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ABSTRACT: The demand for efficient and lightweight thermo-
electric materials has surged due to their applications in electronics,
wearable technology, and the aerospace industry. Conventional
materials contain heavy, rare, and/or toxic elements, making them
unsustainable for the future. This work presents a study of MgB,, a
material that has not been studied as a thermoelectric material. We
use advanced computational chemistry techniques, combining
electronic structure calculations, lattice dynamics, and full defect
chemistry analysis, to predict the thermoelectric figure of merit, ZT,
across a range of carrier concentrations and temperatures in the
theoretical p-type and n-type systems. The study suggests that p-
type MgB, is comparable to previously discovered Mg-based
thermoelectrics under high-temperature conditions with a ZT of
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0.47 at 1200 K. We also show that Ba-alloying up to 10% is a possible route toward improving thermoelectric performance as it

increases the ZT to 0.66.

B INTRODUCTION

Up to 50% of energy is wasted in the form of heat, most of
which comes from industrial processes such as combustion."
The energy loss results in wasted resources and the need for
excess fossil fuels to be burnt, contributing to global warming.
Therefore, reducing the amount of wasted heat can help
maximize energy efficiency, reduce costs, and minimize
damage to the environment.”

Thermoelectric generators (TEGs) are a viable option to
recover this wasted heat as they can be used in automobiles,
furnaces, and industrial chimneys and have been shown to
improve the combustion efficiency by up to 24%.”* TEGs can
also be used for power generation in industries such as aviation
and aerospace or for biomedical applications such as medical
devices.””’ However, for these applications, lightweight
materials are required, and existing materials are limited by
their toxicity, availability, and cost.

The thermoelectric efficiency is given by the thermoelectric
figure of merit, ZT

S%6T
K + K, (1

7T =

where S is the Seebeck coefficient, ¢ is the electrical
conductivity, T is the temperature, and k; and k. are the
lattice and electronic thermal conductivity, respectively.
Together, k; and x, make up the total thermal conductivity, x
(f + k, = k). The Seebeck coefficient and electrical
conductivity terms (S?) are referred to as the power factor
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(PF). Common thermoelectrics including PbTe and Bi,Te,
have ZT values of 1.40 at 873 K and 0.60 at 300 K,
respectively.”” These well-performing materials contain toxic
elements such as lead or rare elements like tellurium making
them unsustainable, hence the need for new viable alternatives.

A common criterion when searching for thermoelectric
(TE) materials is the presence of heavy elements (densities
between 6.5 and 8 g cm™>) as they will tend to have lower
lattice thermal conductivities; however, this makes them
unfavorable for lightweight applications such as in deep
space and wearable electronics.'’ Therefore, there is a need
to discover novel lightweight materials that can function as
thermoelectric semiconductors.'’

Magnesium-based thermoelectric materials are an alternative
to existing materials as they are eco-friendly, earth-abundant,
and lightweight (density ~ 2 g cm™)."> Lightweight materials
also have applications in portable electronics and wearable
devices.'"'* Existing Mg-based TEs include n-type Mg,Si, p-
type MgAgSb, and n-type Mg;Sb,. The former, Mg,Si, has
been shown to achieve a promising ZT of 1 with Ge and Sn
alloying, while a-MgAgSb has reported a ZT of 0.56 at 500
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(a) Primitive unit cell of MgB, containing 20
atoms.

(b) Be-pentagonal clusters that make up the
boron-framework.

Figure 1. Figures made using VESTA.*! Mg atoms shown in orange and B atoms shown in blue. (a) Primitive unit cell of MgB, containing 20
atoms. (b) Bg-pentagonal clusters that make up the boron framework.

K.">"* Mg;Sb, has an ultralow lattice thermal conductivity, and
upon doping with Na or Ag, it has been shown to achieve ZT's
of up to 0.60 and 0.51 at 773 and 725 K, respectively.'*"* This
system is intrinsically p-type; however, it can only achieve low
carrier concentrations in the order of 10Y, limiting its
thermoelectric performance.'

In this work, we calculate the thermoelectric and defect
properties of MgB,, an experimentally known, Mg-based
semiconductor and derivative of MgB2.16 MgB, has been
studied for its unique superconducting properties that are
possibly a result of its layered structure of alternating Mg and B
layers, whereas MgB, contains a network of pentagonal Bg4-
clusters with Mg positioned between them (shown in Figures
1, S1 and S2).

