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In this study, using density functional and Boltzmann transport theories, we systematically investigated the

effects of tensile and compressive strains on the elastic properties, phonon dispersion relation, electronic
structure, and transport properties of the half-Heusler compound BiBaK. We calculated the elastic

constants and phonon dispersion curves for

BiBaK, which demonstrated its mechanical and

thermodynamic stability, respectively, under different isotropic strains. Further, calculations showed that

the electronic structure and energy bandgap of BiBaK changed with the application of isotropic strain. A
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high power factor and low thermal conductivity are key to improving the performance of thermoelectric

materials. The figure of merit of BiBaK is 0.6 when it is unstrained and reaches a maximum value of 0.93
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1. Introduction

The ever-increasing global demand for energy is expected to
grow further over the upcoming decades.” Currently, the
energy crisis, climate change, and environmental pollution are
major problems facing humanity. Therefore, exploring various
green®”’ and efficient energy conversion technologies®'® has
gained considerable research attention. Thermoelectric mate-
rials, which can convert heat into electricity, are attractive for
solid-state scalable-device applications, such as waste heat
recovery'” and thermal management.*®* Therefore, thermoelec-
tric technologies will play an important role in sustainable

economies.
The performance of thermoelectric devices is essentially
determined by the transport properties of the material, which
S?gT

can be evaluated via the dimensionless parameter ZT = ,
K

where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature, and « is the total thermal
conductivity, which is related to the electron () and lattice («,)
thermal conductivities as k = k, + k.*>*° A high ZT value implies
that the material has a high conversion efficiency. However, the
parameters that determine ZT are correlated, making any
improvements therein challenging.*

Two methods are generally used to improve Z7: reducing the
thermal conductivity (k) and increasing the power factor (PF =
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at —9% compressive strain and a temperature of 1200 K, indicating that under isotropic compressive
strain, BiBaK compounds are efficient thermoelectric materials for high-temperature applications.

S%¢). k depends on k. and k, and k. is proportional to a;
therefore, reducing «. causes the PF to decrease. Thus, « should
be reduced only by reducing «,, which can be achieved via
several different approaches, including the design of new
materials, nanostructuring, and solid-solution alloying.>** The
PF can be improved using various band-tuning techniques,
such as introducing resonance states,” applying strain,”® and
performance doping.”® Applying strain can alter the electronic
structure of a material, and because the transport properties of
the material are correlated with its electronic structure, the
strain affects the related transport properties. In recent years,
several studies have reported significant improvement in
material properties under strain.**** Using the Tran-Blaha
modified Becke-Johnson density functional theory, Guo et al.
studied the strain effects on doped Bi,O,Se to optimize its
thermoelectric properties, and they found that the n- and p-type
Seebeck coefficients could be increased under compressive and
tensile in-plane strains, respectively.*® Zou et al. found that the
in-plane and out-of-plane power factors of n-type SrTiO;
increased under compressive and tensile strains, respectively,
and attributed this dependence to strain-induced electron
redistribution.®* Lv et al verified that the thermoelectric
performance of phosphodiene could be improved via strain-
induced band convergence.*” In another study, they reported
that under the action of biaxial tensile strain, the Seebeck
coefficient of ZrS, monolayer films increased and its thermal
conductivity decreased, resulting in optimized thermoelectric
properties.*® Yadav et al. studied the effect of static strain (up to
10%) on the topology and thermoelectric performance of BaPtS,
and they found that at room temperature, ZT attained its
maximum value of 0.222 at a strain of 1%.** Khandy et al.
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obtained better room-temperature thermoelectric performance
via strain engineering, achieving ZTe values of up to 0.81 with
minimal fluctuation over a broad temperature range.*® Saini
et al. investigated the effects of isotropic strain on the electronic
structure and transport properties of the half-Heusler alloy
LiScGe. Their calculations showed that increasing the tensile
and compressive strains led to an overall increase in the ZT
values of n- and p-type semiconductors, respectively.*®

