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ABSTRACT: KMgBi is an interesting system with several unconventional
electronic transport properties. Despite numerous studies exploring its
topological trivial/nontrivial nature, it has never been studied from a
thermoelectric (TE) perspective. Its band structure shows appropriate
degenerate flat bands near the valence band edge that are useful for high
thermopower. We also show that KMgBi acquires a high degree of
anharmonicity that leads to low lattice thermal conductivity. This yields a
high TE figure of merit, ZT ~ 2.21 (p-type) at ~600 K temperature. A
careful analysis of electron and phonon dispersion establishes an interesting
quasi-2D nature of KMgBi. Utilizing the flat degenerate valence band and
strong spin—orbit coupling, we discuss how to further enhance the TE
performance of KMgBi via alloy engineering. Substituting Li at K and As at
Bi sites increases the band gap with little effect on the band curvature, further
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improving the TE performance. With 50% As alloying, we expect ~10—11% enhancement in the ZT.

KEYWORDS: energy material, quasi-2D material, thermoelectrics, electronic structure, relaxation time, electronic transport,

phonon transport

B INTRODUCTION

The ever-increasing demand of energy requires a concentrated
effort to broaden our renewable energy resources. A large
fraction of energy consumed around us is often lost as waste
heat. Conversion of such heat into other forms of usable
energy can significantly impact the global energy requirement.
Over the past few years, thermoelectrics has emerged as an
important research field that converts such waste heat into
electricity. In the quest for finding novel materials to meet/
enhance the thermoelectric (TE) conversion efficiency, several
classes of compounds have been explored in the past
decades.'~”'"'* Among these, ternary half-Heusler alloys
(HHAs) have emerged as promising candidates for TE
applications because of their reasonable band gap values,
high Seebeck coeflicient, and appealing transport properties.
Interestingly, HHAs have the potential to replace some of the
state of the art TE materials.">~'® In the recent past, there has
been extensive effort to find new HHAs with promising TE
properties. One of the best HHAs found so far is the family of
ANiSn (A = Ti, Zr, or Hf)-related compounds with maximum
reported ZT values ranging between 0.7 and 1.3."°7"> Apart
from these, NbCoSn (ZT ~ 0.15),"” TiCoSb (ZT ~ 0.015),"*
and others have emerged as promising HHA candidates. All
these compounds belong to the 18-valence-electron HH
family. Similar efforts to discover new materials also lead to
an extensive investigation of the eight-electron HH fam-
ily.'""™* In pure HHAs (without doping), the TE figure of
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merit turns out to be relatively small because of the small
magnitude of power factor and large thermal conductivity.
Thus, it is important to tune the governing parameters in any
pure (ideal) crystal via doping/pressure to improve their TE
performance. The effect of doping in ideal crystals can be
theoretically studied using the semiclassical Boltzmann trans-
port equation. Thus, simulations can guide us in making an
educated guess and reducing the resources/time toward
experimental realization of promising TE materials. In this
article, we discuss an important ternary half-Heusler
compound, KMgBi.

KMgBi has been discussed in various density functional
theory (DFT)-based studies in the cubic,”"*’ hexalgonal,26 and
tetragonal’”*® phases for optoelectronics, ferroelectrics, and
topological insulator applications, respectively. Experimentally,
it has been reported to crystallize in the tetragonal phase (P4/
nmm, no. 129) at room temperature.”” Theoretically, this
tetragonal phase of KMgBi is predicted to show a band gap
(Eg) of 363 meV within generalized gradient approximation
(GGA), which closes when spin—orbit coupling (SOC) effects
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are included.”” This SOC-driven band gap closure and the
observed band inversion predict KMgBi to be a candidate as a
topological Dirac semimetal (DSM). The experimental study
by Zhang et al,” however, confirms KMgBi to be a narrow
band gap semiconductor with E; ~ 11.2 meV. Taking insights
from these experimental findings, Le et al.”’ used a more
accurate HSEO3 functional to reproduce the experimental band
gap and showed that even though KMgBi is topologically
trivial, the DSM phase can be achieved with external strain or
doping of the K-site with isovalent heavier elements (Rb, Cs).
In addition to the conflicting trivial/nontrivial nature of the
electronic band structure, an interesting feature of KMgBi is
the presence of the degenerate flat bands at/near the valence
band edge.”” Such feature is not paid too much attention in the
literature, but this feature can facilitate very high density of
states at/near the Fermi level (E;) and is highly preferred for
TE applications.

