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The structural, electronic, mechanical, and thermoelectric properties of alkali-metal-based bismuth selenides
(ABiSe,; A = Na, K) are investigated using a combination of ab initio density functional theory and semiclassical
Boltzmann transport theory. The computed lattice constants are in close agreement with experimental results
obtained from the Crystallography Open Database. The calculation of the phonon dispersion, elastic tensor, and
formation energy confirm that both compounds are dynamically, mechanically, and thermodynamically stable.
The band gaps of KBiSe, and NaBiSe, are indirect, and their room-temperature values computed at the HSE06
level including spin-orbit coupling (SOC) are 1.20 and 1.13 eV, respectively. SOC interactions impact the band
gaps of these compounds which in turn influence the optical and thermoelectric properties, respectively. The

absorption coefficients and figure-of-merit values obtained from optical and thermoelectric calculations suggest
these materials as potential candidates for photovoltaic and thermoelectric applications.
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I. INTRODUCTION

The constant growth in world population and widespread
use of energy-demanding technologies are leading to a con-
tinuously increasing demand for energy, which is difficult to
meet with available energy resources. As a result, presently,
there is an acute interest in renewable energy production
and management, through the development of solar cells and
thermoelectric devices [1,2]. Solar cells built from hybrid
organic-inorganic perovskites have recently achieved efficien-
cies of >25%, and they are currently considered one of the top
candidate materials for photovoltaic technology [3]. Among
the various options, formamidinium lead triiodide (FAPbI3) is
now identified as one of the frontrunner compounds, having a
25.2% power conversion efficiency and stable operation for
a long period [4]. However, the presence of lead in these
highly efficient perovskites remains a major concern. This
is inextricably linked to air instability, humidity sensitivity,
toxicity, and the health risks associated with Pb [5,6]. Several
strategies have been suggested to overcome this drawback,
including synthesizing alternative compounds by looking out
for elements to replace Pb ions. For instance, attempts have
been made toward substituting Pb with Sn, but Sn-based com-
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pounds have been found to be unstable due to the ease of
oxidation of the Sn** ion [7].

Another viable option is to use bismuth, which has an outer
65> lone pair like Pb and is not harmful [8]. Bi is also a
heavy group-V element with significant spin-orbit coupling
(SOC), which typically influences important features of the
band structure [9]. Interestingly, the Bi ionic radius, elec-
tronegativity, and valence electronic shell are comparable with
that of Pb [10,11]. Bi-based oxides have been reported to have
the ability to absorb light near the infrared region since the
Bi 6s shell can hybridize with O 2p orbitals belonging to
the chalcogen group. This hybridization can form an advan-
tageous hybridized valence band as well as narrow band gap
suitable for light absorption [12]. Bi is also a stable, inexpen-
sive, easily functionalized element with good electrical and
diamagnetic characteristics. Therefore, it becomes an intrigu-
ing element for the development of compounds for industrial
applications. Because of these distinctive properties, bismuth-
containing compounds, particularly those with alkali metals,
and chalcogens have lately been explored for photovoltaic and
thermoelectric applications [13]. For instance, the presence of
chalcogen elements such as O, S, Se, and Te typically results
in structural and thermodynamic stability [14], so it is not
surprising to see several recent experimental investigations on
this class of compounds appearing.

For example, Yang et al. [15] synthesized and characterized
chalcogenide compounds with the ABiX; formula (A = Na, K,
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or Cs, and X = S or Se) and found that these systems possess
outstanding stability in air and strong absorption in the visible
to near-infrared region. Rosales ef al. [16] also reported that
APnX, (A = Na, Pn = Bi, X = S or Se) semiconductors
exhibit intermediate band gaps within the 1.20-1.45 eV range,
namely, in an optimal solar cell energy window. Theoretical
studies also exist for some materials of this class, including the
NaAX, (A = As, Sb, Bi; X = S, Se, Te) monoclinic structures
investigated by Khare et al. [13]. Their findings indicated that
three of these compounds are dynamically stable and exhibit
strong absorption values ranging from 10* to 10> cm ™! in the
visible-ultraviolet range. Kumar R. et al. [17] performed a
theoretical investigation of ABiX; and ABiX3 (A = Na, K and
X =0, S) and discovered that NaBiO, and KBiO, have direct
band gaps and absorb light in the visible spectrum. It was also
reported that these systems are mechanically stable, providing
an overall good outlook for the use of bismuth-based chalco-
genide compounds in photovoltaic applications.