Here in this work, we aim to investigate the effect of different
isotropic strains on the electronic band structure and the
transport properties of half-Heusler compound BiBaK. Half-
Heusler compounds exhibit good thermal and mechanical
stabilities, rich elemental compositions, environmental
friendliness, and excellent thermoelectric properties at mid-to
high temperatures, rendering them promising candidates for
thermoelectric ~ applications.”®  Numerous half-Heusler
compounds have been researched and developed for various
thermoelectric applications. Fu et al.*® reported novel p-type
FeNb, ,Ti,Sb (0.04 = x = 0.24) half-Heusler thermoelectric
materials with a maximum ZT of 1.1 at 1100 K, where a Ti
content of up to x = 0.2 optimized the power factor and reduced
the lattice thermal conductivity. Sun et al.** predicted a notably
high ZT of 7.38 at 700 K for the n-type half-Heusler compound
BCaGa. Zhu et al.** studied a p-type TaFeSb-based half-Heusler
compound, demonstrating an unprecedentedly high ZT of
~1.52 at 973 K. Fang et al.*® predicted a significantly high ZT
value of 1.54 at 1200 K in p-type half-Heusler RuTaSb. Shen
et al.** reported that FeNb, ¢, Hf, ;Ti,Sb (0 = x = 0.1) showed
a maximum figure of merit ZT of 1.32 at 1200 K.

So, in this study, we aimed to investigate thermoelectric
materials for better performance, and we selected the half-
Heusler compound BiBaK mainly owing to its low lattice
thermal conductivity at 300 K, as reported by Feng et al*®
(2.26 W m™" K') and Han et al* (1.82 W m~' K™ '), which
makes it promising as a good thermoelectric material. And so
far, there are few reports about the effccts of isotropic strain on
the structure and transport properties of BiBaK. In order to
explore the properties under isotropic strain of BiBakK, using
first principles, we investigated the effect of isotropic strain on
the electronic band structure and transport properties of the
half-Heusler compound BiBaK.

2. Methodology

We conducted simulations on the half-Heusler compound
BiBaK using the density functional theory along with the full-
potential linearized augmented plane wave* method
employed in the WIEN2k software.*® The exchange-correlation
functional was solved within the restraints of the Perdew-
Burke-Ernzerhof generalized-gradient approximation.*” To
obtain accurate band structures and bandgap values, we
adopted the modified Becke-Johnson (mBJ) potential®® via
spin-orbit coupling (SOC) calculations. The plane-wave expan-
sion cutoff energy was set to 600 eV, and the standard for each
ion convergence was set below 0.001 eV A~ with a convergence
threshold set to 10~7 eV for the total energy calculation in the
electronic self-consistent. A 30 x 30 x 30 k-mesh was used for
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the Brillouin zone to calculate the electronic properties of BiBaK
under various isotropic strains. To investigate the dynamic
stability of the BiBaK structures, the phonon dispersions were
calculated under various strains. The phonon spectrum was
calculated using the supercell method® implemented in the
PHONOPY code,** where the supercell comprised 3 x 3 x 3 cells
based on the optimized crystallographic primitive cell. The
Brillouin zone integration was selected via a 2 x 2 X 2 k-point
mesh. The forces induced by small displacements were calcu-
lated within the Vienna ab initio simulation package.***® To
calculate the thermoelectric properties of unstrained and
strained structures, we used the semi-classical Boltzmann
transport theory with the constant scattering time approxima-
tion,” as implemented in the BoltzTraP code,*®* and the rigid
band approximation. The thermoelectric properties were
determined with 40 000 k-points in the dense k-mesh.

The computation of the transport properties with BoltzTraP
used the constant relaxation time approximation (), which
varies with compound, temperature, and carrier concentration.
With the exception of the Seebeck coefficient (S), which is
independent of 7, the transport coefficients were computed in
units of 7, that is, ¢ and k. were computed as ¢/t and «./t. To
determine ¢ and k., we calculated t using the deformation
potential theory,*®* which can effectively describe electron-
acoustic phonon interactions. For three-dimensional systems,
the relaxation time in the « direction at temperature T can be
expressed as

227 Cyt
. 325 2 (1)
3(kgTm*)""E,
where Cj; is the elastic constant defined as

i = A /Vo, where E is the total energy of the system,
()
Qo
a, is the lattice constant along the direction of o, Aa = a — a, is
the corresponding lattice distortion, and Vj, is the equilibrium
volume of the unit cell. The deformation potential constant E,
aEedga
()
Qo

edges (VBM or CBM) per unit strain; and the effective mass m*

is calculated as E, = , which represents the shift in band

o &PE i,

is given by m* = #?/ (w) . These three quantities: Cj;, E,, and
m* ~can be readily determined wvia first-principles
calculations.

