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Abstract

Electronic structures and thermoelectric (TE) properties of KBiBa and KBiSr half-Heusler
compounds are investigated by using the combined framework of first-principles and
semi-classical Boltzmann transport theory. Elastic and phonon properties calculations reveal
that these compounds are mechanically and dynamically stable. Band structures calculations,
using the Tran and Blaha modified Becke—Johnson potential including spin—orbit coupling,
show that KBiBa and KBiSr compounds are semiconductors with an indirect bandgap of 0.88
and 0.95 eV respectively. Performing calculations on lattice thermal conductivity, deformation
potential, effective mass of charge carriers and their relaxation times allow us to deduce the
dependence of the figure of merit ZT on doping concentration and temperature. At 1200 K,
KBiBa and KBiSr compounds exhibit a ZT peak value of 2.68 and 1.56 at optimized n-doping
values of 2.2 x 10" and 1.7 x 10" cm™3, respectively. Considering high ZT values, KBiBa
and KBiSr are considered to be ideal TE candidates at high temperature.

Keywords: half-Heusler, thermoelectric properties, first-principles, spin-orbit coupling, figure

of merit

(Some figures may appear in colour only in the online journal)

1. Introduction

Thermoelectric (TE) materials have attracted much attention
during the last decade thanks to their ability to transform heat
to electrical energy [1]. The efficiency of TE conversion lies
in the dimensionless figure of merit ZT given by ZT = SZT"T,
where S is the Seebeck coefficient depending on the effective
mass of charge carriers, as well as on their concentrations. o
is the electrical conductivity, T the absolute temperature and

* Author to whom any correspondence should be addressed.

K the total thermal conductivity, which is the sum of the elec-
tronic and the lattice contribution parts (k. + k). Good TE
performances can be obtained by increasing electrical proper-
ties such as electrical conductivity and Seebeck coefficient to
enhance the power factor (S?0), and at the same time reduc-
ing the thermal conductivity, which is an important feature
describing thermal losses by electrons and phonons diffusion.
The above mentioned parameters are interdependent, implying
difficulties to enhance ZT. Thus, the main challenge lies in the
manner to improve one of them without affecting the others.
Both 18 and 8 valence electrons half-Heusler materials have
been investigated and developed for various TE applications.
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Figure 1. Three phases of the half-Heusler alloys KBiX, a phase (left), 8 phase (middle) and ~ phase (right).

Most of them are expected to operate efficiently at high tem-
perature range (beyond 900 K). Recently, Guo et al [2] selected
among a set of 95 starting compounds nine p-type and six
n-type half-Heusler compounds with high power factors. They
found high ZT values of 2.46 and 2.11 for p-type VCoGe
and NbCoSi, respectively, at 900 K. The half-Heusler NbFeSb
compound has been studied with and without doping [3]. The
figure of merit of undoped NbFeSb exceeds 1, whereas a
p-doped NbFeSb reaches a ZT of 1.5 at 1200 K. This result
was explained by the fact that doping sites enhance point-
defect and electron—phonon scattering, reducing the thermal
lattice conductivity. Fang et al [4] predicted, theoretically,
a ZT of 1.5 at 1200 K for p-type RuTaSb half-Heusler,
resulting from low effective mass and high band degener-
acy. TE properties of [-1I-V half-Heusler compounds XMgN
(X = Li, Na, K) were studied theoretically by Rashid Ahmed
et al [5]. ZT was approximately found equal to 1 for all
n-doped compounds. However, only electronic thermal con-
ductivity to relaxation time ratio was taken into account, omit-
ting the phonons interactions and diffusion phenomena that
can occur. This can induce large discrepancies with the real
value of the figure of merit. Sun et a/ [6] studied TE proper-
ties of II-III1-1II half-Heusler compounds BXGa (X = Be, Mg,
and Ca). A remarkable high ZT value of 7.38 was predicted
for the n-type BCaGa at 700 K. Zhang et al calculated TE per-
formance of two semiconductors BaBiNa and SrBiNa, com-
bining the first-principle DFT with the semi-classical Boltz-
mann transport theory [7]. Maximum ZTs of 1.14 and 1.16
were reached for n-type BaBiNa and SrBiNa at carrier con-
centrations of 5.62 x 10'® and 3.60 x 10'® cm~3 at 800 K,
respectively.