The difference in electronic properties between the two
systems is likely a result of the difference in structure. Esfahani
et al. report that at 31 GPa, the semiconducting Pnma phase
breaks down into a metallic C2/m phase, which can act as a
potential superconductor.'” This structure is described as
having graphene-like layers of boron intercalated with
magnesium atoms, while the Pnma phase is made up of
those B4-clusters mentioned above, which extend along the b-
axis, forming a boron-framework of channels containing
magnesium.

MgB, has been synthesized via solid-state reaction of
elemental powders followed by high-temperature sinterin%
and has been used as a precursor for the synthesis of MgB,."

We use first-principles hybrid density functional theory
(DFT) and lattice dynamics.'” Previous theoretical works
predicted a bandgap of 1.6 eV and suggested that the
electronic states near the Fermi level were localized, predicting
one-dimensional electrical conductivity.”

MgB, crystallizes in a complex (Pnma) crystal structure,
which should yield low lattice thermal conductivity. As with
other ideal thermoelectric candidates, the transport properties
in MgB, can be manipulated by doping or alloying on the Mg
site with the added benefit of also being lightweight.

B COMPUTATIONAL METHODS

DFT calculations were carried out using the Vienna ab initio
simulation package’™>° and the projector augmented-wave’ >
pseudopotential method to describe the interactions between core
and valence electrons. A plane-wave energy cutoff and I'-centered k-
point mesh of 400 eV and 3 X 4 X 2 were used, respectively. Both
parameters were converged to within 1 meV atom™'.

Electronic structure and transport property calculations used the
Heyd—Scuseria—Ernzerhof hybrid exchange—correlation density
functional (HSE06)."”” HSE06 contains 25% screened Hartree—
Fock exchange, more accurately describes the band structure and
avoids the self-interaction problem found in Generalized Gradient
Approximation (GGA) functionals.”® The revised GGA functional,
Perdew—Burke—Ernzerhof (PBEsol),”® was used for structural
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properties and lattice dynamics calculations as it is able to replicate
lattice parameters at lower computational cost.>*~*

The 20-atom primitive unit cell of MgB, (Figure 1a) was optimized
using the PBEsol and HSE06 functionals to a force convergence
criterion of 0.01 eV A™! with an energy cutoff of 520 eV to account
for Pulay stress.*

Band alignment calculations were carried out using the HSE06
functional on an optimized conventional unit cell as the bulk, and a
slab (001) generated using the Surfaxe code was used as the surface.”’

Thermoelectric Properties. The linearized Boltzmann transport
equation was solved using the AMSET code to calculate the Seebeck
coefficient, electrical conductivity, electronic thermal conductivity,
and mobility.”® AMSET uses the momentum relaxation-time
approximation to calculate the contributions from acoustic
deformation potential (ADP), ionized impurities (IMP), polar-optical
phonons (POP), and piezoelectricity (PIE) scattering mechanisms.
AMSET also allows for the effect of nanostructuring to be simulated.

The unit cell was tightly relaxed to a force convergence criterion of
0.0005 eV A™" using HSE06, and the deformation potential and wave
function of MgB, were extracted using the AMSET code. A dense k-
point mesh of 12 X 15 X 9 was used for the latter. This mesh was
interpolated to 37 X 45 X 27 for transport calculations. The optical
dielectric constant was calculated using the HSE06 functional and a
converged number of bands (60).

The elastic constant, ionic dielectric constant, piezoelectric
coefficients, and POP frequency were computed using density
functional perturbation theory and finite differences. A tightly relaxed
cell was used with a plane-wave energy cutoff and k-point mesh
converged to Agy < 0.1. The PBEsol functional was used to reduce
the computational cost along with the converged k-point mesh.

To determine the vibrational properties, the primitive unit cell was
optimized to a tight force convergence criterion of 0.0001 eV A™',
using the PBEsol functional. The phonon dispersions were calculated
using the Phonopy code, which uses the supercell and finite
displacement approach to calculate second-order force constants.>”*
A 480-atom, 4 X 3 X 2 supercell was used with I"-only 1 X 1 X 1 k-
points.