The lattice thermal conductivity («,) of BiBaK subjected to
isotropic strain was calculated using both Slack’s equation and
the Callaway model®>* as follows:

AM,,6°6
K= VAT’ (2)

where M,, is the average atomic weight, ¢ is the cubic root of the
average atomic volume, 7 is the number of atoms per unit cell, T’
is the absolute temperature, v is the Griineisen parameter, and
A, which depends on v, can be calculated as**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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243 x 108
A= —0514 0% (3)
1— n

v? v?

Finally, by changing the lattice parameter, we simulated
a series of isotropic compressive and tensile strains of up to
—9% and 10%, respectively. The implemented strain was
defined as ¢ = (a — ay)/a,, where a is the strained lattice constant
and q, is the equilibrium lattice constant. Positive values of ¢
signify tensile strain, whereas negative values denote
compressive strain. We investigated the effects of various
isotropic strains on the electronic band structure, phonon
dispersion, and elastic and transport properties of the half-
Heusler compound BiBaK.

3. Results and discussion

The half-Heusler alloy BiBaK exhibits the cubic antiflourite
MgAgAs-type crystal structure of ABC with space group F43m
(216),%> with the A, B, and C atoms located in the Wyckoff
positions 4c (0.25, 0.25, 0.25), 4b (0.5, 0.5, 0.5), and 4a (0, 0, 0),
respectively. Another study on BiBaK revealed Wyckoff positions
at 4c (0.25, 0.25, 0.25), 4a (0, 0, 0), and 4b (0.5, 0.5, 0.5) for A, B,
and C, respectively.*” Some studies have predicted that for half-
Heusler alloys with 8 or 18 valence electrons per protocell, the
electronic structure and properties are related to the atom that
occupies the 4c position,*® which we verified in our previous
study.®” Here, we first optimized the lattice parameter for BiBaK
(8.437 A), which was in agreement with other reported values,
8.4 (ref. 68) and 8.45 (ref. 46) A. To better study the structural
characteristics of BiBaK and observe the distribution of various
states near the Fermi level, we drew the projected density of
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Fig.1 Band structure and projected density of states of the unstrained
BiBaK compound. The Fermi level is set at O eV.
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states (Fig. 1) and band structure (Fig. 2) of unstrained BiBaK,
using the optimized stable lattice constant.

Fig. 1 shows that unstrained BiBaK is a semiconductor with
an indirect bandgap of 1.05 eV along the I'-X direction, CBM
located at the I" point, and VBM located at the X point. The
calculated bandgap energy (E,) is larger than that calculated in
previous studies (0.75 eV*®). The stable structure assumed in our
calculations (Bi is located at the 4c site) is different from that
assumed by Guo et al.*® (Ba is located at the 4c site). Therefore,
the bandgap value (1.05 eV) of the BiBaK compound calculated
with the SOC + mBJ approximation is different from that
calculated by Guo et al.*® (0.7 eV). In addition, considering the
SOC but not the mBJ approximation, Han et al*® obtained
a bandgap value of 0.75 eV for the KBiBa compound using the
hybrid Heyd-Scuseria-Ernzerhof functional; this value is lower
than our calculated value (1.05 eV) because no mB]J correction
was considered.*

In the valence band of —1.5 to 2 eV, the density of states is
primarily determined by the Bi-p state, with smaller contribu-
tions from the Ba-d, K-d, and K-s states, whereas from —0.81 to
0 eV, the Bi-P state has the largest contribution, with smaller
contributions from the Ba-d, Ba-p, K-s, and K-d states. The
density of states for the bottom of the conduction band mainly
contains the Ba-d state, with small contributions from the Bi-p
and K-d states. The distribution of these states plays a crucial
role in the size of the BiBaK bandgap and properties of the
material under various strains.

3.1. Effect of isotropic strain on electronic structure

The application of strain also changes the electronic structure
of a semiconductor, which further alters its properties. The
effective mass (m*) is an important parameter that depends on
band edge curvature. Different strains induce different changes
in the electronic structure, resulting in changes in the effective
mass at the valence band maximum (VBM) and conduction
band minimum (CBM) of the band structure. Tables 1 and 2
present the calculated electronic structure properties and
effective masses under the influence of various compressive and
tensile strains. Fig. 3 and 4 show the changes in electronic
structure under various compressive and tensile strains,
respectively.

