TN,
e,

A
& r,\

AARHUS UNIVERSITY o

0501
&
Wsis_guant

Coversheet

This is the accepted manuscript (post-print version) of the article.
Contentwise, the accepted manuscript version is identical to the final published version, but there
may be differences in typography and layout.

How to cite this publication
Please cite the final published version:

Jiawei Zhang, Lirong Song, Aref Mamakhel, Mads Ry Vogel Jgrgensen, and Bo Brummerstedt Iversen
(2017). High-Performance Low-Cost n-Type Se-Doped Mg3Sb2-Based Zintl Compounds for
Thermoelectric Application. In Chemistry of Materials, 29 (12), pp 5371-5383

DOI: https://doi.org/10.1021/acs.chemmater.7b01746

Publication metadata

Title: High-Performance Low-Cost n-Type Se-Doped Mg3Sh2-Based Zintl
Compounds for Thermoelectric Application

Author(s): Jiawei Zhang, Lirong Song, Aref Mamakhel, Mads Ry Vogel Jgrgensen, and
Bo Brummerstedt Iversen

Journal: Chemistry of Materials

DOI/Link: https://doi.org/10.1021/acs.chemmater.7b01746

Document version: Accepted manuscript (post-print)

This document is the Accepted Manuscript version of a Published Work that appeared in final form In
Chemistry of Materials, 29 (12), pp 5371-5383 DOI: https://doi.org/10.1021/acs.chemmater.7b01746 -
copyright © American Chemical Society after peer review and technical editing by the publisher.

General Rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

* Users may download and print one copy of any publication from the public portal for the purpose of private study or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and
investigate your claim.

If the document is published under a Creative Commons license, this applies instead of the general rights.

This coversheet template is made available by AU Library
Version 2.0, December 2017


https://doi.org/10.1021/acs.chemmater.7b01746
https://doi.org/10.1021/acs.chemmater.7b01746
https://doi.org/10.1021/acs.chemmater.7b01746
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compounds for thermoelectric application
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ABSTRACT

Thermoelectric materials, capable of converting heat directly into electricity without moving
parts, provide a promising renewable solid-state solution for waste heat harvesting. However,
currently available commercial thermoelectric materials PbTe and BioTes are based on
tellurium, an extremely scarce and expensive element, which prohibits large scale applications.
Herein, we present a systematic study on a new low-cost Te-free material, n-type Se-doped
MgsSbisBios, by combining the structure and property characterization with electronic
structure and electrical transport modelling. Compared with pure MgsSby, Se-doped
Mg3SbisBios shows considerably enhanced power factor as well as much lower thermal
conductivity. The excellent electrical transport originates from a nontrivial near-edge
conduction band with six conducting carrier pockets and a light conductivity effective mass as
well as the weak contribution from a secondary conduction band with a valley degeneracy of
2. The accurate location of the conduction band minimum is revealed from the Fermi surface,
which appears to be crucial for the understanding of the electronic transport properties. In

addition, the total thermal conductivity is found to be reasonably low (~0.62 W m™! K'! at 725
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K). As a result, an optimal z7T of 1.23 at 725 K is obtained in Mg3.07Sb1.5Bi0.48Seo.02. The high
zT, as well as the earth-abundant constituent elements, makes the low-cost Se-doped
MgsSbisBios a promising candidate for the intermediate-temperature thermoelectric
application. Moreover, the systematic electronic structure and transport modelling provide an
insightful guidance for the further optimization of this material and other related Zintl

compounds.

INTRODUCTION

More than 50 percent of the energy consumed in producing electricity is lost in the form of
waste heat, which is then dissipated into the environment. With the continuous increase of the
global energy consumption, developing clean, reliable and sustainable energy solutions has
attracted strong worldwide attention. Thermoelectric technology, which enable the direct
conversion of waste heat into electricity without moving parts, exhibit great potential in the
application of waste heat harvesting.! This promising technique, however, is critically
hindered by its relatively low efficiency. The thermoelectric conversion efficiency 1is
determined by the dimensionless figure of merit of the material, zT=0’0T/x, where a is the
Seebeck coefficient, o is the electrical conductivity, T is the absolute temperature, and « is the
thermal conductivity.!? Hence, tremendous efforts have been made to improve zT in the past
two decades.*!° Typically, these efforts can be divided into two main directions: one is to

5,8,10-13

maximize power factor by band structure engineering, such as, band convergence or

tuning the electronic states by resonant levels;* the other is to reduce the lattice thermal



conductivity, for instance, through nanostructuring,’ alloy scattering!* or loosely bound
rattlers.'’

Apart from the materials performance, the main obstacle for the widespread application of
thermoelectric technology is the high material cost. Currently available commercial
thermoelectric materials PbTe and Bi,Tes are based on tellurium, which is an extremely scarce
and high-cost element on earth. It is therefore important to explore novel low-cost
high-performance materials minimizing or without the use of rare elements. Towards this goal,
MgsSbo-based Zintl compounds can be considered as promising candidates because of their
earth abundant, nontoxic, and inexpensive constituent elements. Pure MgsSb, is an intrinsic
p-type narrow gap semiconductor with a low carrier concentration.!®!7 Accordingly, the poor
electrical transport performance of MgsSba limits the overall thermoelectric efficiency, even
though it shows reasonably low lattice thermal conductivity. Many efforts, such as orbital
engineering® and tuning carrier density with a variety of dopants,'®?? have been devoted to the
optimization of p-type performance. In addition, we recently discovered high-performance
n-type Te-doped Mg3SbisBios with strongly enhanced power factor due to the multi-valley
conduction bands.'* Tamaki e al.>* and Shuai et al.** reported Te-doped and Nb/Te co-doped
Mg32Sbi5sBips by ball milling synthesis, respectively. Ball milling synthesis is prone to

introduce impurities such as Fe (from stainless steel milling tools) and carbon (if stearic acid

L 23 l.24

is used as the process control agent), but neither Tamaki et al.=> or Shuai et al.”* reported the
actual compositions of the samples. Our synthesis method combines arc melting and spark
plasma sintering to produce relatively pure samples showing intrinsic transport properties.