When designing a thermoelectric compound, one must
maximize the Seebeck coefficient S and the electrical conduc-
tivity o as well as minimize the thermal conductivity k. The
power factor P = S?0 and the figure of merit ZT = oS°T /k,
which depends on the these thermoelectric quantities, help in
determining the performance of a device. Several theoretical
studies have been conducted investigating the thermoelectric
performance and ZT of chalcogenide compounds. Mohyedin
et al. [18] studied Bi,Te; using the local density approxi-
mation parametrization of density functional theory (DFT)
including SOC. Their findings demonstrate that eliminating
the magnetic component of the material, which required SOC,
provides analytical insight on how to improve the thermoelec-
tric performance. Ternary chalcogenides with formula ABX>,
where the A and B sites host a metal and the X site a chalcogen
ion, have also been reported to possess promising thermo-
electric features [19]. Lee er al. [20] reported A,SbSes (A
= K, Rb, and Cs) to be an interesting class of materials
for thermoelectric applications based on a calculated Seebeck
coefficient and power factor greater than those of Bi,Te; and
PbTe, which are commonly known thermoelectric materials.
According to Tabeti ef al. [21], AgBiS, shows a figure of
merit increasing with doping and reaching maxima of ~0.95
and 0.85 for a carrier concentration of 2 x 10" cm—3 in p-
and n-type doping conditions, respectively. Furthermore, sys-
tems belonging to the group I-V-VI, family (where I = Cu
or Ag, V = Sb or Bi, and VI = S, Se, and Te) have also
been mentioned as promising thermoelectric materials due to
their low thermal conductivity [22,23]. In addition, inorganic
thermoelectric materials have been reported to simultaneously
achieve high thermoelectric performance and flexibility with
a good potential in portable/wearable electronic applications
[24]. For instance, Zhu et al. [25] reported that Bi Tes; shows
noticeable advancements as wearable electronics because of
its good thermoelectric performance around room tempera-
ture. Also, Qiao et al. [26] doped Te on Bi,Te; using a grain
boundary diffusion route. The thermal conductivity was ob-
served to effectively reduce without minimizing the electrical
conductivity, and a ZT value of 0.67 was obtained at room
temperature.

Motivated by these fascinating findings concerning
bismuth-based chalcogenide materials, in this work, we

present a theoretical study of alkali-metal-based Bi selenides
with ABiSe, formula, where A = Na, K. Only a few pre-
liminary investigations are available in the literature for this
class. Thus, structural, electronic, mechanical, thermody-
namic, dynamical, and transport properties are here explore.
We consider the experimentally synthesized trigonal (R-3m
space group) structure [27], from the Crystallography Open
Database, and we conduct our study using various levels of
DFT together with the semiclassical Boltzmann theory for
transport.

II. COMPUTATIONAL METHODS

All calculations are performed with projector augmented-
wave DFT as implemented in VASP [28,29]. The standard
Perdew-Burke-Ernzerhof (PBE) parameterization of the gen-
eralized gradient approximation (GGA) is used as the
exchange-correlation functional [30,31]. The KBiSe, struc-
ture considered in this work is obtained from the Crystallogra-
phy Open Database, while NaBiSe, is modeled by exchanging
K with Na at the corresponding cation site. An energy cutoff
of 350 eV is used in the expansion of the plane-wave, to-
gether with a Gaussian smearing of 0.1 eV anda 6 x 6 x 1
I'-centered k-point mesh (see Fig. S4 in the Supplemental
Material [32]). To account for the weak dispersive forces,
Grimme DFT-D3 (BJ) van der Waals (vdW) [33,34] correc-
tions are included. SOC is considered when computing the
electronic properties calculations because of the existence of
heavy atoms but not during the geometry relaxation. The
inability of the GGA to return good estimates of the band
gap is mitigated by performing further calculations on the
relaxed structures at the level of the Heyd-Scuseria-Ernzerhof
(HSEQ06) hybrid functional [35]. Furthermore, ab initio molec-
ular dynamics (MD) simulations are carried out using the
canonical ensemble at constant temperature and volume (NVT
ensemble) to investigate the effects of temperature on the band
gaps. The integration of the bulk Brillouin zone is carried out
with a I'-centered k-point mesh for all DFT-MD simulations
within a 3 x 3 x 1 supercell model. The ionic positions of
the reported experimental structure (KBiSe;) are updated by
varying the temperature from 100 to 500 K via MD calcula-
tions to obtain initial structures at different temperatures with
an interval of 100 K. These temperatures are maintained with
a Nosé-Hoover thermostat [36,37]. The system is thermalized
using a time step of 4 fs until equilibrium is achieved (see
Fig. S6 in the Supplemental Material [32]). Then the total MD
simulation time is 20 ps and comprises 5000 steps at a 4 fs
resolution. Electronic band gap calculations are then carried
out on the output structures obtained at different temperatures.