Fig. 3 and Table 1 show that the bandgap increases with
increasing compressive strain. In contrast, Fig. 4 and Table 2
show that the bandgap decreases with increasing tensile strain.
BiBaK is an indirect bandgap semiconductor under both tensile
and partial-compressive strains. As shown in Fig. 3, BiBaK
converts from an indirect to direct bandgap semiconductor
when the compressive strain reaches ¢ = —7%.

Under various isotropic strains, the energy of both the
valence and conduction bands changed. Under tensile strain,
the bandgap at the CBM tended to be steep, whereas the band
valley at the VBM tended to be flat (Fig. 4); the bandgap
decreased with increasing tensile strain. This phenomenon
occurs mainly because of the strain on the material structure,
which alters the contributions of various orbitals of the atoms
present near the Fermi level (Fig. 2). For the CBM, the high-

RSC Adv, 2024, 14, 463-477 | 465
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Fig. 2 Projected band structure of BiBaK at the optimized equilibrium lattice constants.

Table 1 Calculated lattice constant, effective mass of electron (m),
effective mass of hole (m}), and bandgap of BiBaK under various
compressive strains

Compressive

strain (&) a(d) Eq (eV) m, (me) my, (me)
0% 8.436 1.07 0.2 1.615
—1% 8.352 1.14 0.203 1.493
—3% 8.183 1.25 0.208 1.278
—5% 8.015 1.34 0.213 1.096
—7% 7.846 1.31 0.218 0.943
—9% 7.677 1.20 0.221 0.817

Table 2 Calculated lattice constant, effective mass of electron (m,),
effective mass of hole (m;), and bandgap of BiBaK under various
tensile strains

Tensile strain

©) a (A) E )  mi(m)  mp(m)
0% 8.436 1.07 0.2 1.615
1% 8.521 0.92 0.197 1.748
3% 8.690 0.90 0.192 2.053
5% 8.858 0.83 0.186 2.42
7% 9.027 0.64 0.181 2.867
9% 9.196 0.61 0.177 3.416
10% 9.281 0.56 0.176 3.735

symmetry point G is mainly composed of Bi-s orbitals, and the X
and W points are composed of Ba-d orbitals. For the VBM, the
high-symmetry point G is mainly composed of Bi-p orbitals. The
s-orbital is more expanded than the localized d-orbital. When
tensile strain is applied (Fig. 4), the band energy of both s- and
d- orbitals is reduced.

The s-orbital band energy decreased faster than that of the d-
orbital bands because of the expanded orbital characteristic.
Therefore, the s-orbital bands at point G lowered at the CBM
and rose at the VBM, whereas the d-orbital bands at the X and G
points hardly moved. Consequently, the bandgap gradually
decreased, and the band valley at the VBM tended to be flat. A

466 | RSC Adv, 2024, 14, 463-477

flatter band has a larger effective mass, indicating that the
material has excellent thermoelectric properties. Under
compressive strain, the band energies of both the s- and d-
orbitals increased. The s-orbital bands increased faster than the
d-orbital bands; therefore, the band structure of BiBaK changed
from an indirect to a direct bandgap when the compressive
strain reached —7% (Fig. 3). As the compressive strain gradually
increased, the bandgap increased, and the band valley near the
VBM tended to steepen. A steeper band curve implies a small
effective mass. The application of isotropic strain changes the
orbitals of various atoms in a material, thus changing the
bandgap and band edge curvature near the CBM and VBM.
Therefore, the effective electron mass (m,) increases with
increasing compressive strain and decreases with increasing
tensile strain, whereas the hole effective mass (m; ) decreases
with increasing compressive strain and increases with
increasing tensile strain.

The transport properties of the material are dominated by
narrow boundary regions of the electronic structure; therefore,
all changes that affect the electronic structure around the VBM
and CBM have a strong effect on the thermoelectric properties
of the material.