Third-order force constants were calculated by direct solution of
the phonon Boltzmann equation using the Phono3py code to
determine the lattice thermal conductivity.***" The same functional
and optimized cell was used on a smaller 160-atom, 2 X 2 X 2
supercell, with 2 X 2 X 1 k-points. The lattice thermal conductivity
was converged to an 18 X 14 X 11 g-point mesh. Phono3py was also
used to simulate the effect of nanostructuring and alloy scattering on
the lattice thermal conductivity.

Fi%li?s were plotted using the sumo and ThermoParser pack-
ages.””’

Defects. The optimized 20-atom primitive cell was used to make a
120-atom supercell to host the defects using the TDEP code and the
following supercell matrix**

1 20
-11 =1
-111

The supercell was 10.3 X 10.2 X 10.2 A to minimize interactions
between defects in neighboring supercells.45
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The S stable competing phases in the Mg—B phase space (Mg, B,
MgB,, MgB,, and MgB,) were taken from the Materials Project*® and
relaxed using their converged k-points, 400 eV energy cutoff, and the
HSEO06 functional. These phases were used to calculate the chemical
potentials and then plotted using the CPLAP package.*’

The doped package®™ was used to generate defect supercells
containing vacancies (31), antisites (31), and interstitials (168).
These defects were also calculated in all the possible charge states
totaling to 236 defect supercells.

The cells were relaxed using HSE06, 400 eV cutoff, and 2 X 2 X 2
I'-centered k-point mesh. The converged DFT energies were used to
calculate the formation energy of each defect and plot transition level
diagrams with the doped code. The ShakeNBreak package® ™' was
then used to introduce bond distortions to each defect cell at 10, 30,
and 60% to find lower energy ground-state structures not captured by
the initial relaxations.

The self-consistent Fermi level and predicted defect concentrations
were calculated using the py-sc-fermi package.’*

B RESULTS AND DISCUSSION

Geometry Optimization. MgB, crystallizes in the
orthorhombic space group, Pnma with the following
experimental lattice §parameters; a=2546,b =443, c =747
A a=p=y=90°" Each B atom is bonded to four other B
atoms forming a connected framework throughout the lattice.

The boron atoms are bonded in By pentagonal clusters,
forming layers throughout the a-axis (shown in Supporting
Information 1). The Mg atoms sit between the layers in empty
channels. These channels are more clearly observed along the
b-axis (Figure 2), where the Mg atoms are enclosed in the

Figure 2. View from the b-axis perspective of MgB, made from the
unit cell, repeated 3 X 3 X 3 in each direction. The figure was made
using VESTA.*

boron framework. By comparison, along the c-axis, the Mg
atoms are interpenetrated between the boron layers (shown in
Supporting Information 2).

The hybrid-DFT functional, HSE06, and the GGA func-
tional, PBEsol, were used to optimize the primitive cell with
the calculated lattice parameters, as shown in Table 1. The

Table 1. Calculated Lattice Parameters of the Primitive
MgB, Unit Cell Using the HSE06 and PBEsol Functionals®

a/A (%) b/A (%) c/A (%) a/®
experimental 5.46 4.43 7.47 90.0
HSE06 5.19 (=5) 4.36 (—1.6) 7.45 (—0.3) 90.0
PBEsol 5.44 (-0.3) 438 (—-1.1) 7.42 (—0.7) 90.0

“Percentage differences are shown in brackets.
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lattice parameters predicted by the PBEsol functional were in
agreement with the experimentally reported values (£1%);
therefore, this functional was used to calculate structural
properties such as the phonon dispersions and elastic
constants.

The HSEO06 functional underestimates the lattice parameters
in the g-direction by 5%, which may be due to thermal
expansion, which was shown by Yang et al. to have a
considerable effect in light materials.”