Overall, previous reports indicate that n-type Te-doped MgzSbisBips is a promising



thermoelectric candidate; however, it will be desirable to develop alternative n-type dopants
that are more abundant and cheaper than tellurium.

One attractive alternative is selenium, which is around 50 times more abundant and shows
better longe-term price stability than tellurium.>>*¢ Here we report a new high-performance
n-type Mgs.07Sb1.5Bios thermoelectric material using selenium as an effective electron dopant.
In n-type Mg3.07Sb1.5Bi0.4sSeo.02, @a maximum z7 of 1.23 at 725 K is obtained, which is at least
two times superior to those of p-type MgsSba-based compounds such as Ag-doped MgzSh, %
Na-doped Mg3Sby,'” and MgsSbi sBio2.22 Considering the abundantly available and low-cost
elements, n-type Se-doped Mg3.07Sb1.5Bios is quite promising for thermoelectric applications.
At low temperatures, the enhanced z7 in Se-doped Mgs.07Sb1.5Bio.s comes from the combined
contribution from the improved power factor and the reduction of the total thermal
conductivity. The high zT at high temperatures, however, mainly originates from the strongly
enhanced power factor, which is induced by a unique conduction band minimum with six
conducting carrier pockets. In addition, the systematic investigation of the electronic
structures unravels the accurate location of the six-fold carrier pocket at the conduction band
minimum, which appears to be important for the better understanding of the electrical
transport. The dominant conduction band minimum with a high valley degeneracy of 6 as well
as the weak contribution from a secondary conduction band well describes the electronic

transport in n-type MgzSbi 5Bio s.



EXPERIMENTAL SECTION

Sample synthesis. All samples were prepared by arc melting combined with the spark plasma
sintering (SPS) technique. All samples were weighed according to the nominal compositions
Mg3.07Sbi 5Bio.sSex (x = 0.02, 0.03, 0.04, 0.05, and 0.06). The small amount of the excess Mg
was added for the purpose to compensate the Mg evaporation during high-temperature SPS
press. High-purity Se shots (>99.999%, Alfa Aesar) were ground into powders (< 100 pm) in
an agate mortar. The obtained Se powders together with Sb powders (99.5%, Sigma-Aldrich)
and Bi powders (99.9%, Chempur) were weighed and completely mixed in a ball mill mixer
(SpectroMill, Chemplex Industries, Inc.) for 15 min. The mixed powders were cold-pressed
under uniaxial pressure into dense pellets with approximately 12.7 mm in diameter. The arc
melting process was then conducted on the cold-pressed pellets in an argon atmosphere using
Edmund Biihler Mini Arc Melting System MAM-1GB. To ensure good homogeneity of the
molten ingots, both the top and bottom sides of the pellets were melted twice. The ingots were
then crushed and ground into very fine powders with particle sizes smaller than 45 pum in an
agate mortar. Mg powders (99.8%, < 44 um, Alfa Aesar) were weighed in an argon-filled
glove box (O2 and H>O levels less than 0.1 ppm) and then mixed thoroughly with the obtained
powders from the arc-melted ingots in argon in a ball mill mixer for 30 min. Approximately 2
g of the mixed powders were then loaded into a 12.7 mm diameter high-density graphite die
protected by the graphite paper in glove box. The mixed powders were sintered by SPS
pressing in dynamic vacuum under a pressure of 75 MPa. SPS sintering was conducted using
an SPS-515S instrument (SPS Syntex Inc., Japan) by ramping to 823K with a 2 min dwell and

then heating to 1123 K for another 4 min.



Structure characterization. Phase purity of the SPS-pressed pellets was checked by X-ray
diffraction measurements (XRD) using a Rigaku Smartlab equipped with a Cu Ka; source and
the standard Bragg-Brentano (BB) optic. The lattice parameters of all samples were obtained
by the Fullprof program.?’” The microstructure of the high-performance pellet with x = 0.02
was carried out on FEI Nova Nano SEM 600. High resolution transmission electron
microscopy (HRTEM) images and energy dispersive X-ray spectroscopy (EDS) analysis were
obtained on FEI TALOS F200A.

In situ XRD. In situ XRD of the high-performance sample with x = 0.02 was carried out on
the fresh as-pressed pellet with x = 0.02 using a Rigaku Smartlab equipped with a Co Koy
source (wavelength: 1.7889 A). The sample was placed in an Anton Paar DHS1100 furnace
and kept in dynamic vacuum under a graphite dome. The data were collected using a D-tex
Ultra detector, and the scan time of 2 min/pattern was used. The pellet was heated from 300 K
to 725 K followed by a 5 min dwell and then cooled down to 350 K. For the second cycle, the
pellet was heated again to 725 K and then cooled down to 300 K. After the measurement of
the bottom surface of the pellet for two thermal cycles, two more thermal cycles were
repeated on the top surface. During all these thermal cycles, the heating/cooling rate was 2 K
min’!, which is consistent with the Hall measurements.