Despite various reports, KMgBi has never been explored
from a thermoelectric perspective. In this article, we first
confirm KMgBi to show a quasi-2D nature. The quasi-2D
materials display unique electronic, optical, and thermal
properties and thus can be potential candidates for thermal
management and energy conversion, electronics, etc.’”®! The
distinct properties of such layered cystal structures, like
KMgBi, are dictated by the bonding strength between inter-
and intra-layers and are thus interesting to analyze. Addition-
ally, these materials exhibit reasonably low lattice thermal
conductivity’” and hence are extremely useful for high TE
performance. With this background, we present a detailed
report confirming KMgBi to be a promising candidate for TE
applications whose efficiency can further be enhanced with
suitable alloy engineering. Our results are based on the
calculation of highly accurate band gaps/order using the
HSE06+GW scheme including the SOC effect. This is then
followed by the explicit evaluation of thermoelectric properties.
Most importantly, we made a careful attempt to accurately
calculate the lattice thermal conductivity (k) and the carrier
relaxation time (7), which is required for a reliable estimate of
the TE figure of merit (ZT). Detailed insight into the
contribution of optical phonon modes to the lattice thermal
conductivity and its effect on ZT is also presented. Intrigued by
the interesting flat valence band feature as a consequence of
the quasi-2D nature and strong SOC effects in KMgBi, we have
further explored the possibility of improving its TE perform-
ance via alloy engineering.

B COMPUTATIONAL/THEORETICAL DETAILS

We employ first-principles ab initio simulations within DET
as implemented in the Vienna Ab initio Simulation Package
(VASP)**™*° with a projector augmented-wave basis*” and the
GGA exchange-correlation functional of Perdew—Burke—
Ernzerhof (PBE).*® For more reliable estimates of band gap
and band order, hybrid HSE06>° and HSE06+GW*® schemes
are used. The eftect of spin—orbit coupling is included
explicitly in the calculations. A plane wave energy cutoff of 500
eV and a Brillouin zone (BZ) sampling using [-centered k-
mesh is done for all the calculations. Different k-point meshes
are used at different levels of calculations, details of which are
provided in the Supporting Information.*' Cell volume, shape,
and atomic positions for all the structures are fully relaxed
using a conjugate gradient algorithm until the energy (force)
on each atom converge below 107 eV (0.001 eV/A).
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At a given absolute temperature, T, the conversion efficiency
of a TE device depends upon the transport coeflicients of the
constituent material through the following dimensionless figure
of merit (ZT),

2

r=— 59

(k, + &, + K3) (1)
where S is the Seebeck coefficient, ¢ is the electrical
conductivity, and k. and ki are the thermal conductivity with
respect to electrons and phonons, respectively. It is always a
major challenge to enhance ZT as the transport parameters S,
0, and « (k. and ki) are inter-related and primarily depend
upon the electron/phonon dispersion, carrier concentration,
and other system-dependent properties. k, is the bipolar
component to the thermal conductivity. Further details
explaining these components are provided in the Supporting
Information.*'

Ab Initio Scattering and Transport (AMSET)* code was
used to calculate electronic transport properties; it uses the
energy- and temperature-dependent carrier relaxation time to
evaluate the transport distribution function while solving the
Boltzmann transport equations. The lattice thermal con-
ductivity k;, was calculated, including both three-phonon and
four-phonon scattering. Both in-plane and out-of-plane
contributions are explicitly shown. Further calculation details
are given in the Supporting Information.*'

B RESULTS AND DISCUSSION

Electronic Structure. KMgBi is experimentally reported to
crystallize in a tetragonal structure (space group P4/nmm (no.
129))*” with Mg—Bi and K atomic layers stacked above each
other along the ¢ axis, as shown in Figure la. The reciprocal

=
)
o

(b)

Figure 1. (a) Tetragonal crystal structure (space group P4/nmm, no.
129) of KMgBi showing the stacking of K and Mg—Bi layers. The box
sketched by solid lines indicates the unit cell. (b) The reciprocal
lattice unit cell of KMgBi showing the high-symmetry k-points.