Electronic Structure. The hybrid-HSE06 functional was
used to calculate the electronic properties of MgB, with the
optimized HSEQ6 structure. The bandgaps of the system were
calculated to give a direct bandgap of 1.32 eV and an indirect
bandgap of 0.71 eV. Previous studies reported a single bandgap
of 1.60 eV using the LDA functional.”’ By comparison, the
PBEsol functional predicted smaller direct and indirect
bandgaps of 0.75 and 0.34 eV, respectively. This is expected,
as PBEsol is known to underestimate the bandgap.*®

The density of states (DOS) (Figure 3) shows that both the
valence and conduction bands are predominantly made up of

— B(s) — Mg(s)
B (p) Mg (p)
7]
o
o
A RS =\
-6 -4 -2 0 2 4 6
Energy (eV)

Figure 3. DOS of MgB, calculated using the HSE06 functional
showing the atoms and respective states that contribute to the total
DOS. The figure was plotted using sumo.*

boron p-states, followed by boron s-states, suggesting
conduction is mostly occurring throughout the boron-frame-
work. This was also observed in previous studies, with the
states near the Fermi level being composed of B 2p states.*®
Conductivity along the boron-framework was reported by Sato
et al,, who predicted one-dimensional electrical conductivity as
a result of the By cluster chains.”

The electronic band structure shown in Figure 4 can be used
to indicate what the electronic properties and behavior of the
material will be. The band edges are shown at the valence band
maximum (VBM) and conduction band minimum (CBM).
The VBM is at the I' point, whereas in the CBM, it is
positioned between Z and T. The effective mass is inversely
proportional to the curvature of the bands, so steep and
disperse bands indicate low effective masses, while flat bands
indicate high effective masses. The effective masses in this
system are given in Table 2.

Disperse bands with light charge carriers contribute to good
electrical conductivity; however, flat heavy bands improve the
Seebeck coeflicient. In addition, the VBM is composed of a
single band with relatively low effective masses, whereas the
CBM is doubly degenerate with higher effective masses.
Degeneracy has been shown to improve thermoelectric
performance by providing more states near the Fermi level.>®

https://doi.org/10.1021/acs.chemmater.4c00584
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Figure 4. Electronic band structure of MgB, calculated using the
HSEO06 functional and plotted along the k-point path derived from the
Bradley—Cracknell formalism.>” The valence bands are shown by blue
lines and the conduction bands are shown by orange lines. The band
edges making up the bandgap are shown by the green (VBM) and red
(CBM) markers. The figure was made using sumo.

Table 2. Calculated Hole and Electron Effective Masses
Using the HSE06 Functional®

band direction my* (m,) band direction me* (my)

VBM I'-Xx 0.418 CBM pCBM-T 2.734
I'-Yy 0.528 pCBM-Z 1.188
-z 0.228

“These values were extracted from the band structure calculation
using the sumo code.”? Position of the conduction band minimum =
[—0.41, 0.00, 0.50].

In addition to flat bands and degeneracy, band extrema (VBM/
CBM) being positioned off-gamma at nonhigh-symmetry
points also improves thermoelectricity as these points exist in
multiple points of reciprocal space, having the same effect as
band degeneracy.”” The n-type system shows double band
degeneracy at [—0.41, 0.00, 0.50] k-points, suggesting it will
have a greater Seebeck coefficient due to flat bands, band
degeneracy, and the CBM being positioned off-gamma.

The effective masses are inversely related to the carrier
mobility. This relationship suggests that the hole carrier
mobility will be greater than the electron carrier mobility due
to the lower effective mass in the VBM. The effective masses
also suggest that hole transport will be greatest in the I'—=Z
direction due to it having the lowest effective mass. This
direction corresponds to the b-axis view shown in Figure 2,
where the Mg atoms are positioned in open channels. The
transport in the '=X and I'=Y directions will be comparable.

The band alignment was calculated using the core and
vacuum ener%ies from the surface-slab (001) made using the
Surfaxe code.”” Figure 5 shows the band alignment of MgB,
alongside that of well-studied thermoelectrics, PbTe and SnTe.
The ionization potential of MgB, is relatively large (5.1 eV)
and greater than that of PbTe and SnTe, meaning it is likely to
be less p-type than these systems. The electron affinity of the
system (4.3 €V) is lower than that of PbTe (4.6 V), a
system that can act as a bipolar semiconductor, but greater
than that of SnTe (4.1 eV).%'

Lattice Dynamics. The phonon dispersions for a 480-atom
MgB, supercell are shown in Figure 6. The calculated
dispersions show no imaginary modes, suggesting the system
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Figure S. Band alignment of MgB, calculated using the HSE06
functional and compared to that of PbTe® and SnTe.”" This figure
was plotted with bapt.”
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Figure 6. Phonon band structure of MgB, calculated using the PBEsol
functional and Phonopy package on a 480-atom, 4 X 3 X 2
supercell.’” The figure was plotted along the k-point path derived
from the Bradley—Cracknell formalism®” using ThermoParser.” The
phonon lifetimes are shown by the color bar and were calculated using
the Phono3py code.’”*

is dynamically stable. The steep acoustic modes can be seen
branching out from 0 up to 6 THz before flattening out. A
single optic mode can also be seen in this 0 to 6 THz region.
Above the acoustic modes, there are flatter optic modes which
go as high as 34.2 THz.