Thermoelectric transport property measurements. The in-plane resistivity p, as well as
Hall coefficient (Ru), was measured on the pellets using the Van der Pauw method in
dynamic vacuum under a magnetic field up to 1.25 T.?®? Hall carrier concentration (n,) was
calculated by 1/eRu, where e is the elementary charge. The Hall carrier mobility , was then

obtained according to the relation g, =R,/ p. The pellets were annealed by running the



resistivity measurement upon heating and cooling for 5 cycles. After the first cycle, the Hall
measurements of the pellets are stabilized and consistent in the subsequent 4 heating-cooling
cycles (see one example in Figure S1). The resistivity and Hall data of the final cycle was
used in the main text. The in-plane Seebeck coefficients of the pellets were then measured
from the slope of the thermopower versus temperature gradient using chromel-niobium
thermocouples in dynamic vacuum on an in-house system, which has a modified geometry

different from the one reported by Iwanaga et al.*°

Although the electrical transport properties
show hysteresis between the heating and cooling curves, the hysteresis loop can be well
repeated in different cycles (see Figures S1-S3). Moreover, the thermoelectric z7 calculated
from the heating and cooling curves of different cycles are comparable (see Figure S4). For
simplicity, here we use the cooling curves from the final cycle in the main text. The thermal
diffusivity (D) from 300 K to 725 K was measured using the laser flash method (Netzsch,
LFA457) (Figure S5). Heat capacity (C,) was indirectly derived using a Pyroceram 9606
standard sample as the reference for the temperature range from 300 to 725 K (Figure S6).
The density (d) was measured by the Archimedes method (Table S1). Thermal conductivity
was then calculated by x=dDC, . Thermal transport properties showed virtually no
hysteresis, thus the heating curve was adopted. The measurement uncertainties typically are
5% for electrical resistivity, 5% for Seebeck coefficient, 5% for thermal diffusivity, 2% for
density, 5% for heat capacity, and the combined uncertainty for z7 is around 20%.

Density functional theory (DFT) calculations. DFT calculations were carried out using a

full-potential linear augmented plane-wave plus local orbitals method as implemented in the

Wien2k code.®! The optimized structure parameters of MgzX, (X= Sb and Bi) from our



previous work® were used. The electronic structure calculations by the TB-mBJ potential®?3?
were reproduced from previous work.!* Band structures were also calculated by the PBE

functional®*

for comparison. The situations both with and without spin orbit coupling were
considered. The plane wave cut-off parameter RmrKmax was set to 9. The Brillouin zone was
sampled by a dense 36x36x24 k mesh to ensure the well-converged electronic structures. The
energy convergence criterion was set to 10 eV. The Fermi surface was reproduced from
previous work!? using the Xcrysden program.>

Using the relaxed structure from previous work,'? the electronic structure of
MgsSb sBigs was calculated in a 2x2x2 supercell by PBE functional®* in VASP code.*® Band
structure of MgzSbi5Biop.s was then obtained by unfolding the band structure of the supercell
into the primitive cell using the BandUP code.?”*® Although PBE functional underestimates
the band gap, it predicts the correct band topology, which is desirable for the current study.
The energy difference between the conduction band minima at the K point and the CB; point,

labelled AE

x.cs,» and the energy gap Eg of Mg3Sby.Bi: (x = 0.5, 1, and 1.5) by TB-mBJ
potential were calculated from our previous methods'® by including the energy correction
from the accurate conduction band minimum CB;.

Electrical transport model. Electronic transport properties of n-type Mg3Sb, were simulated
by combining the full band structure calculations from mBJ potential with spin orbit coupling
and the Boltzmann transport theory under the constant carrier scattering time approximation
as implemented in the BoltzTraP code.’® Moreover, a three band model was used to calculate

the electrical transport properties of n-type MgsSbi.sBios including Seebeck coefficient and

power factor at 300 K, 400K, 500 K, and 600 K. The properties were calculated by the



conductivity-weighted averages suggested by Putley*® under the assumption of combined
acoustic phonon, alloy, and polar optical phonon scattering for all bands. The input
parameters and calculation details of the three band model are provided in Supporting

Information.

RESULTS AND DISCUSSION

1. Phase composition and microstructure

XRD patterns of all polycrystalline samples with nominal compositions
Mg3.07Sbi 5BiosSex (x = 0.02-0.06) are shown in Figure 1a. XRD patterns of the top side and
bottom side of every sample are consistent with each other and show only minor intensity
difference and peak shifting. All major peaks can be well indexed to the low temperature
a-Mg3Shs trigonal phase with a space group of P3ml (ICSD #165386). From the enlarged
XRD patterns shown in Figure 1b, we found that all samples contain a small amount of MgO,
which is likely caused by the slight oxidization during the high-temperature SPS pressing.
Moreover, with increasing Se doping content, a small amount of secondary phase can be
observed in samples (x = 0.04 and 0.05) and shows a good match to MgSe cubic phase with a
space group of Fm3m (ICSD #53946). Figure lc presents the lattice parameters of all
compositions. Both lattice parameters a and ¢ show a nearly linear decreasing trend with
increasing Se content. This is within our expectation since the ionic radii of Se? is smaller

than that of Bi*. As the small doping levels of Se, the decrease of lattice constants is minor.
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Figure 1. (a) XRD patterns and (b) the enlarged XRD patterns between 26-45° of the top and bottom sides
of the pellets with nominal compositions Mg3 07Sb1.sBios..Sex (x = 0.02-0.06). (c) Lattice parameters as a

function of the fraction x. The uncertainty is smaller than the size of symbols.

All samples prepared by arc melting followed by SPS pressing show densities at least
larger than 90% (Table S1). The SEM images of the fractured cross section and polished
surface of the Mg3.07Sb1.5Bio4sSeoo2 sample (Figure 2) confirm the dense sample with no
obvious cracks or holes. The detailed microstructure was further investigated on the sample
with x = 0.02 by TEM. As shown in Figure 3a, the high magnification HRTEM image clearly
illustrates three different lattice fringe lines of 0.21 nm, 0.29 nm, and 0.35 nm, which well
correspond to the (103), (012), and (011) crystallographic planes, respectively. In addition, the
HRTEM graph clearly depicts that several nano-size single crystalline grains with the stacking
of the randomly orientated planes. Although the Se doping level in the sample is relatively
small, the existence of Se element is confirmed by the peak in the EDS spectrum (Figure 3b).
The elemental composition result by TEM-EDS analysis indicates that the actual composition
of the Mg3.07Sbi1.5Bio.48Seo.02 sample is close to the nominal value. The slightly lower actual
Mg content is typically induced by the evaporation of Mg during high-temperature SPS
sintering. The EDS elemental mapping was also conducted and is shown in Figure 3c-g. It is

clear that Mg, Sb, Bi, and Se atoms are distributed nearly uniformly in the sample.
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Figure 3. (a) High resolution TEM image, (b) EDS spectra with the elemental composition analysis (Cu

peaks come from the TEM grid), and (c-g) EDS mapping images of Mg3.07Sb1.5Bio.4sSeo.02 sample.