The dynamical stability of the compounds studied is inves-
tigated by computing their phonon dispersion curves in the
harmonic approximation [38]. By using a 3 x 3 x 1 supercell
and a2 x 2 x 1 k-grid mesh, the Hessian matrix is computed
with the finite displacement method [39] at zero temperature.
Then the PHONOPY code [40] is used to compute the harmonic
phonon frequencies along the high-symmetry pathway in the
Brillouin zone.

The thermodynamic stability of the compounds is assessed
by computing the formation and decomposition energy with
respect to their constituent elements as illustrated in Egs. (1)—
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TABLE 1. Calculated lattice parameters (a = b, c¢), angles (¢« = 8 = 90, y = 120), unit-cell volume V, and number of atoms per unit
cell N,, for KBiSe, and NaBiSe,, in their trigonal crystal structure (space group R-3m). The percentage differences between calculated and

experimental data are reported in the bracket.

Compound Values from N, a(A) c(A) V(A%)
KBiSe, Experiment [27] 12 4.26 23.03 362.68

This work 12 4.24 (—0.47%) 22.87 (—0.70%) 356.73 (—1.64%)
NaBiSe, This work 12 4.17 20.76 311.90

(3). The energies of the reactant compounds and elemental
phases are obtained from the Materials Project database and
reoptimized to yield a consistent ground-state energy. The
formation energy Efom effectively measures the bond energy,
while the decomposition energy AE, establishes whether the
ternary phase is unstable against binary decomposition:

Etorm = E(ABiSes) — E(A) — E(Bi) — 2E(Se), (1)

X Etemary
AE; = [Zci E,-‘"““y/zvi} - )

1 1
ABiSCg — EAZSe + 5Bi28e3. (3)

In the formulas above, A = Na or K, while E*©™% and Eiblnary
represent the ground-state energy per formula unit of the bi-
nary and ternary compounds, respectively. Here, N and N; are
total number per formula unit of the atom of the ith binary and
ternary systems, while c; is the fractional coefficient required
to balance the chemical reaction. The specific decomposition
pathway of the studied compounds was obtained from the
KBiSe, convex hull construction reported in Ref. [27]. A
similar decomposition pathway is adopted for NaBiSe.

The dielectric tensor is computed from the DFT band struc-
ture within the random phase approximation, and the real ¢;
and imaginary ¢, parts of the static dielectric constant are
related through the Kramer-Kronig relation. The absorption
coefficients o(w) for both compounds are evaluated through
the relation [41,42]:

a(w) = @\/\/s%(w) + &3(w) — &1(w),

where ¢ (w) and &,(w) are the frequency-dependent real and
imaginary parts of the dielectric function, respectively.

An assessment of the mechanical stability of the ma-
terials is carried out by using the Born stability criteria,
which encompass a collection of conditions that are nec-
essary and sufficient to establish the stability of a given
material in its unstressed state. These conditions are spe-
cific to different structures. For the trigonal lattice con-
sidered in this work, the Born stability criteria is defined
as C1 > |Cpa|, Cuu > 0, C}y < 3C33(Ciy + Cr2), and C}, <
5C14(C1y — Ciz) = CasCos [43,44].

Finally, the thermoelectric transport coefficients are cal-
culated by solving the semiclassical Boltzmann transport
equation within the constant relaxation time approximation
as implemented in the BoltzTraP code [45] and a denser k-
mesh of 24 x 24 x 4. It is worth noting that the electronic
thermal conductivity k, is usually larger than the lattice ther-
mal conductivity k; for this class of compounds. Indeed, for

a complete evaluation of the full thermoelectric properties,
the inclusion of the lattice thermal conductivity would be
desirable, as it may alter the resulting figure of merit [46].
However, this is outside the capability of the BoltzTraP code,
which only computes the electronic thermal conductivity, and
such an analysis is postponed to future work. In this way,
we obtain the Seebeck coefficient, power factor, and figure
of merit with respect to the chemical potential and carrier
concentration.