lattice unit cell along with the high-symmetry k-points are
shown in Figure 1b. The theoretically optimized lattice
constant is found to be a = 494 A and ¢ = 8.55 A, which
are in excellent agreement with previously reported theoretical
values of a = 493 A and ¢ = 854 A*" The reported
experimental values for the same are a = 4.88 A and ¢ = 8.37
A% Using the PBE exchange-correlation functional, we found
KMgBi to be semiconducting with a band gap of 0.35 eV,
which agrees well with a reported theoretical value of 0.36
eV.”” Because Bi is a heavy element, it is important to take into
account the effect of SOC. Theoretically, SOC has been
reported to close the band gap, giving rise to the 3D Dirac
semimetallic phase.”” However, experimental findings reveal
that it indeed has a very small band gap of ~11.2 meV,” with
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Figure 2. For pure KMgBi, (a) the atom projected band structure along the high-symmetry lines of BZ where the band gap is scaled to the value
obtained from HSE06+GW+SOC calculations, (b) the phonon band structure, (c) the mode gruneisen parameter (y), (d, e) electronic (k. + ;)
and lattice (k) components of the thermal conductivity (k) (three-phonon scattering) for p-type and n-type conductions calculated at carrier
concentrations of 1 X 10** and 4 X 10" cm™, respectively, and (f) lattice thermal conductivity values (k) calculated by including three-phonon

and four-phonon scattering processes.

topological nontrivial band ordering. This discrepancy calls for
a closer inspection of the electronic band structure with a more
accurate hybrid functional (HSE06) including the SOC effects.

The electronic band structure of KMgBi using PBE and
HSEO06 functionals, with and without SOC, is shown in Figure
SI of the Supporting Information.*' Note that, at the PBE level,
the nature of the band gap is direct (Eg = 0.35 eV), but with
the inclusion of SOC, the gap closes. The nature of bonding
and effect of inclusion of SOC is explained in section II of the
Supporting Information.*' At the HSE06 level, the band gap
increases to 0.83 eV, keeping the band curvature almost the
same. Interestingly, when SOC effects are included within the
HSEO06 functional, the gap value decreases, but unlike the PBE
case, a small band gap (E, = 0.22 V) still persists. This is very
similar to the findings of Le et al,”” who despite claiming
KMgBi to be a 3D Dirac semimetal, showed that HSE03+SOC
can open up a gap if the amount of exact Hartree—Fock
exchange is tuned via the mixing parameter a. To avoid the
dependence on any mixing parameter, we performed the linear
response GW+SOC calculation within the hybrid (HSE06)
functional, which is fully ab initio in nature and is known to
give the theoretically most accurate estimate of the band gap.*
A band gap of 0.28 eV thus obtained is the best theoretical
prediction for KMgBi ever reported in the literature, which will
be used for our additional TE simulation. Our present findings
are also consistent with the experimental work of Zhang et
al,”” which reported KMgBi to be a small band gap material.

Figure 2a shows the atom projected band structure of
KMgBi within the PBE functional with its band gap scaled to
the value obtained from HSE06+GW+SOC calculations. This
is reasonably acceptable for two reasons: (i) no noticeable
changes in the band curvature obtained from the PBE versus
HSEO06 functional except the magnitude of the band gap (see
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Figure SI of the Supporting Information®"). (ii) HSE06-SOC
calculations are computationally an order of magnitude more
expensive than PBE+SOC calculations. The valence band
edges mostly acquire Bi and Mg characteristics, whereas the
conduction band edges are dominantly contributed by K
atoms. The conduction band edges have some contributions
from the other two atoms as well. The occupied bands along
the I'=M or I'=X direction are dispersive, in contrast to bands
along the I'=Z direction, which suggests that the thermo-
electric properties vary in in-plane and out-of-plane directions.
The very flat nature of valence bands along the I'=Z direction
(from the BZ center toward the boundary) indicates a quasi
two-dimensional (2D) behavior of KMgBi toward the hole
transport. Interestingly, the occupied bands are symmetric
along the two planes P1 (I'-M—X) and P2 (Z—A-R), as
shown in Figure 1b). This points toward a similar type of hole
transport in the two planes P1 and P2, further strengthening
our idea of a quasi-2D structure for hole transport. The most
interesting feature is the occurrence of flat bands along the I'—
Z direction, which leads to a very high effective mass. This
suggests that KMgBi can be a very good p-type TE material
with high thermopower.