Relaxation time and lattice thermal conductivity are crucial
parameters to accurately assess the figure of merit. Yang et al
[8] used the constant relaxation time approximation (CRTA)
to predict TE properties of 36 p- and n-type half-Heusler com-
pounds. Guo et al [2] used both the CRTA and the defor-
mation potential (DP) approximations to examine electrical
conductivities of nine p-type and seven n-type half-Heusler
compounds. They conclude that the CRTA method underes-
timates considerably the electrical conductivity value. Car-
rete et al [9] investigated approximately 79 000 half-Heusler
compounds using a combination of machine learning tech-
niques and ab initio calculations. They selected 75 thermo-
dynamically stable compounds and found among them only
three semiconductors having thermal conductivities lower than
5 W m~! K~!. Thereafter, Toher et al [10] used the automatic
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Figure 2. Calculated total energy versus volume for a, 3, and

phases of KBiBa and KBiSr.



Table 1. Calculated equilibrium lattice parameter, bulk modulus, its
pressure derivative and bandgap energy of KBiBa and KBiSr
compounds using SOC and SOC + mBlJ.

Compound ao (A) By (GPa) By Gap (eV)
KBiBa SOC 8.40 16.69  3.83 0.30
SOC + mBJ 0.88
0.75%
Other calc. 8.45% 0.70P
KBiSr SOC 8.18 17.18  4.03 0.42
SOC + mBJ 0.95
Other calc. 0.49b

19].
°[2].

Gibbs library (AGL) in order to estimate thermal properties
of 108 half-Heuslers.

In what follows, we perform ab initio investigations on TE
properties of two I-1I-V half-Heusler compounds with eight
valence electrons, KBiBa and KBiSr. The choice of these two
materials is mainly due to the low values of the lattice thermal
conductivity (1) at 300 K found by Toher et a/ [10] (1.59 and
1.45W m~! K~1). Knowing that x; decreases with increasing
temperature, we expect low ki values at high temperatures,
and hence a high value of the figure of merit. We start our
work by identifying the most stable phase of each material.
The most stable phase is examined properly by determining
the electronic properties which play a significant role in ther-
mal properties. Mechanical and dynamical stability are also
examined. We perform calculations on lattice thermal conduc-
tivity, DP, elastic constant, effective mass of charge carriers
and their relaxation time. The combination of these parame-
ters allows us to determine the maximum attainable ZT and
the carrier concentration at which it occurs.

2. Methods and computational details

Ab initio calculations are performed in the framework of den-
sity functional theory (DFT). The full potential linearized
augmented plane-wane method with the generalized gradi-
ent approximation of Perdew—Burke—Ernzerhof (GGA-PBE)
[11] is used as implemented in the Wien2k code [12].
Tran and Blaha modified Becke—Johnson potential (TB-mBJ)
[13, 14] is added to spin—orbit coupling (SOC) calculations to
obtain an accurate value of the bandgaps. The cutoff param-
eter Ryt X Kmax 1s chosen equal to 7.0 and the energy con-
vergence condition is achieved for 10~* Ry. The muffin-tin
spheres radii (Ry) of each atom are 1.8, 2.1, 2.5 and 2.8 for
K, Sr, Ba and Bi, respectively. A 13 x 13 x 13 k-mesh sam-
pling under the Monkhorst—Pack scheme [15] is adopted for
both structural and electronic properties calculations. In order
to calculate TE properties of these materials, semi-classical
Boltzmann equation is used as implanted in the BoltzTrap
code [16]. To obtain good results, we increased the k-mesh
sampling in the Brillouin zone to 36 x 36 x 36. The
phonon dispersion calculations are performed using the
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Figure 3. SOC + TB-mBJ electronic band structures of KBiBa and
KBiSr.

plane-wave self-consistent field package implanted in the
quantum ESPRESSO code [17]. A 8 x 8 x 8 mesh for the
first Brillouin zone sampling and 80 Ry for cutoff of the
plane wave basis set are used. The fully-relativistic ultra-
soft pseudopotentials which includes SOC with the exchange-
correlation part treated in the generalized gradient approx-
imation by Perdew—Burke—Ernzerhof (GGA-PBE) [11] are
used.