2. Phase stability by in situ XRD
The transport properties of a material usually exhibit a highly nontrivial dependence on

phase composition and structure. Diffraction data are often simply used to conduct a quick
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check of the phase purity; however, this means that any structural changes induced the
thermal cycling during the property measurements might be overlooked.*' It is therefore
crucial to study the phase stability under the repeated thermal cycles. Towards this purpose,
the in situ XRD experiment was carried out on the high performance pellet with x = 0.02 for
four thermal cycles (two cycles for each side of the pellet). A fresh pellet was used to avoid
any thermal history. It should be noted that the temperature profile including the
heating/cooling rate of in-situ XRD is kept the same as Hall measurements. The result is
demonstrated in Figure 4. It is clear that there is no obvious structural change during the four
thermal cycles for both the bottom and top surface of the pellet, indicating the high
performance sample is thermally stable in bulk form (at least on the surfaces of the pellet).
The present in situ data provide an initial assessment of the thermal stability, but a

comprehensive study of the thermal stability will be carried out in our future work.
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Figure 4. In situ XRD patterns of (a) the bottom side and (b) top side of the pellet with the composition

Mg3.07Sb1.5Big.4sSeo.02.
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3. Electronic structure of Mg3Sb2 and Mg3Sb1.5Bio.s
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Figure 5. (a) Crystal structure, (b) high symmetry points in the first Brillouin zone, and (c) multiple carrier
pockets in Fermi surface of n-type MgzSby corresponding to an energy level 0.02 eV above the band
minimum at the K point. In (b), the location of the accurate conduction band minimum is marked as CB;
with a coordinate of (0, 0.417, 0.333) inside the Brillouin zone. The k-path along M* (0, 0.417, 0) and L" (0,
0.417, 0.5) passes through CB;. Band structures (d) without and (e) with spin orbit coupling (SOC) in
Mg3Sbs. (f) The near-edge band structure around CB; along the ki, ky, and k, directions. The path along the
M*L" line is the k, direction. The k-path from Y* (0, 0, 0.333) to Y (0, 0.5, 0.333) represents the ky

direction. From CB; to X" (0.5, 0.417, 0.333) is along the kx direction.

Binary MgsSb,, crystallized in La;Os-type structure, can be described as two dimensional
Mg?* layers separated by the covalently bound [Mg>Sb]* layers (Figure 5a).** The ionic
Mg?* layers donate electrons to the covalently bonded [Mg>Sb,]?* layers. Mgl represents Mg
atoms in the ionic Mg?* layers, whereas Mg2 denotes Mg atoms in the [Mg2Sb,]* layers. Our
previous theoretical result!® has shown that the multiple band behavior for the conduction

bands results in the very promising electronic transport in n-type MgsSb.. The Fermi surface

of n-type Mg3Sb; is far from trivial. The typical Fermi surface of n-type Mg3Sb, with an
13



energy level 0.02 eV above the conduction band minimum at the K point elucidates the
multi-valley conduction bands, i.e., six one-third electron pockets at the K point and six
isolated full electron pockets close to the M-L line (see Figure 5b,c). It should be noted that
the six-fold carrier pocket is actually centered in the Brillouin zone and thereby not along the
M-L line. By sampling the highly dense k points homogeneously inside the Brillouin zone, we
found that the center of the six-fold carrier pocket is actually located at (0, 0.417, 0.333)
(Labelled CBi), which can evolve into six equivalent positions according to the crystal
symmetry (see Figure 5b). This specific k point is also where the accurate conduction band
minimum (CBM) occurs. The location of CB; is checked to be relatively stable using a series
of denser k-points and different computational methods (see Table S2, Figures S7 and S8).
Surprisingly, the previous traditional band structures of MgsSh,,'* which were calculated
along the high symmetry k-paths, overlook the global minimum of conduction bands. The
minimum along the M-L line is just a local minimum along some specific directions. It should
be pointed out that the underlying physics behind our previous work!? is still valid, even
though the local minimum along the M-L line was used for discussion. However, it should be
more accurate to use the global minimum CB; inside the Brillouin zone to represent the
six-fold carrier pocket, which might lead to a better understanding of the electronic transport.
To elucidate the accurate CBM (CB1), we plotted the band structure along the k-path from
M" (0, 0.417, 0) to L" (0, 0.417, 0.5) and the result is shown in Figure 5d,e. The spin orbit
coupling (SOC) results in a minor reduction in the band gap from 0.72 eV to 0.60 eV and a
moderate effect on the valence bands; however, it has nearly no effect on the conduction

bands. This is because the conduction bands are primarily contributed by electronic states of