3.2. Dynamic properties

Phonon dispersion is an important parameter for the optical
and thermal properties of materials. The phonon dispersion
curve also reflects the thermal stability of the material in the
absence of an imaginary frequency. Fig. 5 shows the phonon
dispersion curves of unstrained BiBaK (¢ = 0%) along the
symmetry points. The BiBaK primordial cell has three atoms
and produces nine phonon branches, three of which are
acoustic modes with low frequencies and six are optical modes.
Fig. 5 and 6 show the phonon dispersion curves of BiBaK under
various isotropic compressive and tensile strains, respectively,
along the high symmetry lines in the Brillouin zone. Under
compressive strain, the transverse phonon frequency decreases.
When the compressive strain reaches —9%, an imaginary
frequency appears, and the structure becomes unstable. With
increasing tensile strain, the acoustic and optical band

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Computed electronic band structures of BiBaK under an isotropic compressive strain of up to —9%.
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Fig. 5 Phonon dispersion curves of BiBaK under various isotropic compressive strains.

frequencies decrease. This is expected, as under tensile strain,
the distance between atoms increases, thereby increasing the
bond length and strength. This leads to a decrease in phonon
frequencies and group velocity. When the tensile strain reaches
¢ = 11%, the phonon spectrum acquires an imaginary
frequency, indicating an unstable structure.

3.3. Elastic properties

We calculated the elastic properties of BiBaK, including the
elastic constants (Cj), shear modulus (G), bulk modulus (B),
Young's modulus (Y), Poisson's ratio (v), longitudinal velocity
(v1), transverse velocity (vs), and average sound velocity (vp),
under isotropic strain. The material parameters of BiBaK under

5 4 4
0% 7 %
~4r 4 9 —~
T _— 3 ol ]
& o2 2
=

5 S 3 e
o ol o 1
3 3 3
e . &

0 0 0

L L r X w L I X W

4 4 4
—~ | 9% 10% 11%
N /[;]\ | /[:]\
I?’ IS 1 E3- J
=) = / = s
\52 52> — o 22— <
= ot =
S s, N %1\
i3 i i

0 1) ..~ S - cead  ofF---

L r X W L r

Fig. 6 Phonon dispersion curves of BiBaK under various isotropic tensile strains.
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isotropic compressive and tensile strains are listed in Tables 3
and 4, respectively. If the calculated elastic constants under
various strains meet the Born-Huang stability criteria,” the
material is considered mechanically stable under all compres-
sive and tensile strains up to —9% and 10%, respectively.

C11>0, C44>0, CU—C12>0and C11+2C12>0 (4)

Based on these stability conditions, the following elastic
properties were defined:™

1

B::ﬂcu+2qg7 (5)
(Ci — Cia + C3) 5(Ci — Crp)
G— 5 3(Ciy — Cpp) + 4C447 (6)
2
9BG
Y= 3G )
_ (3B-20G)
" T 2(B+G) (8)
G
V= 4[—, 9
1 ﬁ )
_ |/(3B+4G)
v = 3 (10)
1/2 1 2
2
Vm = [g (? + E):| . (11)

The data in Table 4 shows that the bulk modulus B decreases
with increasing tensile strain. This represents an increase in the
lattice constant owing to an increase in the volume of a single
unit cell. Conversely, Table 3 shows that B increases with
increasing compressive strain.

Table 3 Calculated elastic and mechanical properties of BiBaK under
an isotropic compressive strain of up to —9%

Value under compressive strain

Parameter 0% —1% —3% —5% —7% —9%
C11 (GPa) 30.06 31.69 35.56 39.51 44.05 49.02
Cy, (GPa) 10.48 12.21 16.33 21.49 27.94 35.81
Ca4 (GPa) 7.44 7.46 7.35 6.54 4.89 1.22
B (GPa) 17.07 18.71 22.74 27.50 33.31 40.21
Y (GPa) 21.42 21.69 21.92 20.47 16.92 7.61
G (GPa) 8.30 8.30 8.19 7.44 5.98 2.59
BIG 2.05 2.25 2.78 3.70 5.57 15.51
¥ 1.71 1.82 2.04 2.37 2.81 3.69
v 0.29 0.31 0.40 0.38 0.42 0.47
v, (m Sfl) 2566.35 2603.17 2684.20 2743.16 2790.70 2778.33
v (m s’l) 1395.61 1374.44 1323.72 1223.12 1061.84 676.89
Vm (M s’l) 1556.91 1536.53 1486.15 1380.03 1204.54  772.99
Op (K) 125.8 125.4 123.8 117.4 104.6 68.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The B/G ratio measures the brittleness and ductility of
a material; a B/G ratio higher than 1.75 indicates a ductile
material; otherwise, a brittle material.”> Tables 3 and 4 reveal
that with the exception of tensile strains of 3%, 5%, and 7%, the
B/G ratio for BiBaK under strain is higher than 1.75. All
compressive strains produce a ductile material. The Cauchy
pressure (C;, — Cy44) also determines the ductility/brittleness of
a material; a positive Cauchy pressure indicates a ductile
material; otherwise, brittle.” Tables 3 and 4 show that the
Cauchy pressure is positive under all tensile and compressive
strains except the tensile strains of 3%, 5%, and 7%, which
confirms the toughness and brittleness of the material at
various tensile and compressive strains. The calculated Young's
modulus measures the resistance of a material to uniaxial
tension and also reflects its stiffness.”

