (99.999%), Cu (99.9%) were directly weighed
according to the nominal composition Mgs ,Bi; g95_,Sb,Teq 992 Clg gos
(Sbx,x=0.0,0.1,0.2, 0.3, 0.4, and 0.5) and then loaded into the stainless-
steel jar in the glovebox under an argon atmosphere and then subjected
to high-energy milling process (SPEX-SamplePrep 8000 Mixer Mill). The
ball-milled powder was directly loaded into a graphite die with 10 mm
diameter in the glovebox and then sintered by spark plasma sintering
(SPS, Fuji Electronic Industrial Co. SPS-1080) at 973 K for 10 min under a
uniaxial pressure of 60 MPa.

Characterizations: The X-ray diffraction was performed by Cu Ka ra-
diation (XRD, Rigaku SmartLab3) for phase and structure investigation.
A microstructural investigation was characterized using a field emission
scanning electron microscope (FE-SEM, Hitachi S-4800). The sample was
prepared by focused ion beam (FIB) (Hitachi FB-2000S) method for trans-
mission electron microscopy observations using a beam of focused high-
energy gallium ions. Scanning Transmission Electron Microscopy (STEM)
was conducted using a JEOL JEM-3T00FEF, operating at an acceleration
voltage of 300 keV.

The Seebeck coefficient and electrical conductivity were measured by
the four-probe method using the commercial thermoelectric measure-
ment system (ADVANCE RIKO ZEM-3). The thermal conductivity was ob-
tained from the relation of x,,, = DC,d, where D, C,, and d are the ther-
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mal diffusivity coefficient, specific heat, and sample density, respectively.
The thermal diffusivity coefficient D and the specific heat C, were mea-
sured for the disk sample by a laser flash method (NETZSCH LFA-467)
with Pyroceram 9606 disk as a reference sample. The sample density d
was determined by the Archimedes method. The temperature-dependent
Hall-resistivity and electrical resistivity were carried out by four-probe con-
tact method using the physical property measurement system (Quantum
Design PPMS) with sweeping magnetic field from —8 to +8 T. The Hall
carrier concentrations were obtained by the relation of n; = — 1/(Rye),
Ry = py,/H where Ry, e, Py and H are Hall coefficient, electronic charge,
Hall resistivity, and an applied magnetic field, respectively.

Computational Methods: The DFT calculations were performed us-
ing Quantum ESPRESSO package with projector augmented wave
pseudopotentials.[=1] The generalized gradient approximation func-
tional with Peudew—Burke—Ernzerhof parametrization (GGA-PBE)[°2] was
chosen for the exchange and correlation potentials. Spin-orbit coupling
was not considered in the present study. To model the alloying in (Sb,Bi)-
site in Mg; (Sb,Bi),, the special quasirondom structure (SQS) method im-
plemented in the Alloy Theoretical Autometed Toolkit (ATAT), was used.[*3]
4 % 4 x 2 supercell was created with 160 atoms (MgggSbg,) from the prim-
itive cell of Mg;Sb,, and substituted Bi for Sb using the SQS algorithm
according to compositions of (Sb, Bi) = (10, 54), (13, 51), (16, 48), which
correspond to x = 0.3125, 0.40625, 0.5 in Mg;Sb,Bi,_,, respectively. The
experimentally determined lattice parameters were used and atomic po-
sitions were fully relaxed without considering symmetry until the residual
forces became less than 1073 eV A~1. The cutoff energy of 80 Ry for the
plane wave basis and 4 X 4 X 4 k-grid were used for the structure relax-
ation. The effective band structures of the supercells with alloyed compo-
sitions in the primitive Brillouin zone were obtained by using the band
unfolding method implemented in BandUP code.l>*] The band structures
considering the effect of biaxial strain were also calculated. The strain was
defined as € = (aggin/ao — 1) X 100(%), where ag,,;, is the strained lat-
tice constant, and aj is the unstrained lattice constant. The compressive
strains (0.0-—3.0%) were applied for in-plane (a and b axes) and in turn
out-of-plane (c-axis) lattice constant was optimized by DFT calculations
(the strained lattice constants are listed in Table S1, Supporting Informa-
tion), and atomic positions were fully relaxed after applying the strains.
The band structures were calculated for each straind structure.
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the author.
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