Phonon Properties. Figure 2b shows the phonon
dispersion of pure KMgBi. The primitive unit cell has six
atoms, giving rise to a total of 18 phonon branches. The
acoustic and optical modes of vibration are shown by green
and black lines, respectively. The phonon density of states
(DOS) and the effect of LO-TO splitting on the phonon band
structure are shown in section III of the Supporting
Information.*’ When one looks at the phonon DOS in Figure
SVIII(b) of the Supporting Information,*" it is clear that the
major contributions to the low-energy modes arise from Bi and
K atomic vibrations, whereas the Mg vibrations are separated
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Figure 3. For KMgBi, the carrier concentration (1) dependence of the Seebeck coefficient (S), power factor (S%6), electronic thermal conductivity
(k.), and TE figure of merit (ZT) at different temperatures (T) in the upper left panel (a,b,e,f) for p-type conduction and in the lower left panel
(ij,m,n) for n-type conduction, respectively. The right column shows the anisotropy in the Seebeck coefficient (S), power factor (S%), total
thermal conductivity (), and ZT versus # at the temperatures corresponding to the maximum ZT values for (c,d,gh) p-type (600 K) and (k,L,0,p)

n-type (900 K) conductions, respectively.

by a frequency gap in the phonon dispersion. This indirectly
reconfirms the quasi-2D nature of KMgBi, reflected in the
phonon transport as well. One can see the mixing of low-
energy optical phonon modes with the acoustic phonon
branches, which are often responsible for the reduction of
lattice thermal conductivity due to additional scattering. The
higher optical modes (above the gap region) show perfect
symmetry and a similar nature along the two planes P1 and P2
of the BZ (see Figure 1b). Additionally, the bands along the
direction of high-symmetry points from P1 to P2 (I'-Z and
X—R) are almost flat, again confirming the quasi-2D nature of
KMgBi toward the phonon transport. As evident from Figure
2b, the two TA and TA' bands are degenerate along I" to Z,
but they split along the I" to M direction. Figure 2¢ shows the
frequency dependence of y, which accounts for the change in
phonon mode frequencies with small changes in the volume. In
other words, ¥ is a measure of the degree of anharmonicity of
the lattice; the higher the y-value, the more anharmonic the
lattice, resulting in additional scattering that leads to the
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reduction of ;. The gruneisen parameters (¥, 71a and yrar)
for each LA, TA, and TA’ mode and the overall average
gruneisen parameter (y) of a given system can be obtained
from the y versus frequency plot (Figure 2c). In the present
case, the y-values for all three acoustic branches are quite high.
This indicates a higher degree of anharmonicity in KMgBi and
hence low k;. The phonon thermal conductivity, in the a-
direction, k, is obtained usin% the Boltzmann transport
equation and Fourier’s law, as***

k _ 2
a Clvl,a Tl,a
A

)

where the summation is over all the phonon wave vectors, q,
and polarizations, v, enumerated by composite index 4 = (q,v).
¢, is the phonon specific heat, v, , is the @ component of the
phonon group velocity vector v;, and 7, is the phonon
scattering time. Theoretical details regarding the computation
of ¢, v, 5 and 7, , are available in ref 46. The phonon scattering
rates are obtained by considering the three-phonon and four-
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phonon scattering processes, the details about which can be
found in ref 46. Figure 2f shows the lattice thermal
conductivity versus the temperature calculated by including
three-phonon scattering only and then by including four-
phonon scattering as well (at 300, 600, and 900 K). Clearly,
the four-phonon scattering causes a reduction in the lattice
thermal conductivity as compared to three-phonon scattering.
Interestingly, the overall contributions from four-phonon
scattering is not much. Thus, we have now calculated the ZT
values using the lattice thermal conductivity data obtained
from three-phonon scattering processes. For more details
about the calculation of kj, please see section I of the
Supporting Information.”" T-Dependence of the calculated &,
is shown in Figure 2d,e.