If the Poisson's ratio is between 0.25 and 0.50, the interac-
tion force between atoms is naturally central.”* Other than the
3%, 5%, and 7% tensile strains, the calculated Poisson's ratios
are all between 0.25 and 0.50, reflecting a central interaction
force between atoms. Tables 3 and 4 show that v decreases as
the tensile strain gradually increases up to 9%; under
compressive strain, v increases with increasing strain.

Based on the resulting Poisson ratios, we calculated the
average Griineisen parameters (y) under various strains,”” as
follows:

3(1+v)

v = m (12)

v gradually decreases as the tensile strain increases up to
9%; however, for compressive strains, vy increases with
increasing strain (see Tables 3 and 4).

The Debye temperature (@p), an important parameter for
calculating lattice thermal conductivity, is determined using the
average sound velocity at all strains. The Debye temperature is
defined as”™®

(13)

o =% 4 M

1
h 3l’leA §V
KB m»

where 7, Kg, n, N,, vm, and M represent the Planck constant,
Boltzmann constant, number of atoms per unit cell, Avogadro's
number, the average sound velocity, and atomic mass of the
unit crystal cell, respectively. © gradually decreases with
increasing strain, whether compressive or tensile (see Tables 3
and 4).

3.4. Transport properties

3.4.1. Relaxation time. The transport properties calculated
using the BoltzTraP code involve a constant relaxation time 7,
which is a complex variable because of its dependence on the
detailed scattering mechanism. Because the wavelength of
carriers thermally activated at room temperature is much larger
than the lattice constant, the scattering of carriers is essentially
owing to electron-phonon coupling.””

The relaxation time (r) was calculated as a function of
temperature for BiBaK under isotropic strain and is shown in
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Table 4 Calculated elastic and mechanical properties of BiBaK under an isotropic tensile strain of up to 9%

Value under tensile strain
Parameter 0% 1% 3% 5% 7% 9% 10%
C1q (GPa) 30.06 29.06 26.01 23.15 21.57 17.82 17.18
C1, (GPa) 10.48 8.47 5.86 3.77 1.93 1.88 1.02
Cya (GPa] 7.44 6.774 5.90 4.71 3.37 1.65 0.44
B (GPa) 17.07 15.33 12.57 10.23 8.47 7.04 5.99
Y (GPa) 21.42 20.43 18.39 15.72 13.08 9.08 7.20
G (GPa) 8.30 7.99 7.32 6.32 5.26 3.54 2.77
B/G 2.05 1.92 1.72 1.62 1.61 1.99 2.16
¥ 1.71 1.64 1.53 1.47 1.46 1.68 1.77
v 0.29 0.28 0.24 0.24 0.24 0.29 0.30
v, (m sfl) 2566.35 2506.26 2392.58 2250.58 2109.67 1889.26 1738.65
Vg (rn sfl) 1395.61 1389.78 1369.71 1309.64 1229.51 1036.18 929.82
Vm (m s_l) 1556.91 1548.09 1521.75 1452.93 1363.85 1155.20 1038.39
Op (I() 125.8 123.8 119.4 111.8 103 85.6 76.3

Fig. 7, which reveals that under a compressive strain of up to
—9% or tensile strain of up to 10%, t decreases with increasing
temperature for both n- and p-type semiconductors. Except for
the n-type BiBaK under compressive strain, t increases with
increasing strain at all temperatures [Fig. 7(a), (b) and (d)].
Moreover, the t of n-type BiBaK is considerably larger than that
of p-type BiBaK at each compressive or tensile strain value
because electrons move in a nearly empty band and holes move
in a nearly filled band.