Table 2. Elastic constants, density, longitudinal and transversal phonon velocities, bulk and shear modulus and Debye temperature of

KBiBa and KBiSr.
Compound C11 (GPa) C15(GPa) Cu (GPa) p(gecm™) v (ms™h) v (ms™h) B (GPa) G (GPa) ©p (K)
KBiBa 30.78 10.41 7.35 4.31 2565.11 1394.13 17.20 8.38 126.15
KBiSr 32.50 10.61 8.38 4.06 2732.52 1515.02 17.91 9.33 140.52
3. Results and discussion 120 -
| KBiBa

3.1. Structural optimization and electronic band structures

Half-Heusler compounds have general chemical formula XYZ
and crystallize in a cubic structure (space group F43m). X, Y
and Z atoms occupy respectively the Wyckoff positions 4a (0,
0,0), 4c (5,4, %), and 4b (4,3, 1). The 4c site is unique in
the structure where Y atom is surrounded by eight nearest-
neighbors atoms. The exchange of the X and Z atoms between
4a and 4b positions does not change the structure. The total
energy as function of the volume, E(V), using SOC calcu-
lations was carried out for three phases called «, (5, and
depending on whether Bi, Ba (or Sr), and K are on the unique
site respectively (see figure 1).

The E(V) curves of the three phases for both KBiBa and
KBiSr compounds are presented in figure 2. We found that
the a-phase is the ground state structure of both KBiBa and
KBiSr where the unique site is occupied by Bi atom. The corre-
sponding structural parameters are obtained by fitting the total
energy curves using the Murnaghan equation of states [18].
The calculated values are summarized in table 1. A favorable
agreement is noticed with the recent theoretical calculation of
Han et al [19].

In figure 3, we plot the band structures of KBiBa and KBiSr
obtained by SOC + TB-mBJ calculations. The band structures
display a semiconductor character with an indirect bandgap.
They exhibit flat and dispersive bands at a maximum valence
band with an indirect (X—I") bandgaps of 0.88 and 0.95 for
KBiBa and KBiSr, respectively. Regarding the gap widths, the
largest bandgap is obtained for SOC 4+ TB-mBJ calculation
(see table 1). The bandgap values (0.88 and 0.95) of KBiBa and
KBiSr compounds calculated with SOC + mBJ approximation
are different from those found by Guo et al (0.70 and 0.49 V)
[2]. The stable phase used (Ba and Sr occupy the single site)
is different from the stable alpha phase found in our calcula-
tions (where Bi occupy the single site). Besides, the bandgap
calculations are performed by the projector augmented
wave scheme within GGA-PBE and without considering
SOC + mBJ approximation.

On the other hand, Han ef al [19] found a band gap value of
0.75 eV for the KBiBa compound using the hybrid functional
of Heyd-Scuseria—Ernzerhof (HSE) taking into account the
SOC but without considering mBJ approximation. This value
is lower than that found in our calculations (0.88 eV), due to
the mBJ correction which was not considered in reference [19].
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Figure 4. Phonon frequencies dispersion curves of KBiBa and
KBiSr in « phase.

3.2. Mechanical and dynamical stabilities

Mechanical stability of a cubic crystal can be determined by
the Born stability criteria [20], given by:

Cii—Cip>0,C;1 >0,C1 +2C12 >0 and Cy > 0.
ey
Where Cyy, Ci2, and Ca4 are the elastic constants. The calcu-
lated elastic constants of KBiBa and KBiSr compounds satisfy
the stability conditions (see table 2), which implies that these
materials are mechanically stable. The elastic constants are
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also used to determine the mechanical properties of the crys-
tal, such as bulk modulus B = (Cy; + 2C2)/3, shear modulus
(G) and Debye temperature (fp). Additional information could
be extracted on the brittleness or the ductility of the mate-
rial by calculating the Pugh’s ratio B/G [21]. According to the
Voigt—Reuss—Hill approximations, G is expressed as [22-24]:

Cn*C12+3C44_|_ 5(C11—=C12)Cas
5 3(C11—=C12)+4Cyy )

2

G =

The Debye temperature fp can be estimated using
Anderson’s formula [25].

g _ b (3npNA )P (1T L2 e )

P ks \dr M 3 v v '
Where 4 is the Planck constant, n is the number of atoms per
formula unit, p is the density, Ny Avogadro’s number, kg is the
Boltzmann constant and M the atomic mass of the unit crystal

cell. v and v, are the longitudinal and the transversal sound
velocity, respectively, given by [25]:

w=+/G/p and v =

(B + iG) . 4)

=
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Figure 6. Band edge energy as a function of uniaxial strain for KBiBa and KBiSr.