14



the light Mg atoms while the valence bands mainly come from the heavy Sb atoms.!® Despite
the negligible effect of SOC on the conduction band, we will mainly use the result with SOC
for discussions. The calculation including SOC reveals that the CB; minimum is located at
about 0.078 eV below the band minimum at the K point. By sampling the very dense k-mesh
surround the CB| minimum, the near-edge band structure around CB; along the kx, ky, and k,
directions was calculated and shown in Figure 5f. It is clear that the band minimum CB; is
anisotropic and the effective masses are estimated to be mkx=0.21me, mky=0.55m,, and
mk,=0.28me. The anisotropic feature of the CBi minimum is also expected from the
ellipsoidal-like Fermi surface. Unlike CBj, the Fermi surface of the K band minimum is
roughly spherical-like with the effective mass of mkx=mxy=0.32m. and mk,=0.21m.. When the
Fermi level moves 0.02 eV above the band minimum at the K point, the six full electron
pockets are just tangent to the M-L lines. Moving the Fermi level further up across the local
minimum along the M-L line, the M-L line will start cutting the carrier pockets (Figure S9a,b).
The shape of the Fermi surface can be very sophisticated when the Fermi level cuts the local

minima at the M and L points (see Figure S9c,d).
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Figure 6. Orbital-projected band structures of (a) Mgl atom, (b) Mg2 atoms, and (c) Sb atoms of Mg3Sbs.
The band width represents the relative weight of each contribution to the band structure. The multiplicities

of the Mg2 and Sb atoms were taken into account.
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To obtain further insight of the underlying physics, orbital-projected band structure of
MgsSbs is simulated and shown in Figure 6. As shown in the figure, the valence bands exhibit
the crystal field splitting feature between pxy orbitals and p, orbitals from Sb atoms at the I
point. In our previous work,® orbital engineering approach was proposed to systematically
optimize the p-type electrical transport through manipulating the relative energies of pxy and
p- orbitals to achieve high orbital degeneracy. Despite the great potential of this approach, the
optimization of p-type transport might be limited by the single valley degeneracy of the high
symmetry I' point. N-type transport of MgsSbz, however, is quite promising because of the
complex Fermi surface induced by the multi-valley conduction bands. The CB; minimum
along the M™-L" line consists mainly of s states from Mgl and Mg2 atoms, which are
hybridized with p states of Mg2 atoms and electronic states of Sb atoms. The anisotropic
effective masses of the carrier pocket centered at CB; might be qualitatively understood by
the different strengths of the overlap integrals or hybridizations along kx, ky, and k, directions.
The relatively heavy mass of the CB; minimum along Y-Y* direction is possibly caused by
the weak interaction of orbitals along this specific direction. The band minimum at the K
point is mainly contributed by s orbitals of Mgl atom and their weak hybridizations with p
orbitals of Mg2 atoms and d orbitals of Sb atoms.

Although substituting Bi on the Sb sites will not destroy the multiple band feature with
band minima at the K and CB; points since the conduction band is mainly from the electronic
states of Mg atoms, the relative energy difference and band dispersions of the two conduction
minima might vary due to the changing orbital interactions. To reveal the substituting effect of

Bi on the band structure, the effective band structure of MgsSbisBios calculated by PBE
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functional is shown in Figure 7a. Although PBE functional is known for its systematic
underestimation of the energy gap, it usually provides the correct band dispersion, which is
sufficient for this study. The result further confirms that the multiple conduction bands
including band minima at the CB; and K points still exist in Mg3Sb;sBigs solid solution,
consistent with our previous study. The band topologies of the CB; and K band minima are
nearly the same as those of MgsSb,. However, compared with MgsSb, the CB1 minimum
shifts further downward by 0.12 eV and is located at ~0.22 eV below the K minimum in

MgsSbi sBios.

Figure 7. (a) Effective band structure of MgsSbi1sBios by PBE functional without SOC. (b) The energy

difference AEK_CB1 between the K band and the CB band and the energy gap E versus the fraction x in

Mg3Sb>.,Bi, solid solutions by TB-mBJ potential with SOC.

By including the correction from the CB1 minimum, the energy difference between the

band minima K and CB,, labelled AEKCBI, and band gap as a function of the fraction x in

Mg3Sbo.Bi, are recalculated from our previous method (TB-mBJ potential)!® and presented in

Figure 7b. AE ., of Mg3Sby.Bi. gradually increases from 0.078 eV (x = 0) to 0.28 eV (x =
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2) with increasing x. The contribution of the carrier pocket at the K point to the near-edge
electronic transport becomes weaker as the energy difference between CB; and K minima
becomes larger. In addition, the energy gap shows a nearly linear decreasing trend from 0.6
eV (x=0) to-0.02 eV (x = 1.5), indicating the transition from a semiconductor to a semimetal.
As a result, increasing Bi content can be an effective way of promoting carrier concentration;
however, the bipolar conduction effect will also become obvious due to the narrowing energy
gap. Therefore, Mg3Sb,-,Bi,with x < 1 will be desirable for n-type doping. Here

MgsSbi sBios is chosen for n-type doping due to its suitable band gap of ~0.33 eV.

4. High temperature Hall data
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Figure 8. (a) Hall carrier concentration and (b) mobility of n-type Mgs07Sb1.sBios..Sex samples as a

function of temperature.

Hall carrier concentration, as well as its dependence on temperature, was measured and
shown in Figure 8a. Se-doped samples show a narrow distribution of the room-temperature
electron concentration from 6.85 x 10" cm™ to 9.10 x 10'8 cm™, which is slightly lower than
the previously reported Te-doped samples.!* For all Se-doped samples, the Hall carrier
concentration curves clearly exhibit two regions: first weak temperature dependence below

400 K and then a nearly linear increasing trend with rising temperature due to the activation
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of intrinsic carriers. At room temperature, the sample with x = 0.02 shows the highest carrier
concentration of 9.10 x 10" cm™, which then increases to 2.75 x 10'° cm? at 725 K.