3.4.2. Electronic transport properties. Using the BoltzTraP
code based on the semi-classical Boltzmann transport theory,
we analyzed the electronic transport properties of BiBaK, such

Compressive Strain

as the Seebeck coefficient (S), electrical conductivity (¢), and
power factor (S’¢) as a function of temperature under
compression and tensile strains as shown in Fig. 8 and 9,
respectively.

Fig. 8(a) and (b) show that with increasing compressive
strain, the S of p-type BiBaK decreases, whereas the absolute
value of S for n-type BiBaK increases. Fig. 9(a) and (b) show that
with increasing tensile strain, S increases for p-type BiBaK but
decreases when the temperature is higher than 800 K, whereas
for n-type BiBaK under tensile strain, S does not change
substantially at low temperature and decreases with increasing
strain when T is higher than 400 K. These trends can be
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Fig. 7 Temperature-dependent relaxation time (z) for BiBaK subjected to isotropic (a) and (c) compressive and (b) and (d) tensile strains.
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explained by the change in the effective mass. S can be
expressed as™
™
7(5)
"G

where e and n represent the electron charge and carrier
concentration, respectively. S is proportional to m*, which
means that if m* increases or decreases, S will increase or

Wt

_ 8mlky”
T 3eh?

(14)

decrease, correspondingly, without any change in temperature.
The values of m* listed in Tables 1 and 2 show that the S value of
p- and n-type BiBaK is almost proportional to m* at high
temperatures with strain, regardless of whether it is compres-
sive or tensile strain.

Fig. 8(c) and (d) show that with increasing compressive
strain, ¢ for p-type BiBaK first increases up to —1% strain and
then decreases up to —3% strain, before increasing again. In
general, the values of ¢ for BiBaK under compressive strains are
higher than those for unstrained BiBaK. For n-type BiBaK, o first
increases with increasing compressive strain up to —1%, before
decreasing. Except for the value of ¢ when ¢ = —1%, ¢ for BiBaK
under compressive strain is lower than that for the unstrained
material.
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Fig. 9(c) and (d) show that with increasing tensile strain, o for
p-type BiBaK first increases up to 1% strain and then decreases,
whereas for n-type BiBaK, ¢ gradually increases with increasing
compressive strain. The change in ¢ with applied strain can be
explained by observing the trend of the bandgap under strain.
Under compressive strain, the bandgap increases with
increasing strain, which hinders electron transfer to the
conduction band; therefore, ¢ decreases. In contrast, under
tensile strain, the energy bandgap decreases and ¢ increases.

Moreover, for both p- and n-type BiBaK, ¢ decreases with
increasing temperature over all strain values. This can be
attributed to an increase in stream scattering at higher
temperatures, ultimately reducing the carrier mobility (u). The
relationship between ¢ and u is defined as ¢ = nep; therefore,
when u decreases, o decreases.

Fig. 8(e) and (f) shows that the power factor (PF = $%0) is
enhanced in both p- and n-type materials. For p-type BiBaK, PF
decreases with increasing temperature; for n-type BiBaK under
compressive strain, when 7 is less than 800 K, the value of PF
increases over 0-3% strain, whereas strain from —5% to —9%
causes a decrease significantly greater than the increase under
lower strains. The PF of BiBaK subjected to a tensile strain of up
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to 10% is presented in Fig. 9(e) and (f). For p-type BiBaK, PF first
increases considerably at 1% strain before decreasing with an
increase in tensile strain beyond 3%. In the case of n-type
BiBaK, PF increases with increasing tensile strain when T is
below 700 K; at higher temperatures, the PF value first increases
at 1% strain and then decreases with increasing tensile strain.

3.4.3. Thermal conductivity

3.4.3.1. Electronic thermal conductivity. Fig. 10 shows the
electronic thermal conductivity «. as a function of temperature
under different isotropic strains. According to the Wiedemann-
Franz law,

ke = LoT (15)
where L is the Lorentz number, and «. is proportional to .
Therefore, the trend of the variation in k. with temperature
under different strains is the same as that of ¢.

3.4.3.2. Lattice thermal conductivity. Fig. 11 presents the
temperature-dependent variation of k, for both compressive and
tensile strains. Under different strains, the lattice thermal
conductivity decreases with increasing temperature, owing to
phonon scattering.
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When compressive strain is applied, k, decreases with
increasing strain [Fig. 11(a)]. When tensile strain is applied, «,
first increases up to 3% strain before decreasing between 3%
and 10% strain [Fig. 11(b)]. The calculated values of «, for the
unstrained BiBaK compound are 1.62 and 0.55 Wm 'K ' at T
=300 and 900 K, respectively, in agreement with the values 1.82
and 0.6 Wm ™" K™, respectively, reported by Han et al.* for the
same temperatures.