Thermoelectric Properties. Most theoretical simulations
of TE properties are based on constant relaxation time
approximation (CRTA).*”*® However, the solution of
Boltzmann transport equations” under CRTA is grossly
incorrect because of the complex nature of scattering, leading
to the energy- and temperature-dependent carrier relaxation
time. This eventually results in an incorrect estimation of the
electronic transport properties (S, 6, and k, + k). Recently, an
ab initio approach has been proposed by Ganose et al.** to
calculate the energy- and temperature-dependent carrier
scattering rates, which includes the full anisotropic nature of
the acoustic deformation potential (ADP), polar optical
phonon (POP), piezoelectric (PIE), and ionized impurity
(IMP) scattering processes and has been shown to predict the
electronic transport properties with decent accuracy. The ADP,
POP, and IMP scattering rates as a function of carrier
concentration at different temperatures is shown in the
Supporting Information. The PIE scattering rate is neglected
because the piezoelectric tensor values were 0. With an
increase in carrier concentration, the charge carriers near the
ion cores effectively shield the outer carriers from scattering,
which affects the scattering mechanisms involving the effective
ionic charge (POP and IMP scattering). Thus, the effective
carrier screening is taken into account within the limits of
AMSET code. The ZT values obtained without carrier
screening effects is shown in Figure SXVII of the Supporting
Information for comparison. The variation of total carrier
relaxation time ranges for electrons and for holes, in the
temperature range 100—900 K, is shown in Figure SXVI of the
Supporting Information.*’ These relaxation times were then
used to calculate the electronic transport properties within the
AMSET code.

The lattice thermal conductivity plays a crucial role in the
accurate prediction of the thermoelectric figure of merit.
Interestingly, the lattice thermal conductivity values are low for
the reasons explained earlier. Figure 2d,e shows various
components of thermal conductivity [(k, + k;,) together and
k] (where ki is obtained from calculating phonon scatttering
rates from three-phonon scattering processes) for p-type and
n-type KMgBi, respectively. Figure 3 shows various thermo-
electric properties (Seebeck coefficient S, power factor $?, and
TE figure of merit ZT) and electronic thermal conductivity(x,)
as a function of carrier concentration (n). The change in
carrier concentration arises from the varying chemical potential
that can be thought of as mimicking the effect of doping/
alloying in the host material, as long as the shape of the band
structure and the band gap does not alter much with doping/
alloying (the so-called rigid band approximation).
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It is important to note that, for intrinsic semiconductors, the
minority charge carriers come into play when the temperature
is sufficiently high to cause the generation of electron—hole
pairs and the excitation of electrons across the band gap. The
contribution to thermal conductivity due to such a process is
called the bipolar thermal conductivity (k,).”° For heavily
doped semiconductors, the effect of k, can be neglected
because the relative carrier concentration generated due to
such thermal agitation is very low compared to the number of
carriers induced by the dopants. Thus, the effect of bipolar
conduction only becomes relevant at lower carrier concen-
trations and increases with temperature. In the case of KMgBi,
the small band gap (E, = 0.28 eV) does not require much
thermal energy to create the electron—hole pair, and hence it
excites the generated electrons in the conduction bands. The
effect of bipolar conduction is evident from the variation of the
Seebeck coeflicient and the electronic thermal conductivity, «,
(see Figure 3) at relatively lower carrier concentration. As
obvious from the figure, the Seebeck coefficients are
significantly suppressed in the low carrier concentration region
for both n- and p-type conduction when the temperature is
increased from 300 to 900 K. On the other hand, electronic
thermal conductivity at lower carrier concentrations and higher
temperatures is more due to bipolar contribution.

The peak value of the figure of merit (ZT,,,) for p- and n-
type conduction usually occurs at different doping levels for p-
type and n-type carriers. This is due to the different natures of
bands and scattering. While showing various components of
the thermal conductivity (in Figure 2d,e), we have chosen
those doping concentrations for the two carriers at which the
figure of merit (ZT) is maximum (= ZT,,,). The maximum ZT
values (Figure 3) were obtained for a carrier concentration of 2
x 10* and 7 X 10" cm™ for p- and n-type conduction,
respectively. At these carrier concentrations, the maximum
Seebeck coeflicient and power factor obtained for n-type
conduction are 154.8 uV K™! and 2.7 mW m™' K72, and those
for p-type are 235.6 uV K' and 108 mW m™ K72
respectively. The lower value of the Seebeck coefficient for
n-type conduction can be attributed to highly dispersive
conduction bands leading to a very low effective mass
(~0.05m,). As expected, an exceptionally high ZT value of
~2.21 was obtained for p-type as compared to that of 0.76 for
n-type conduction.