III. RESULTS AND DISCUSSIONS

A. Structural properties

The calculated lattice parameters, unit-cell volumes, and
space group of KBiSe, and NaBiSe, are summarized in
Table I, while their related ball-and-stick polyhedral structures
are displayed in Fig. 1. After geometric optimization, it is
observed that the two compounds retain the trigonal R-3m
structure. For KBiSe,, whose initial geometry was taken from
the Crystallography Open Database, the lattice parameters
of the optimized structure are in very good agreement with
the experimental lattice parameters [27]. In this case, GGA
underestimates the lattice vectors by <1% and the unit-cell
volume by <2%, as expected by the gradient approximation of
DFT. This result is comparable with the theoretically obtained
lattice parameters (a = b = 4.31 A and ¢ =23.29 A) found
in the Automatic-FLOW (AFLOW) database [47]. As seen
in Fig. 1, the trivalent Bi cations are bonded to six Se atoms
in octahedral local coordination, and the same for K cations.
The overall molecular geometry of BiSes has edge and face
sharing with KSes.

FIG. 1. The crystal structure of KBiSe, (left) and NaBiSe,
(right). Color code: K = purple, Na = green, Bi = blue, and Se =
red. The initial NaBiSe, geometry is constructed by the exchange of
K with Na in the optimized KBiSe, structure.
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FIG. 2. Phonon dispersion curves of KBiSe, (left) and NaBiSe, (right), computed with the PBE functional and the harmonic approximation

at 0 K.

NaBiSe; is initially constructed by replacing K with Na at
the corresponding A cation site, and it is also relaxed to a trigo-
nal structure. The lattice constants obtained after optimization
are also comparable with a = b =4.20 A and ¢ = 21.15 A
found in the Materials Project as well as a = b = 4.24 A and
c=2127A reported in the AFLOW database [48,49], re-
spectively. It is observed that the volume and lattice constants
decrease upon exchanging K with Na, reflecting the smaller
ionic radius and difference in electronegativity of Na com-
pared with those of K. The local coordination and octahedra
structure are identical in the two compounds.

B. Dynamical and thermodynamic properties

The phonon dispersion is calculated to investigate the dy-
namical stability of the two structures, and the results are
summarized in Fig. 2 (PBE phonon band structure). Clearly,
no imaginary phonon branches are found, indicating that both
compounds are dynamically stable at zero temperature. As
expected, the phonon band structures of KBiSe, and NaBiSe,
are rather similar, again reflecting the tight structural and
electronic similarity of the two compounds.

The thermodynamic stability of KBiSe, and NaBiSe,
is determined by computing both the formation Ejy, and
decomposition AE,; energies, as described by Egs. (1)-(3).

In both cases, the prototypes of competing stable phases
are taken from the Materials Project dataset [48] and are
PBE relaxed. We find that, for both compounds, Efym is
negative, namely, it is —3.31 eV /f.u for KBiSe, and —3.07
eV/f.u for NaBiSe,, indicating that these compounds are
thermodynamically stable against decomposition along their
constituent elementary references. In addition, the formation
energies obtained are commensurate with —3.83 eV/f.u
reported for KBiSe; and —3.78 eV /f.u reported for NaBiSe,
in the AFLOW and Materials Project databases [47,48]. Here,
Eiorm only gives a measure of the total bond energy of a
material but says little about the actual stability. To further
investigate the stability of these systems, Eq. (2) is used to
calculate the decomposition energy, a quantity that describes
the energetic gain of forming the ternary structure against
the most favorable possible binary decomposition channel.
According to the definition, AE; > 0 implies that no energeti-
cally favorable decomposition reaction exists, while AE; < 0
shows that the ABiSe, — %AZSe + %BiZSe3 decomposition
path has a lower energy than the ternary material under
consideration. The decomposition path chosen for KBiSe; is
that suggested by McClain et al. [27], while that for NaBiSe,
is obtained by exchanging K with Na. In both cases, AE; > 0
with values 1.93 and 1.89 eV/f.u. respectively, for KBiSe,
and NaBiSe,, indicating that both phases are likely to be
stable.