Table 2 summarizes the calculated elastic constants and
their derived mechanical parameters. The calculated bulk mod-
ulus B values from elastic constant are very close to those
obtained from the Murnaghan fit (see table 1), which confirms
the accuracy of our elastic constants values. The resistance to
plastic deformation can be measured by the shear modulus G,
the low values of G/B ratio indicate that these materials have
low resistance against shear deformation.

The Pug ratios of KBiBa and KBiSr (2.05 and 1.91) exceed
1.75, which indicates that these compounds are ductile in
nature favoring their use in TE applications.

Dynamical stability is established by the phonons fre-
quencies dispersion curves along the high symmetries points.

The dispersion curves of KBiBa and KBiSr in the o phase
is shown in figure 4. The three atoms per unit cell give
rise to nine vibrational modes, in which three of them are
acoustic (low-frequency region) and six are optical (high-
frequency region) modes. All phonon branches are free from
negative values, confirming the dynamical stability of both
compounds. Phonons are characterized by their group veloci-
ties given by the following relation v, = ‘3]—‘“ which corresponds
to the slope of their branches. The optical phonons branches
are almost flat (their group velocities are low), while the lon-
gitudinal acoustic phonon branch, for which the variation is
linear, has the highest group velocity, contributing mainly in
the thermal conduction.



3.3. Thermal conductivity and thermoelectric properties

Seebeck coefficient (S), electrical conductivity (o), electronic
thermal conductivity (k) and figure of merit (ZT) of KBiBa
and KBiSr compounds are investigated. The lattice thermal
conductivity (ki) is calculated by using the Slack equation and
the ShengBTE code [26] based on the harmonic and anhar-
monic interatomic force constants combined with a full solu-
tion of phonon Boltzmann transport equation. Assuming that
heat is conducted by acoustic phonons and following the pro-
cedure used in the reference [27], Slack equation gives [28]:

Mo3 V'3

,sznz/s : ®)

R, =
Where M is the average atomic mass, V is the volume per
atom and n is the atoms number in the primitive cell. v is the
Griineisen parameter calculated by the expression proposed by
Julian [29] and given by:

99— 12(w/w)’

= . 6
2—|—4(vt/vl)2 ©

The constant A in Slack expression is calculated in terms of
the Griineisen parameter as:

2.43 x 1078
A= o o %)

According to Slack equation, a weak value of Debye tem-
perature fp, a large Griineisen parameter y (indicating strong
anharmonicity) and a high n give lead to a low value of the
lattice thermal conductivity s,

The calculated lattice thermal conductivity as a function of
temperature for KBiBa and KBiSr using both Slack equation
and ShengBTE code, represented by the figure 5, provide very
close values. However, some discrepancies appear in the low
temperatures range (especially at 100 K), that do not affect the
material thermal properties since half-Heusler materials are
known to be a good heat converter at high temperatures. The
lattice thermal conductivity values are substantially equal in
both approximations at higher temperatures and consequently
the figures of merit values remain the same. From figure 5,
k1 decreases with the increasing of temperature and reaches
0.46 and 0.98 W m~! K~! values at 1200 K for KBiBa and
KBiSr, respectively. At 300 K, the calculated values are found
equal to 1.84 and 3.95 W m~! K~ whereas Carrete et al [9]
found respectively 2.19 and 1.96 W m~! K~! using a full ab
initio anharmonic characterization and Toher et al [10] esti-
mated them, using AGL, to 1.59 and 1.45 W m~! K~!, respec-
tively. A good agreement is observed for the value of KBiBa
compared to the value of 1.82 found by Han et al [19]. Our cal-
culated values are comparable to those of the best TE materials
such as Bi,;Tesz and Sb,Tes, which exhibit low lattice thermal
conductivity at 300 K (~2 W m~!' K1) [30].

To achieve the calculation of the total thermal conductivity
(ke + KL), it is necessary to compute the electronic contribu-
tion (k) part. With BoltzTraP code ¢ and &, are expressed in
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Figure 7. Total energy as a function of uniaxial strain for KBiBa and
KBiSr.