3.4.3.3. Total thermal conductivity. The variation of thermal
conductivity with temperature for both p- and n-type BiBaK
under isotropic tensile and compressive strains is presented in
Fig. 12, which shows that « decreases with increasing temper-
ature. This may be caused by an increase in carrier scattering at
higher temperatures.

For p-type BiBaK under compressive strain at 7 below 400 K
[Fig. 12(a)], « first increases up to —1% strain and then
decreases gradually with strain increasing from —1% to —9%.
However, when T is higher than 400 K, the thermal conductivity
curve between —1% and —9% strain shows a slight zigzagged
fluctuation that is higher than that without strain. For n-type
BiBaK under compressive strain [Fig. 12(c)], « first increases
up to —1% strain and then decreases with an increase in strain

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Temperature-dependent electronic thermal conductivity (ke) of BiBaK under (a) and (c) compressive and (b) and (d) tensile strains.

from —1% to —9%, and it is greater than that for unstrained
BiBaK except at —7% to —9% strain.

For tensile-strained p-type BiBaK [Fig. 12(b)], « first increases
up to 1% strain and then decreases with an increase in strain
from 1% to 10%; k remains lower than that in unstrained BiBaK
except at 1% and 3% strains. For n-type BiBaK [Fig. 12(d)], «
increases with increasing tensile strain. In the range of 900-
1200 K, « increases gradually at low tensile strains.

3.4.4. Figure of merit. The efficiency of thermoelectric
materials is measured by the dimensionless parameter Z7T.
Fig. 13(a) and (c) shows an overall increasing trend for the ZT
values for p- and n-type BiBaK under increasing compressive
strain, and all values are larger than those for the unstrained
BiBaK. When the temperature is 1200 K, the ZT values are 0.89
and 0.93 for p- and n-type BiBaK, respectively, which are higher

Compressive Strain

than the reported values of 0.82 for TalrGe” and 0.45 for
HfRhSb.* Fig. 13(b) and (d) show that for p-type BiBaK, ZT
increases with increasing tensile strain, and under each strain,
the ZT value shows a trend of first increasing and then
decreasing with increasing temperature. Z7T reaches
a maximum value of 0.15 when the strain reaches 10%.
Conversely, for n-type BiBaK, the ZT value decreases with
increasing tensile strain, and the value of ZT for unstrained
BiBaK is 0.63 at 7= 1200 K.

The calculated transport parameters show that the ZT values
of p- and n-type BiBaK improve significantly under the action of
compressive strain. Therefore, compressive strain can be used
for improving the thermoelectric performance of BiBaK
compounds.
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Fig. 11 Temperature-dependent lattice thermal conductivity (k,) of BiBaK under (a) compressive and (b) tensile strains.
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4. Conclusions the half-Heusler alloy BiBaK. The results indicate stable

mechanical and thermodynamic properties for all strained and
In this study, using density functional and semi-classical unstrained structures. Isotropic strain significantly alters the
Boltzmann transport theories, we investigated the effects of electronic structure, causing changes in the effective mass and
isotropic tensile (up to 10%) and compressive (up to —9%) bandgap. The bandgap increases with increasing compressive
strains on the electronic structure and transport properties of strain and decreases with increasing tensile strain. The Seebeck
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coefficient (S) is approximately proportional to m* under all
strains, and the conductivity (¢) is inversely proportional to the
Seebeck coefficient. Under compressive strain, the power factor
(S%0) increases for both p- and n-type BiBaK. Using Slack's
equation, we calculated the lattice thermal conductivity (),
which decreased with increasing strain for both compressive
and tensile strains. The lattice thermal conductivity reached its
minimum value under compressive strain, which can aid in
improving the figure of merit (Z7). At T = 1200 K, the ZT value
for n-type BiBaK reached a maximum of 0.93 under a compres-
sive strain of —9%. Therefore, the transport properties of n-type
BiBaK compounds can be effectively improved by adjusting the
electronic structure of the material via the application of
compressive strain.
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