TABLEII. Calculated electronic band gaps E, at different level of theory and available experimental results. The computed electronic band
gaps of NaBiSe, and KBiSe, at the PBE, HSE06, PBE+SOC, and HSE06+SOC levels are listed. In addition, estimates of the PBE4+SOC and
HSEO06+SOC band gaps at 300 K are presented. Finally, available experimental and theoretical data for the two compounds are included in

the last two columns.

Band gaps E, (eV)

PBE+ HSE06-+ PBE-+ HSE06-+ Reported
Compounds PBE SOC HSEO06 SOC SOC at 300 K SOC at 300 K Experimental Theoretical
) 1.09 [27]lrig0nal igonal
KBiSe, 1.26 0.83 1.96 1.38 0.68 1.20 1.40 [15]ewbie 1.12 [27]
NaBiSe, 1.25 0.80 1.93 1.31 0.64 1.13 1.31 [15]cwbic 1.23 [13]moneclinic
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FIG. 3. PBE-calculated energy band structure and partial density
of states (PDOS) of KBiSe,. The compound is found to be an indirect
band-gap semiconductor with the valence band maximum (VBM)
located along the I'-to-L and Z-to-I" lines, while the conduction
band minimum (CBM) lies at I". The black-dashed and red lines
are bands computed with and without the inclusion of spin-orbit
coupling (SOC), respectively. The Fermi level is placed at the VBM
and set to zero.

C. Electronic properties

Table II shows the computed band gaps for the trigonal
structure compared with existing data (both theoretical and
experimental). Note that, in the literature, one can also find
results for cubic and monoclinic phases, which are not in-
vestigated here. Both KBiSe, and NaBiSe, possess indirect
band gaps, with the valence band maximum (VBM) located,
respectively, along the I'-to-L and Z-to-I" lines, while the
conduction band minimum (CBM) is at I" (Figs. 3 and 4). In-
terestingly, the valence band has a bandwidth value of 0.49 eV
for KBiSe, and 0.74 eV for NaBiSe,, while the conduction
band is more dispersive with a bandwidth of 2.16 eV for
KBiSe, and 1.62 eV for NaBiSe,. The PBE functional returns
a KBiSe, band gap of 1.26 eV, which is unusually larger than
the experimental optical band gap of 1.09 eV reported by
McClain et al. [27]. In contrast, HSE06, which usually does
a good job at predicting band gaps, gives us an estimate of
1.96 eV, meaning that the gap is significantly larger than the
observed one (see Fig. S1 in the Supplemental Material [32]
for the HSEO6 band structures), although the general shape of
the band structure is not changed significantly from the PBE
ones. Such an overestimation has previously been reported by
Qu et al. [49] for the same trigonal structure but a different
chemical composition, namely, for KBiS,. Two effects may
play a role in such anomalies in the band gap prediction,
namely, temperature (the experimental band gap in Ref. [27]
was measured at 300 K) and SOC, these are now considered
in detail.

Temperature affects the band gap since volume expansion
and atomic vibration effectively changes the structure [50]. To
capture these effects, we have performed ab initio MD simu-
lations and evaluated the band gap of KBiSe, as a function of
temperature (we compute the average band gap for several un-

—— without SOC
==+ with SOC
SV

P, P DOS (states eV cell)
FIG. 4. PBE-calculated energy band structure and partial density
of states (PDOS) of NaBiSe,. The compound is found to be an
indirect band-gap semiconductor with the valence band maximum
(VBM) located along the I'-to-L and Z-to-I" lines, while the con-
duction band minimum (CBM) lies at I'. The black-dashed and red
lines are bands computed with and without the inclusion of spin-orbit
coupling (SOC), respectively. The Fermi level is placed at the VBM
and set to zero.

correlated snapshots along the MD trajectory). Results for the
band gap using the PBE functional are reported in Fig. 5 (see
also Fig. S5 in the Supplemental Material [32] for snapshots of
PBE-calculated band structures of KBiSe, at the temperature
range of 100-500 K), where one can see that the average gap
at 300 K is now 1.05 £ 0.05 eV, namely, there is ~0.20 eV
reduction from the T = 0 value. Furthermore, the inclusion
of SOC has the effect of shrinking the band gap since both
the conduction and valence bands are characterized by orbital
contributions originating from heavy Bi and Se. Here, SOC
inclusion brings the PBE gap to 0.83 eV and the HSE06 one
to 1.38 eV. Finally, the two effects can be combined under the