Table 3. DOS effective masses, DP and elastic constant of KBiBa
and KBiSr.

Electrons Holes
mq* Eq Cii Eq Cj
Compound (mgy) eV) (GPa) mg*(my) (V) (GPa)
KBiBa 0.27 8.83 36.29 1.35 7.22 36.29
KBiSr 0.22 9.18 36.65 1.72 7.11 36.65




160

m KBiBa
~ 1404 ® KBiSr
= i
2 1204
S
3= 4
3]

2 100
o
qa ]
o 80
g
= 60
2
§ ]
X 40
o ]
~
20
0 I i I ! I 4 I i I ' I ! 1 i I . I ! I
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
16
O KBiBa
14 - O KBiSr
@
e
w124
2
£
= 10+
S
[&]
£ e
g
.g 6 -
5
KR
e~
2
0 T T T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 1100 1200

Temperature (K)

Figure 8. Holes and electrons relaxation time of KBiBa and KBiSr versus temperature.

the form of the ratios o /7 and k. /7, where 7 is the electronic
relaxation time estimated in this study by using the DP theory
given by Bardeen and Shockly [31]. At the same temperature,
we assume that the relaxation time is constant when carrier
concentration changes, in this case 7 is given by:

(8m)'/2h*C;

3 (®)
3(miksT) " E3

Where £ is the reduced Planck’s constant, m] is the de density
of states (DOS) effective masse, Cj; is the elastic constant and
E4 the DP. The latter, calculated for holes and electrons from
the band edge energy of valence band maximum (VBM) and
conduction band minimum (CBM) as function of the uniaxial
Ad jg given by:

strain
ag

Eedge
AR
o(%)
Where Aa = a — ay is the shift from the equilibrium lattice
constant ap. The energy of the VBM and CBM vary linearly
with the applied strain, as shown in figure 6. The slope of the
curves represents Eg.

The elastic constants Cj; are computed by the quadratic
polynomial fit of the total energy variation under strains as:

Eq=

€))

1 0O°E
Cji = VO@' (10)

Where, V) is the equilibrium volume. The fitted curves versus
strains of both compounds are shown in figure 7.
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The effective mass of charge carriers in both valence and
conduction bands under the parabolic approximation is defined
by the curvature of the band in k-space as:

hZ

This implies that the effective mass for a flat energy curve
will be greater than the narrower energy curve at a given
k-point. The DOS effective mass mj, on which the See-

(1)

beck coefficient depends, is defined as NV2 /3 (mj . m; -m;

where N, is the number of bands involved in transport (band
degeneracy). For an isotropic material with a same band
masses (mj*c =my =m; = m*) along the x, y, z directions,
my = Nf/ Sm*, Thus, a large N, and a small m*, could, simulta-
neously, gives rise to a high Seebeck coefficient and a high
mobility [32]. The calculated values of E4, Cj and mj for
KBiBa and KBiSr compounds are listed in table 3.
According to the equation (8) and by using the results
of m}, Eq and Cjj, we plot in figure 8 the relaxation time

)1/3
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Figure 10. Electrical conductivity of KBiBa and KBiSr as a function of carrier concentration at different temperatures.

7 of both holes and electrons as a function of the tempera-
ture. The changes of relaxation times evolve in a similar way
in both compounds. They undergo a strength decrease then
vary slowly over a wide high temperature range. The elec-
trons relaxation times are ten times longer than those of holes
for both compounds. We, therefore, expect a high electrical
conductivity and thus a high power factor in both n-doped
compounds.

Figure 9 shows the calculated Seebeck coefficient as a
function of carrier concentration at different temperatures

(300, 600, 900, and 1200 K). For simple metals or degenerate
semiconductors with parabolic bands and energy independent
scattering, the Seebeck coefficient is given by [33]:

my* ( )2/3.

For both doping types, the absolute value of § increases
when the carrier concentration decreases. For the p-type dop-
ing and high temperature, it reaches a maximum and then
decreases due to the bipolar effect. Maximum absolute values

o 87T2k32T

™
$= 3eh?