Because of the quasi-2D nature, KMgBi has anisotropic
transport properties. Figure 3¢k and Figure 3d,l show the
variation of in-plane and out-of-plane Seebeck coefficients and
power factors for p-type and n-type conductions with the
logarithm of the carrier concentration log(n). These values are
shown at 600 K for p-type and 900 K for n-type conduction,
which are the temperatures corresponding to their respective
ZT . It can be seen that the in-plane power factor is very high
as compared to the out-of-plane value for p-type conduction.
This is due to the smaller values of ¢ in the out-of-plane
direction. The relatively higher value of S along the out-of-
plane direction for p-type conduction (valence bands from I'—
Z) is due to the much higher value of the effective mass
(~6.14m,). However, the anisotropy in S is weak for n-type
conduction. Figure 3g,0 and Figure 3h,p show the variation of
in-plane and out-of-plane total thermal conductivities and ZT
for p-type and n-type conductions with carrier concentration
(n). There is high anisotropy in k values for p-type conduction
as compared to that for n-type conduction. It can be seen that,
for p-type conduction, the in-plane ZT value is quite high
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(~2.32), whereas for the n-type conduction, the out-of-plane
ZT value is high (~1.25).

Enhancing TE Performance via Alloy Engineering.
Thermoelectric properties of a given material are quite
sensitive to its band gap (along with the curvature at/near
the band edges). Although a small band gap allows easy
excitation of electrons across the band edges, it concurrently
compromises the Seebeck coeflicient because of the increase in
charge carrier concentration. Figure 4a shows the calculated T-

800

o

Hd
o

2 2
.f:=<;;j\§§=» 15?ffii:;§\§;:>
1 9 1
3 1 Sosfp

125% LiatK 12.5% As at Bi

Eg=0.20eV T Eg=029eV

o

E-E, (eV)

Hrd
o
T

(b) ] (d) 3

g

E-E, (eV)
-

[d
o
T

Eg=0.32 eV Eg= 0.659 eV | Eg="10:653 eV}

| 50% LiatK

=)

=)
T

" 50% As at Bi

EE, (V)
&
&
-

(e) |}

o -
T
o
T

—

T

Figure 4. (a) Temperature dependence of ZT at optimal carrier
concentrations for p-type conduction of KMgBi using three different
band gap values (i.e,, 0.011, 0.28, and 0.32 eV). The optimal carrier
concentrations for the three cases are 1 X 10%, 1 x 10%°, and 9 X 10"
cm™, respectively. The HSE06+SOC band structure of alloyed
KMgBi for (b) 12.5% Li at K sites, (c) 50% Li at K sites, (d)12.5% As
at Bi sites, and (e) 50% As at Bi sites.

dependence of ZT for p-type conduction of KMgBi using three
different band gap values, keeping the band curvature
unchanged. The plot clearly indicates that ZT can increase if
we can somehow enhance the band gap of KMgBi, keeping the
changes in band topology minimal. This motivates us to
explore a few selected alloys that can increase the band gap of
KMgBi, keeping the flat valence band character along the I'—=Z
intact. As evident from Figure 2a, the valence band edges are
dominated by Bi states, whereas conduction band edges have
contributions from all three atoms. From our previous studies
on KMgBi and LiBiMg, the latter is known to have a larger
band gap in the cubic phase.”> Also, substituting heavier
elements at K sites (like Rb, Cs) in its stable tetragonal phase is
known to decrease the band gap.”” This suggests the
exploration of Li mixing at K sites. Also, as evident from
Figure SIII of the Supporting Information,*' SOC effects due
to Bi heavily reduces the band gap. Thus, a suitable alloy (e.g.,
an isovalent lighter element) at Bi sites might help to increase
the band gap. This tells us to explore As as a possible
substitution at Bi sites. The band structures and atom
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projected density of states for various alloyed configurations
are shown in Figure 4b—e and Figure SVIII of the Supporting
Information, respectively.