1.15 — _

1.05— —

E_(eV)

g

0.95— =

09— —

0.85 . \ . | |
100 200 300 400 500

Temperature (K)

FIG. 5. PBE-calculated band gap of KBiSe, as a function of tem-
perature in the 100-500 K range. This is computed from the structure
obtained through ab initio molecular dynamics (MD) simulations.
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FIG. 6. The calculated PBE optical properties with and without SOC as a function of photon energy for KBiSe, and NaBiSe, (a) imaginary
component of the dielectric function (b) real part of the dielectric function and (c) the absorption coefficient.

reasonable assumption that the temperature variation of the
band gap depends little on SOC and on the DFT functional
used. In this case, one can simply add to the SOC-included
computed gap, the reduction observed for PBE when going
from 0 to 300 K. This exercise returns final estimates of the
300 K band gap of 0.68 and 1.20 eV, respectively, for PBE
and HSEO6 (see Table II). As expected, PBE significantly
underestimates the experimental value, while the HSE06 gap
is rather close to the observed one.

In the case of NaBiSe,, no experimental data are available
in the literature for the trigonal phase, data are only available
for the cubic one [15]. The observed gap is 1.31 eV, namely,
it is almost identical to that of the cubic phase of KBiSe,
(1.40 eV) [15]. HSEO6 calculation including SOC returns a
gap of 1.31 eV for the trigonal phase, which may reduce
to ~1.13 eV if one applies the same temperature correction
introduced for KBiSe,. Hence, we can conclude that both ma-
terials investigated have band gaps ~1.20 eV regardless of the
alkaline ion present. This is not unexpected since the valence
and conduction bands are dominated by Bi and Se orbitals
and the two compounds have the same crystal structure and
only a slightly different volume. In fact, by observing the
orbital-projected density of states of Figs. 3 and 4, we can
conclude that, for both materials, the VBM is dominated by
a mixture of Se-p and Bi-s orbitals, while the CBM has a

predominant Bi-p character. This electronic structure is very
consistent with the 43 oxidation state of Bi.

D. Optical and dielectric properties

When studying solar cell materials, it is crucial to exam-
ine their optical properties, which are determined by their
band gaps and dielectric functions. As light with a specific
photon energy (wavelength) enters a material, its intensity
reduces, and the absorption coefficient determines how far
the light can penetrate before being absorbed. This infor-
mation is vital, as it reveals the potential of the material to
achieve optimal solar energy conversion [51]. The optical
properties of the two compounds were calculated to determine
their potential in optoelectronic and photovoltaic applications
[52-54] using all 55 unoccupied bands. Figures 6(a) and 6(b)
show the computed imaginary &, and real ¢, components
of the frequency-dependent dielectric function. The material
polarizability is related to &, while its absorptive activity
is described by &, and both are computed at the PBE and
PBE+SOC level. Raju and Thangavel [55] reported a signifi-
cant reduction of the optical band gaps, up to 25%, of a related
compound (CuBiSe;) when SOC is included. This is noticed
for compounds with heavy atoms as evident in this work, and
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TABLE III. Independent components of the elastic tensor of KBiSe, and NaBiSe; in their trigonal structure.

Elastic constants Cy; (GPa) Ci, (GPa) Ci; (GPa) Ci4 (GPa) Cs3; (GPa) Cy4 (GPa)
KBiSe, 73.66 20.83 27.30 13.27 59.96 27.45
NaBiSe, 85.64 25.61 25.61 11.65 57.31 28.61

a significant reduction of ~40% is present here in the optical
band gaps of the absorption coefficient [see Fig. 6(c)].