As shown in Figure 8b, the mobility shows a decreasing trend as the temperature increases,
and roughly follows the temperature dependence of 77" (1 < p < 1.5). This indicates the
acoustic phonon scattering mechanism is dominant. Between 300-400 K, the temperature
dependence deviates from the T"!' relation and approaches T, suggesting the contribution
from the alloy scattering.*> The room-temperature mobility values of Se-doped samples are
within the range of 61.6-75.6 cm? V! 57!, which are comparable to the reported Te-doped
ones,'? but by a factor of at least 3.8 larger than that of the pure Mg3Sb, (1= 16 cm? V! s at
n, = 1.3 x 10" cm™).?! The large enhancement of mobility in n-type Se-doped Mg3Sb; 5Bios
reveals the light effective mass of the CB; minimum with six conducting carrier pockets
suggested by theory. Among all samples, Mg3.075b1.5Bi0.4sSeo.02 shows the highest mobility

from 75.6 cm? V! s at 300 K to 25.8 cm? V! s1at 725 K.

5. Electronic transport modelling

The electrical transport property of a material often shows a strong dependence on the
degeneracy and topology of the near-edge electronic bands. The Seebeck coefficient can be
determined by the density of states effective mass m* = N,*’my*, where Ny denotes the valley
degeneracy of the electronic bands and ms* represents the effective mass of a single valley.>**
Moreover, for a semiconductor with multi-valley electronic bands, the optimum electrical
transport performance can be expressed as being proportional to the weighted mobility

u(ma*/me)*?, where u and me represent the carrier mobility and the mass of an electron,
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respectively.>>!! Considering the predominant acoustic phonon scattering or alloy scattering
in this work, the carrier mobility is expected to be poc 1/(mr*ms*¥?), where mi* is the
conductivity effective mass. Eventually, the weighted mobility can be simplified and written
as Nv/mr* (Nv/ms* for an isotropic band). It is clear that the excellent electrical performance
requires a high valley degeneracy as well as a light conductivity effective mass. Thus, the CB;
band minimum with a high valley degeneracy of 6 and a relatively low m* = 0.30me is highly
conducive to the electrical transport in n-type Mg3Sb-based compounds. Since the CBM is
occupied by the CB; minimum in Mg3Sb, and MgsSbi sBio.s, the CB| band minimum thereby
makes the dominant contribution to the n-type electrical transport. In contrast, the valence
band maximum located at the I" point only has one single valley degeneracy and a slightly
heavier mr*=0.36me.. This is why Seebeck coefficient and power factor of n-type doping in
MgsSb, predicted by integrated ab initio full band structure and semi-classical Boltzmann

transport theory are much better than those of p-type doping (Figure 9).
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Figure 9. (a) The absolute value of Seebeck coefficient (af) and (b) power factor as a function of Hall
carrier concentration at room temperature. In (a) and (b), the black solid and orange dashed lines represent
the predictions of p-type and n-type MgzSby by full DFT band structure calculation from our previous

work.!? The red solid line represents the result from a three band model (TBM) for n-type Mg3Sb sBios.
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The Green dashed line shows the expected |a| versus n,, behavior for a single parabolic band (SPB) with

the effective mass equal to the individual conduction band minimum CB; along the M*-L" line at the band
edges.!? The black solid points are the reported p-type doped MgsSb, from the refs. 19-21. The pink
diamonds represent the previously reported n-type Te-doped MgsSb sBigs.!* The red stars are Se-doped

Mg3.07Sb1.5Big.s samples from this work.

Additionally, the Seebeck coefficient modeled by a single band with the effective mass of
the CB; band minimum and acoustic phonon scattering is lower than that predicted by full
band structure calculation (Figure 9a), indicating the contribution from the secondary band
minimum K. The energy difference between the CB; and K minimum is around 0.078 eV,
which is a small value comparable to ~3kgT at room temperature. The two band minima can
even be considered as effectively converged at elevated temperatures due to the broadening of
Fermi integral. This reveals that the contribution from the K band minimum should not be
overlooked in n-type MgzSb,. However, in Mg3Sbi sBio.s the band minimum at the K point is
located at 0.22 eV above CBj, which is around 3 times larger than that of Mg3;Sb,. Hence,
compared with Mg3Sb,, the contribution of the band minimum K to the electrical transport is
definitely weak in MgsSbi1sBios. This explains the lower experimental values for Seebeck
coefficient and power factor in n-type doped Mgs3Sbi.sBio.s with respect to those predicted by

DFT for n-type MgsSba (Figure 9).
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Figure 10. The Seebeck coefficient at (a) 500 K and (b) 600 K versus Hall carrier concentration. The
orange dashed lines represent the predictions of n-type Mg;Sb, by full DFT band structure calculation. The
pink diamonds represent the previously reported n-type Te-doped MgsSbisBigs.!> The red stars are
Se-doped Mg3.07Sb1.5Bio.s samples from this work. The red solid lines and the dashed blue lines represent
the predictions from a three band model including the near-edge conduction bands at the CBy, K, and T’

points (CB1+K+1I") and a two band model considering the band minima CB; and I' (CB+1I'), respectively.

In order to have a better understanding of the electrical transport in n-type Mg3Sbi.5Bios, a
three band model (TBM), including the contributions from the near-edge conduction bands at
the CB1 and K points and the valence band at the I" point, was used for the further analysis.
Including the valence band maximum at the I" point into the modelling is important since the
bipolar contributions might affect the electrical transport at elevated temperatures due to the
small band gap of 0.33 eV in Mg3Sbi5Bios. For the details of this model, please refer to
Supporting Information. All transport properties were calculated according to the formula for
a multi-band system suggested by Putley.*’ Instead of fitting the experimental data, most of
the input parameters were taken from ab initio calculation (Table S3). Although the alloy
scattering is dominant at room temperature, the carrier scattering by acoustic phonons starts

playing a crucial role with increasing temperature (Figure 8b). Furthermore, Mg3Sbi5Bios is a
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polar semiconductor with relatively strong polar covalent bonding*’ and thereby might show
strong polar optical scattering.***’ Including the polar optical scattering might be important
for the understanding of the electrical transport in n-type MgsSbisBios. Therefore, here the
alloy scattering, the acoustic phonon scattering, and the polar optical scattering are all taken
into consideration in the model. The total carrier’s scattering time 7 can then be deduced by