The projected density of states shows that the Mg atoms
mostly contribute to the acoustic modes, whereas the B atoms
contribute to the optic modes. Steep bands indicate high group
velocity and, therefore, a high lattice thermal conductivity. This
suggests that alloying on the Mg site would have the greatest
effect on the lattice thermal conductivity.

Some avoided crossings are observed between the acoustic
and optic modes in the I'=X direction around 6 THz and again
in the Y-S direction from 6 to 18 THz. Avoided crossings
suggest that there are channels for the phonons to scatter into,
reducing the group velocity and so the lattice thermal
conductivity. They can also be indicative of symmetry-
disallowed transitions or rattler species in the system, in this
case, the Mg atoms sitting in the boron framework.®

The calculated lattice thermal conductivity, x; (given in
Figure 7), is shown to decrease across the temperature range
(300—1200 K) in all directions. The average ; at 300 K is 11.6
W m™ K7} however, from the figure, there is notable
anisotropy between the x direction (18.6 Wm™ K™') and y/z-

https://doi.org/10.1021/acs.chemmater.4c00584
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Figure 7. Calculated lattice thermal conductivity (k;) of MgB, as a
function of temperature up to 1200 K in the x, y, z, and average
directions. The k; was calculated using the Phono3py code and
plotted using ThermoParser.>”*’

directions (8.9/7.4 W m™' K™'). Note, the x, ¥, and z
directions correspond to a, b, and c, respectively, as shown in
Figures 1 and 2.

At high temperatures up to 1200 K, the difference between
the y and z directions (2.2/2.0 W m™" K™') is less pronounced,
but the thermal conductivity in the x direction is still more
than double (5.3 W m™" K™'), giving an average lattice thermal
conductivity of 3.2 W m™ K.

Figure 6 also shows the phonon lifetimes per band. The
acoustic modes in the I'=X and I'-Y directions below 5 THz
have the greatest phonon lifetimes, likely contributing the most
to the lattice thermal conductivity. Nevertheless, the average
value at room temperature is comparable to that of existing
thermoelectrics such as SrTiO; (12 W m™! K71).0%%°

Transport Properties. The electronic transport properties
were calculated from 1 X 10" to 1 X 10*! and 1 X 10" to 1 X
10* cm™ for the p-type and n-type systems, respectively, in
the range of 300—1200 K.

The mobility at room temperature in the p-type system
(233.7 em* V7! 57! at 1 X 10" ecm™ carriers) is greater than
that in other well-known thermoelectrics such as SnTe (178
cm? V7! s7!) and AgSbTe, (58.5 cm® V™! s7),% which has a
ZT of 1.59 at 673 K. Figures 8 and S9 show the relationship
between the mobility, temperature, and concentration. In both
systems, the mobility decreases with an increase in temper-
ature, especially at low carrier concentrations, suggesting the
system has metallic-like behavior where increased thermal
motion increases scattering and decreases conductivity.

The mobility (given in Table 3) generally decreases with an
increase in carrier concentration from 233.7 cm® V™! s7! (1.00
X 10" cm™3) to 44.6 cm®> V7' s7' (1.00 x 10*' cm™3).
However, at 3.16 X 10" and 7.50 X 10*° cm™ in the p-type
and n-type systems, respectively, the mobility above ~500 K is
greater than at lower concentrations.

The scattering rates for the p-type and n-type systems are
shown in Figures 9 and S10. A fixed temperature of 1200 K
and carrier concentrations of 7.50 X 10" and 3.16 X 10*° cm™
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Figure 8. Mobility of the p-type system at three carrier concentrations
across the full temperature range.