™ (12)
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Figure 11. Power factor of KBiBa and KBiSr as a function of carrier concentration at different temperatures.

are reached in the regions of weak carrier concentration for
both KBiBa and KBiSr compounds. S values of p-type doping
are higher than that of n-type ones. This is related to the fact
that the holes effective mass is higher than that of electrons.
Contrary to S, the electronic conductivity as shown in figure
10 increases with increasing carrier concentration. For both
compounds, o values of the n-doping are significantly larger
than that of the p-doping at the same carrier concentration
and temperature. This is interpreted by the fact that the con-
ductivity is inversely proportional to the effective mass and
evolves directly with the relaxation time of charge carriers. A
combination of a larger relaxation time, as well as, a smaller
effective mass of the electrons with respect to the holes, makes
the electrons conductivity higher. In the high n-doping region,

the maximum electrical conductivity reaches 1.3 x 107 S m™!
for KBiBa, while for KBiSr it reaches 2 x 107 S m~', both at
300 K.

Figure 11 displays the change of the power factor (S?0) as
a function of doping concentration at various temperatures.
Based on the electronic structures, these compounds exhibit
dispersive valence bands and high band degeneracy, leading to
a maximum n-type power factor of 16 x 1073 W m~! K2
(11.6 x 1073 W m~! K=2) for KBiBa (KBiSr) at 300 K.
We note that the S?c peaks are located in the large car-
rier concentration range and are absent for low concentration
(10'8-10%° cm~?) due to the small o values in this region.

In order to achieve to a correct estimation of the figure of
merit, the total thermal conductivity is required. x;, was carried
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Figure 12. Electronic thermal conductivity of KBiBa and KBiSr as a function carrier concentration at different temperatures.

out previously and the electronic contribution of the thermal
conductivity is estimated through the Wiedemann—Franz law
ke = Loo, where L is the Lorentz number. For metals or a
degenerate semiconductors, L is given by (wkg/e)?/3 and for
nondegenerate semiconductors it is given by 2(kgle)? [34]. ke
is presented in figure 12 as a function of carrier concentra-
tion at various temperatures. In both doping types, the shape of
the electronic thermal conductivity curves varies in the same
way as those of the electrical conductivity. Also, both types of
thermal conductivities decrease with increasing temperature.
It is noticed that the largest . values are obtained in the high

doping region. For KBiBa, the «. values of the n-type doping
carriers are 20 times (40 times for KBiSr) larger than that for
the p-type ones.

By using the power factor and the total thermal conductiv-
ity results, we calculate the dimensionless figure of merit ZT
as a function of the carrier concentration for various tempera-
tures. Figure 13 shows that ZTs for n-type doping are greater
than that for p-type ones. At 300 K, ZT is low and is equal to
0.31 (0.18) for KBiBa (KBiSr) reaching 2.68 (1.56) at 1200 K
for the optimized n-doping value of 2.2 x 10" cm™3 (1.7 x
10" ecm™3). At 1200 K, a maximum ZT value of 0.61 (0.21)
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Figure 13. ZT of KBiBa and KBiSr as a function of carrier concentration at different temperatures.

is found for p-doping concentration of 4.48 x 10°° cm™ and
9.15 x 10* cm™ for KBiBa and KBiSr, respectively.
Han et al [19] have predicted, using first principle calculations,
a ZT value of 1.9 for the n-doped KBiBa compound at 900 K.
This value is higher than 1.7 found in our study. This is due
to the fact that Han et al drop mBJ approximation which
enhances the gap value and thus affects the ZT value.

4. Conclusion

The energetically stable phase of the half-Heusler compounds
KBiBa and KBiSr is investigated using the DFT. Electronic

properties, using GGA + SOC calculations combined with the
TB-mBJ approximation, reveal that these compounds are p-
type semiconductors with indirect gaps. The calculated elastic
constants and phonons frequencies dispersion curves show that
the studied compounds are mechanically and dynamically sta-
ble. The TE properties are calculated using the semi-classical
Boltzmann theory. The lattice thermal conductivity s at dif-
ferent temperatures is investigated using Slack’s equation.
At high temperature, s is extremely low (smaller than
1 W m~!' K™!) leading to high values of ZT, 2.68 and 1.56
at 1200 K, for n-doped KBiBa and KBiSr, respectively. On the



basis of the results KBiBa and KBiSr half-Heusler compounds
could be considered as good TE materials.
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