Matthiessen's rule:

lzi_ki.ki’ (1)
T T T T

ac al po
where 7ac, 7a, and 7po are the carrier’s scattering time corresponding to the acoustic phonon,
alloy, and polar optical scattering. With the total carrier’s scattering time, the electrical
transport properties can be quantitatively derived (see Supporting Information for details).
The results from the three band model are shown in Figures 9, S10, and 10. It is obvious
that the simulation by the three band model agrees quite well with the experimental data
including the previously reported n-type Te-doped MgsSbisBios (ref. 13) and Se-doped
Mg3.07Sb1.5Bios from this work. In order to analyze the contribution of the band minimum at
the K point to the electrical transport, the predictions based on a two band model considering
the conduction band at the CB; point and the valence band at the I" point are also plotted in
Figures S10 and 10 for comparison. At low temperatures, the Seebeck coefficient curve
predicted by the two band model is nearly the same as that simulated by the three band model
at the carrier concentration below 10°° cm™. The experimental data all show relatively low
carrier concentrations below 10?° cm™. In general, the contribution from the band minimum at

the K point is gradually increasing with rising temperature. However, even at elevated

temperatures (such as 500 K and 600 K), the result from the three band model is just slightly
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higher than that from the two band model, indicating the relatively weak contribution from
the K band minimum in n-type MgszSbi.5Bios. This again confirms the theoretical result that
the K band minimum occurs at 0.22 eV above CB; in n-type Mg3Sbi5Bios, which is much
larger than that in n-type Mg3zSb,. Compared with n-type MgszSbi5Bios, the nearly effective
convergence of the K and CB; band minima in n-type MgsSb> at elevated temperatures
maximizes the contribution from the secondary K band minimum and thus leads to the much
higher Seebeck values predicted by DFT (Figure 10). Therefore, further optimization of the
electrical transport performance in n-type MgsSba-based compounds will be expected if the
energy difference between the CB; and K minima can be minimized or the effect of the K

band minimum can be maximized by tuning the suitable n-type dopants.

6. High temperature transport properties

Figure 11 depicts the temperature dependences of thermoelectric transport properties of
Mg3.07Sbi 5Bio.sSex (x = 0.02-0.06). For the samples with x = 0.03-0.06, the resistivity curves
show three regions: firstly, a slowly decreasing trend from 300 K to ~360 K; then, a relatively
fast drop with thermally activated semiconducting behavior to ~600K; finally, a nearly
temperature independent or very slow increasing trend up to 725 K (Figure 11a). Unlike these
samples, the resistivity of the sample with x = 0.02 shows a low value of 9.068 mQ cm at
room temperature, which slowly increases to a maximum of 9.409 mQ cm at 370 K, then
decreases to a minimum of 8.293 m€) cm at 590 K, and finally increases to 8.818 m{2 cm at
725 K. For all samples (except x = 0.05), the resistivity follows a systematic increasing

tendency with increasing Se content. The exception might be attributed to the effect of the
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secondary phase in this particular sample. Similarly, the Seebeck coefficients of Se-doped
Mgs.07Sb1.5Bio s also possess three regions with slightly different temperature transition points
(Figure 11b). Room-temperature Seebeck coefficient values of the Se-doped samples are
distributed in the range from 275.9 uV K! to 296.3 uV K, which are higher than those of the
reported Te-doped samples.!® This result is expected from the lower carrier concentration in
Se-doped samples. In general, the absolute values of Seebeck coefficients increase with
increasing Se content. Consequently, the sample with x = 0.02 has the lowest Seebeck value
of 275.9 pV K'! at room temperature, which reaches a local maximum of 300 uV K! at 550 K,

and then slightly decreases at 550-625 K followed by a gentle increase to 304 pV K! at 725

K.
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Figure 11. Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, (c) power factor,
and (d) total thermal conductivity of n-type Mg3.075b1.5Bios..Sex. In (¢) and (d), the reported data of n-type
Mg3Sb1_48Bio,4grl-‘60,04,13 p—type Mg3sz,22 Mg3Sb1,gBio_2,22 Ag—doped Mg3Sb2,2° and Na-doped Mg3Sb2 (ref.

19) are plotted for comparison.

As shown in Figure 1lc, the Mg307Sb1.5Bio4sSeo.o2 sample exhibits the highest power
factor within the whole temperature range. At low temperatures, the power factor of
Mg3.07Sbi.5Bio.4sSeo.02 is much better than the other Se-doped samples due to the significantly
lower resistivity. However, the power factors of all samples are comparable in the high
temperature range of 650-725 K. The power factor of the sample with x = 0.02 at room
temperature is 8.39 uW cm™' K2, which reaches a peak value of 10.79 uW cm™ K2 at 550 K
and then decreases to 10.49 uW cm™ K2 at 725 K. The room-temperature power factor of the
best Se-doped sample here are much lower than that of the reported Te-doped sample (13.9
uW cm™ K?2).!> However, the power factors of the Se-doped samples are considerably higher
than those of p-type MgsSba-based compounds, e.g., MgszSby,?? Na-doped Mgs;Sby,"
Ag-doped Mg3Sb,,2° and Mg3Sby sBig2.%

The total thermal conductivity values of Mg3.07Sbi1.sBios.Sex (x = 0.02-0.06) and their
dependencies on temperature are presented in Figure 11d. The total thermal conductivity of
each sample displays a decreasing trend with increasing temperature. The sample with x =
0.04 shows the lowest x of 0.739-0.617 W m™' K'! within the entire temperature range of
300-725 K. Thermal conductivity of Mg3.07Sb1.5sBio4sSeo.n2, the one with the highest power
factor, has a slightly high value of 0.797 W m™! K'! at room temperature and then reduces to a

value of 0.618 W m! K at 725 K, which is comparable to the lowest value in all samples. In
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comparison with p-type MgiSb2,2> Mg3SbisBio2,2? and Ag-doped Mg3Sb,,° the n-type
Se-doped samples show much lower thermal conductivity values at low temperatures, which
might be explained by alloy scattering or point defect scattering of phonons. This implies that
the low thermal conductivity will certainly contribute to the overall performance at low
temperatures. However, the high-temperature thermal conductivities of n-type Se-doped
samples are comparable to those of p-type compounds, indicating that the excellent power

factor is the main origin of the high thermoelectric performance at high temperatures.