Table 3. Calculated Mobility, u, for the p-type (7.50 X 10"
cm™®) and n-type (3.16 X 10*° cm™3) Systems at 300, 700,
and 1200 K

T/K u/cm? Vs
p-type 300 127.0
700 72.5
1200 42.5
n-type 300 47.6
700 31.0
1200 20.2

were used for the p-type and n-type systems, respectively. POP
scattering dominates at constant carrier concentration and
temperature in the p-type system with the exception of low
temperatures where ionized impurity (IMP) scattering is more
dominant. Throughout the whole temperature and carrier
concentration range, ADP scattering makes the lowest
contribution.

In the n-type system, IMP is the most dominant scattering
mechanism. At constant temperature, the contributions from
POP decrease and are overtaken by IMP at 1 X 10*° cm™.
Similar to the p-type system, ADP contributes the least.

The electrical conductivity, o, Seebeck coeflicient, S,
electronic thermal conductivity, k., and PF are shown in
Figures 10 and S11.

The k., for this system at 700 K are 1.57 Wm™" K" (n-type)
and 0.81 W m™! K™ (p-type). These values are lower than in
other systems like SnTe (2.18 W m™ K™!).%® Relative to the
lattice thermal conductivity, kj, the electronic component does
not contribute a lot at low temperatures; however, as the x
decreases, the contribution of the k, increases to 27/38% from
8/12% (p-type/n-type).

The Seebeck coeflicient is more complex and depends on
factors such as the number of charge carriers and number of
states near the Fermi level. A large carrier concentration has a
negative effect on the Seebeck coefficient, as shown by the
following equations
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Figure 9. Scattering mechanisms in the p-type system at constant concentration (7.50 X 10" cm™) (left) and constant temperature (1200 K)

(right).
S — & ~ (E]i
q e JkgT (2)

where C, is the electronic specific heat capacity, q is the charge
of the carrier, kg is the Boltzmann constant, e is the elementary
charge of an electron, E, is the bandgap, and T is the
temperature, and

=t

[ln(ﬁ) + 2.5 — r]
¢ n (3)

where N is the DOS near the Fermi level, n is carrier
concentration, r is the scattering mechanism parameter, e is the
electron charge, and kg is the Boltzmann constant.”®

The Seebeck coefficient at 700 K is —204 4V K™ (n-type)
and 125 iV K' (p-type); this is comparable to that of existing
thermoelectric Bi,Te,, which has a value of —170 yV K™* (n-
type) and 160 iV K=! (p-type).®

The results show that as the carrier concentration increases,
the electrical conductivity also increases; however, overall
conductivity decreases steadily across the temperature range.
Conversely, the magnitude of the Seebeck coefficient decreases
with increasing carrier concentration and increases with
temperature until 800 K. At temperatures above 800 K and
carrier concentrations ~1 X 10" cm™, the magnitude of the
Seebeck coeflicient begins to decrease significantly.

The deviations at low carrier concentrations and high
temperatures in both systems are a result of bipolar effects.
This occurs when the temperature is high enough to excite
charge carriers across the bandgap and reduce the Seebeck
coeflicient and electrical conductivity above a certain temper-
ature.

The PF shown in Figures 10 and SI1 can be used to
determine the optimum carrier concentrations at various
temperatures. The n-type system is easier to assess as 7.50 X
10*° cm™ appears to dominate throughout the temperature
range.

As for the p-type system, at low temperatures, PF peaks at
3.16 x 10" cm™, followed by 7.50 X 10" cm™ at
intermediate temperatures, and finally 1.78 X 10*° cm™ at
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high temperatures. The effects of the electronic thermal
conductivity would have to be factored in to determine when
performance is optimized.

The difference between the p-type and n-type systems with
respect to the scattering mechanisms is shown earlier in
Figures 9 and S10. POP scattering occurs when atoms are
displaced by optical vibrations in the lattice (optical phonon
modes), whereas ionized impurity scattering occurs from the
scattering of charge carriers. The differing contributions from
these mechanisms may be responsible for the differing
thermoelectric performance.

In addition, the CBM, which determines transport in the n-
type system, is doubly degenerate (Table 2 and Figure 4), and
band degeneracy has been shown to improve thermoelectric
performance, which would explain the significant difference in
conductivity between the n-type and p-type systems, as well as
the greater Seebeck coefficients.*””°

Figure of Merit. The thermoelectric figure of merit, ZT, is
given for the p-type (Figure 11) and n-type (Figure S12)
systems. In both cases, the ZT's increase with temperature. The
p-type system exhibits a ZT max of 0.48 at 1200 K and 7.50 X
10" cm ™3, while the n-type system yields a much greater ZT of
1.57 at 1200 K and 3.16 x 10*° cm™.