Alloying Li at K Sites. Two different alloying concentrations
(12.5% and 50%) were tried for Li at K sites. Figures SIV and
SV of the Supporting Information*" show the band structures
of these alloys within (a) PBE, (b) PBE+SOC, (c) HSE06, and
(d) HSE06+SOC functionals. For 12.5% Li at K sites, a direct
band gap of 0.39 eV is observed at the PBE level, which closes
when SOC is taken into account. With HSE06, however, a
direct band gap of 0.88 eV is observed, which reduces to 0.29
eV with the inclusion of SOC. Note that, in all the calculations,
enhancement in the band gap is observed as compared to the
undoped KMgBi case. Similarly, 50% Li at K sites also shows
enhancement in the band gap values, as expected. A close
inspection of Figure SIII indicates that the nature of the band
gap is indirect (0.31 V) at the PBE level because of the rise of
valence bands along the I' to X direction. This feature,
however, disappears when SOC is taken into account. Such an
uphill of certain valence bands makes the band flatter, which is
again a favorable feature for better TE performance.
HSE06+SOC band structures for the two alloys are also
presented in Figure 4b,c. Most interestingly, the band
curvature including the flat valence band feature (near Eg) in
both alloys almost remains unchanged as compared to that of
pure KMgBi. There are, of course, some band splitting and/or
an increased number of bands resulting from the larger size of
the unit cell.

Alloying As at Bi Sites. As discussed earlier, because of the
presence of Bi (heavy atom), spin—orbit effects are more
evident in KMgBi. It is this effect that is primarily responsible
for the decrease in the band gap at the HSEQ6 level, or the
closure of the gap at the PBE level. One of the ways to reduce
these effects is to substitute a lighter, isovalent element at the
Bi site. Two different alloying concentrations (12.5% and 50%)
were tried with As substitution at the Bi sites. Figures SVI and
SVII of the Supporting Information*' show the band structure
of these alloys at the level of (a) PBE, (b) PBE+SOC, (c)
HSE06, and (d) HSE06+SOC exchange-correlation func-
tionals. The HSE06+SOC band structures for these alloys are
also shown in Figure 4d,e. With 12.5% As alloying at Bi sites,
the band gap increases from 0.83 eV (pure KMgBi) to 0.9 eV
at the HSEO06 level and from 0.22 eV (pure KMgBi) to 0.29 eV
at the HSE06+SOC level. Unlike PBE+SOC, which closes the
band gap, HSE06+SOC still keeps it semiconducting with a
band gap value of 0.29 eV.

For 50% As alloying at Bi sites, interestingly a band gap of
0.14 eV is obtained, even within PBE+SOC, in contrast to all
previous cases. HSE06+SOC predicts the most accurate band
gap, which in this case is ~0.65 eV. A negligible difference
between the direct and indirect band gap is observed for all
band structures. As before, the flat band feature of the valence
band edges still remains intact after alloying, which is beneficial
for achieving enhanced TE properties. A comparison of the
density of states of the various dopant configurations with pure
KMgBi is shown in Supporting Information. This increase in
band gap with alloying can be viewed as shifting of conduction
(valence) bands to higher (lower) energies, without much
effect on the overall band curvature. As such, an enhancement
in the TE properties is expected with the above-specified
alloying.
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B CONCLUSION

We have theoretically investigated the unexplored thermo-
electric properties of the experimentally synthesized KMgBi. A
detailed electronic structure, phonon, and thermoelectric
properties were simulated and a quasi-2D nature of this
material has been established from both electron and phonon
band structure. Unlike most other ab initio calculations, we
have performed a more accurate prediction of band gap (E,)
and band order using the hybrid HSE06+GW approach. From
the band topology, we predict topological trivial nature of this
compound. Such accurate estimate of Eg is also highly desired
for the reliable prediction of thermoelectric properties. SOC is
found to play an important role because of the heavier element
Bi. The inclusion of SOC maintains the flat band feature of the
valence band edges. Such flat bands are quite advantageous for
promising electron transport. KMgBi also shows excellent
thermal transport, including a low value of lattice thermal
conductivity. This arises because of the high degree of
anharmonicity. Such favorable electronic and thermal transport
makes KMgBi a promising candidate (with a TE figure of merit
ZT as high as 2.21). For further enhancement of the TE
efficiency, various substitutional alloying in KMgBi is explored.
This helps to enhance the band gap, maintaining the flat band
nature of the valence band edges intact. It is found that Li,
being the lighter element, helps to increase the band gap when
alloyed with potassium (K). Also, arsenic doping at Bi sites
reduces the spin—orbit coupling, thereby again increasing the
band gap. With the proposed alloying, we expect a 10—11%
increase in ZT for KMgBi. The ultralow k; and high ZT values
make KMgBi an extremely promising TE candidate for future
experimental exploration.
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