7. Lattice thermal conductivity
The total thermal conductivity is the sum of the contributions from three components, i.e.,
the lattice thermal conductivity xi, the electron thermal conductivity x., and the bipolar
thermal conductivity xbip. ke can be estimated by the Wiedemann-Franz law k.= LoT, where
the total Lorenz number L shown in Figure S11 is calculated from the conductivity weighted
average over L of each band based on a three band model:*
L=(LoyOy + Loy +Liop)/ (Op +0y +07), 2)
the subscripts CB1, K, and I" represent the contributions from the corresponding electronic
bands. According to the multiband model proposed by Putley,*® xyip is the product of the

difference between the sum of the power factors of the individual bands and the total power

factor, and can be calculated by:*°

K =T| D al.za,.—[ > aiaij > o 3)

i=CB,,K.T

For narrow gap semiconductors, the bipolar effect on the thermal conductivity can be very

important at elevated temperatures due to the existence of both electrons and holes. xpip of
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Se-doped samples displays a rapidly increasing trend at high temperatures (Figure 12a), and
shows a maximum value of ~0.05 W m™ K!at 725 K, which is less than 9% of the total
thermal conductivity. This reveals the relatively small contribution of the bipolar effect to the
thermal conductivity in Se-doped samples.

By subtracting xe and xvip from the total thermal conductivity, the lattice thermal
conductivity data of all Se-doped samples (k1) are obtained and shown in Figure 12b. It is
clear that the lattice component is the main contribution to the total thermal conductivity. The
temperature dependence of x. for all samples roughly follows 7°% relation in the temperature
range of 300-625 K, which is probably induced by the dominant point defect scattering.*® At
high temperatures above 625 K, the temperature-dependent x approaches 7! relation,
suggesting Umklapp scattering of acoustic phonons to be dominant with increasing

temperature.*’
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Figure 12. (a) The bipolar thermal conductivity and (b) the lattice thermal conductivity as a function of

temperature in n-type Mgs 07Sb1.5Big s..Sex (x = 0.02-0.06).

8. Dimensionless figure of merit
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The dimensionless z7 as a function of temperature is shown in Figure 13a. Among all
samples, the Mg307SbisBio4sSeoo2 sample shows the best performance with a
room-temperature z7° of 0.32, which increases to an optimum value of 1.23 at 725 K.
Compared with the pristine Mg3Sb,,?? all Se-doped samples show strongly enhanced z7T
within the entire temperature region (Figure 13b). In addition, the thermoelectric z7 of the
n-type Se-doped sample with x = 0.02 is at least 2 times higher than that of p-type
MgsSba-based compounds including MgsSbisBio2,> Ag-doped Mg3Sb»,® and Na-doped
Mg3Sb,.!” The high thermoelectric performance at low temperatures can be attributed to the
reduction in thermal conductivity as well as the improved electrical performance, while at
high temperatures it mainly originates from the considerably enhanced power factor. The
good electrical transport properties can be well explained by the multiple band behavior
dominated by a nontrivial conduction band with six-fold valley degeneracy. In comparison
with the reported Te-doped Mg3SbsBios,' the performance of the Se-doped samples is
slightly lower due to their lower carrier concentrations (Figure 13b). The better performance
of Te doping over Se doping on Sb sites has also been observed in the recently discovered
CoSbS.>%! However, we can expect a further improvement of z7' through increasing the

carrier concentration via co-doping or slightly adjusting Bi content.
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Figure 13. (a) The dimensionless figure of merit (z7) as a function of temperature for n-type
Mg3.07Sb1.5Big s..Sex. (b) z7T in n-type Mg3.07Sb1.sBio.4sSeo.02 and the comparison with the reported n-type

Mg3Sb1_43]3io,4grl-‘eo,o4,13 p—type Ag—doped Mg3Sb2,2° Mg3Sb2,19 Mg3Sb1_gBio.2,22 and Mg3sz.22

CONCLUSION

In summary, we present a new low-cost Te-free thermoelectric material, n-type
Mgs3.07Sbi.5Bios.xSey, with a high figure of merit of 1.23 at 725 K. In comparison with pure
Mg3Sb, and other p-type doped MgsSby, the considerably enhanced z7 at low temperatures is
caused by the simultaneous improvements in the power factor and thermal conductivity,
whereas the high temperature z7 is mainly contributed by the superior power factor. The low
thermal conductivity is possibly induced by the enhanced point defect scattering for phonons,
while the excellent electrical transport performance can be attributed to a unique conduction
band with a light conductivity effective mass and a high valley degeneracy of 6. The
systematic study on the electronic structure of n-type MgzSbi5Bios reveals the actual location
of the conduction band minimum and its relatively large energy separation (~0.22 eV) from
the secondary conduction band minimum. The theoretical result confirms the weak
contribution of the secondary conduction band minimum to the electrical transport in n-type
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MgsSbi sBios. Considering the earth-abundant and inexpensive component elements, n-type
Se-doped Mg3SbisBios shows great potential for the medium-temperature thermoelectric

application.
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