The transport properties and predicted ZT for each system
at their optimum carrier concentration and three temperature
points are given in Table 4. At the same temperature, the n-
type system has greater Seebeck coefficients and electrical
conductivities relative to the p-type system at its respective
optimum carrier concentration. As a result, the PF is greater in
the n-type system relative to the p-type, and despite the greater
electronic thermal conductivity, it yields greater ZTs.

Intrinsic Defects. The intrinsic defect chemistry was
studied to determine whether the optimum carrier concen-
trations for the p-type and n-type systems can be achieved or
whether the material is dopable. All the vacancies, antisites,
and interstitials in the material were modeled using the doped
python package,”® and the true defect ground states were
found using the ShakeNBreak code.*”’™"
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Figure 10. Transport properties of MgB, in the average direction, with p-type doping (positive charge carriers) calculated and plotted using
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Figure 11. Thermoelectric figure of merit, ZT, for the p-type system
at a constant concentration of 7.50 X 10" cm™ and four temperature
points between 300 and 1200 K. The figure was plotted using
ThermoParser.*
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The thermodynamic stability region for MgB, is shown in
Figure 12. The most p-type growth conditions are at the point
where MgB, and MgB,, cross over (Mg-poor/B-rich), and the
n-type growth conditions are shown by the crossover between
MgB, and MgB, (Mg-rich/B-poor).

Figure 13a,b shows the defect transition level diagrams for
each condition. Under both conditions, the V), defect is the
most favored and prevents the system from being n-type
doped, acting as a “killer” defect. This defect has a formation
energy of 0.90 eV in the —2 charge state under Mg-poor
conditions and 1.05 eV in Mg-rich conditions.

The next likely defect to form is the Vy defect in the —1
charge state, with formation energies between 3.20 and 4.36 eV
depending on the site and conditions. The remaining intrinsic
defects, Mgg, By, Mg, and B;, have formation energies greater
than 4 eV, so they will likely be present in minute
concentrations.

The predicted carrier concentrations at the Fermi level are
1.0S X 10* and 1.60 X 10*° cm ™ under Mg-rich/B-poor and
Mg-poor/B-rich conditions, respectively. These values are
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Table 4. Calculated Transport Properties and ZT for the p-Type (7.50 X 10" cm™3) and n-Type (3.16 X 10*° cm™3) Systems at
P P p-1yp YP Yy

300, 750, and 1200 K

T/K /S m™! S/V K™ k/W m™ K! PF/uW m™! K2 K/W m™ K ZT
p-type 300 153,000 68 0.98 0.68 11.6 0.02
750 87,100 132 1.20 1.46 5.01 0.19
1200 51,200 185 1.18 1.69 3.17 0.48
n-type 300 241,000 —123 1.63 3.64 11.6 0.10
750 157,000 -216 215 7.17 5.01 0.77
1200 102,000 —264 1.97 6.89 3.17 1.57
1 Mg (eV) meaning that the high ZTs predicted in the n-type system are
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therefore, further p-type doping would not optimize the
system. An n-type dopant such as Sc or Y could be investigated
on the Mg site to increase the electron carrier concentration
and reduce the overall number of carriers available for charge
transport.

These results suggest that the system is most likely to be a
degenerate p-type semiconductor and is not n-type dopable,

Temperature (K)

Figure 14. Nanostructured lattice thermal conductivity (k;) of MgB,

at 15, 20, and 30 nm as a function of temperature up to 1200 K in the

average direction. The x; was calculated using the Phono3py code and
: 39,4043

plotted using ThermoParser.
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Table 5. Transport Properties of the Single Crystal and 15 nm System at 7.50 X 10" cm™ Calculated Using AMSET and

Phono3py

T/K
300

6/S m™
153,000
88,600
51,200
39,200

S/V K
68
61
185
180

type
single crystal
15/nm
single crystal
15/nm

1200

K,/W m™ K!

K/W m™ K™
11.60
5.67
3.17
2.39

u/cm? Vs
127.0
73.8
4.5
32.5

0.98
0.56
1.18
0.90

0.016
0.015
0.480
0.440

reduction in lattice thermal conductivity suggests that
nanostructuring may be a possible route toward optimizing
the material’s thermoelectric performance by reducing thermal
transport. Although explicit nanostructuring of MgB, has not
been shown, Pfefferle et al. showed success in synthesizing
Mg, B, nanostructures with diameters of 3—$ nm.”*

The effect of nanostructuring on the electronic transport
properties was also investigated using the AMSET code by
introducing mean free path scattering,

The transport properties of the 15 nm system are shown in
Table 5 compared to those of the single crystal at 300 and
1200 K. The results show that at both low and high
temperatures, the electrical conductivity, Seebeck coeflicient,
electronic thermal conductivity, and mobilities decrease
relative to the single crystal. Combined with the reduction in
lattice thermal conductivity, the ZTs of the nanostructured
systems are comparable to the single crystal but not
significantly improved (Figure 1S5). This is because the
reduction in thermal conductivity is canceled out by the
reduction in electrical conductivity.

0.5F .
—— Single-crystal
r 15 nm
0.4 -
03
'_
N
0.2
0.1
| ol ol ol
10 10" 10%0 10%

Carrier Concentration (cm=23)

Figure 15. Thermoelectric figure of merit, ZT, of single-crystal MgB,

and the 15 nm nanostructured system at 1200 K. The figure was
; 43

plotted using ThermoParser.

Alloy Scattering. Given the sensitivity of the electronic
transport properties, another way of manipulating the lattice
thermal conductivity is alloying the Mg site which contributes
the most to the lattice thermal conductivity. Alloying up to
10% on this site with isovalent group 2 atoms (Ca, Sr, and Ba)
was simulated using the Phono3py code.

The lattice thermal conductivity of the alloyed systems is
shown in Figure 16. The greater the mass difference between
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Figure 16. Lattice thermal conductivity of MgB,, Ca-, Sr-, and Ba-
alloyed MgB, simulated using Phono3py.*”* Alloyin§ was simulated
to 10%. The figure was plotted using ThermoParser."

Mg and the alloyed atom, the greater the reduction in lattice
thermal conductivity. Therefore, Ba-alloying up to 10% is
shown to result in a reduction in lattice thermal conductivity of
up to 58% from 11.6 W m™ K™ in the pure-MgB, system to
4.84 W m™ K™! in the alloyed Mg, 4Ba, B, system. Pure Mg,X
compounds have reported lattice thermal conductivities
between 6 and 8 W m™" K™' at room temperature, comparably
higher than that of the alloyed system reported here.'”

As a result of this reduction in lattice thermal conductivity
and assumed negligible effect on the electronic transport
properties, the predicted ZT of this system at the predicted
carrier concentration of 1.05 X 10%° cm™ and 1200 K is 0.62, a
32% increase, as depicted in Figure 17.

B CONCLUSIONS

We have successfully predicted a new high-performance
lightweight thermoelectric material that is stable at high
temperatures. By employing hybrid-DFT and lattice dynamics
calculations, we have demonstrated that the optimization of
MgB, through Ba-alloying (10%) has a calculated ZT value of
0.62 at 1200 K and a carrier concentration of 1.05 X 10*° cm™.
These results are comparable to the performance of existing
Mg-based systems like Mg;_,Na,Sb, and Mg;Sb, with
experimental ZTs of 0.60 at 773 K and 0.51 at 725 K,
respectively, which can be used for lightweight applications.
Moreover, we have outlined design principles that effectively
minimize the lattice thermal conductivity while controlling the
carrier conductivity. As a result, the introduction of n-type
defects would allow for the reduction in hole carrier
concentration, moving closer to the optimum predicted value
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Figure 17. Thermoelectric figure of merit, ZT, of MgB, and Ba-
alloyed Mg, 9Ba, B, systems at 1200 K. The figure was plotted using
ThermoParser.™

of 7.50 X 10" cm™, and subsequently achieving a ZT value of
0.66.

One advantage of this new material is its lightweight nature
and the absence of toxic elements. These features make it
suitable for a wide range of applications, especially in scenarios
where proximity to people is crucial. Areas such as wearable
electronics, medical devices, and portable power generation
would benefit from its use.
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