From Fig. 6(a), we can observe a similar onset for NaBiSe,
and KBiSe,, which reflects the similarity in their band gaps
when PBE and PBE4-SOC functionals are used. Upon the in-
clusion of SOC, a notable redshift in the edge of the imaginary
part of the dielectric function is observed in contrast to the
PBE result for both compounds. For instance, the first peaks
in g, are located at 2.48 eV (KBiSe,) and 2.80 eV (NaBiSe;)
for the PBE functional, while those computed with SOC are
found lower at 1.20 and 1.51 eV, respectively, for KBiSe, and
NaBiSe;. Similar changes are found in the real part of the
dielectric function, as shown in Fig. 6(b). Interestingly, both
components of the dielectric function are higher for NaBiSe,
than for KBiSe,, a difference that we attribute to the different
cell volumes and electronegativity induced by the choice of
alkaline ion. In general, for both compounds, the first peak in
the dielectric function obtained by using the PBE functional
appears within the visible region 1.62-3.11 eV [56], and this is
mirrored by the computed absorption coefficient, with similar
onset for both compounds [see Fig. 6(c)].

The absorption onset can be operationally defined as the
energy where the absorption coefficient reaches a value of
10°cm™! (Szymanski et al. [57]). Materials with an ab-
sorption onset comprising between 0.80 and 1.70 eV and
bracketing peaks in the AMI1.5 solar irradiance spectrum
are considered suitable for solar cell applications [58]. The
PBE-calculated absorption onsets for both materials are ob-
served to be ~1.50 eV [Fig. 6(c)]. This value is slightly
larger than the electronic band gaps, a difference that can
be attributed to the difference between the direct and indi-
rect band gaps [59]. In contrast, the PBE4-SOC onsets are
lower than the PBE only, with an absorption band energy
of ~0.85 eV, comparable with the value of the PBE4-SOC
band gap. As noticed before, the use of the HSE06 func-
tional and the inclusion of temperature effects returned an
estimation of the band gap at ~1.20 eV. Since HSE06, in
first approximation, simply shifts the bands, such an increase
is expected to also carry on in the absorption coefficient.
As such, we can conclude that the room-temperature ab-
sorption edge for these compounds is estimated at ~1.20
eV. Note, that our calculations do not consider possible
excitonic effects, so that our estimated absorption edges
are not inclusive of the exciton binding energy. These

are estimated to be ~200-300 meV, as reported for other
chalcogenide-related materials [60,61]. Band gaps of com-
monly used photovoltaic materials, like CIGS (1.00-1.70 eV)
and CdTe (1.45 eV), [62,63] are comparable with those com-
puted here. We can then conclude that the two compounds
studied here could be used as one or more of the absorber
materials in properly designing tandem solar cells and in
general in optoelectronic and photovoltaic devices.

E. Elastic and mechanical properties

The response of a crystalline solid to external forces
within the elastic limit can be described by the elastic ten-
sor. This is among the most basic indicators showing the
type of interatomic bonding in a particular material and
establishes its mechanical stability. In fact, a broad range
of mechanical and thermal properties can be derived from
the elastic tensor, making it an essential quantity used for
screening during the design and discovery of materials [64].
The independent components of the elastic tensor of both
KBiSe, and NaBiSe; in their trigonal structure are reported in
Table III. For the trigonal structure, the Born stability
criteria at zero pressure require positive diagonal com-
ponents and the following inequalities to be satisfied:
C11 > |C12|, C44 > O, C123 < %C33(C11 +C12), and C124 <
%C44(C11 — C12) = C44Cg. These conditions are met for both
materials, which must then be considered stable at zero pres-
sure.

The hardness of a compound can be measured by bulk
B and shear G moduli, while Young’s modulus E describes
the stiffness [65]. These parameters are determined from the
elastic constants of Table III and are reported in Table IV.
When going from KBiSe, to NaBiSe; E, B, and G all increase,
a feature resulting from the smaller ionic radius of Na and
the associated smaller volume of NaBiSe,. Poisson’s ratio
v is often taken as a good measure of whether a material
is malleable, and a value >0.26 is taken as an indication of
ductility [66]. Both compounds investigated here are found to
be borderline ductile, the Poisson ratio of KBiSe; being 0.260
and that of NaBiSe; is 0.258. Another indicator of brittleness
and ductility of materials is Pugh’s ratio (B/G) [67]. In this
case, a Pugh ratio of >1.75 suggests ductility; otherwise, the
material is often considered brittle. KBiSe, satisfies this con-

TABLE IV. The bulk B, shear G, and Young modulus E (in GPa) of the trigonal structure KBiSe, and NaBiSe,, together with the Pugh
By /Gy and Poisson v ratios. The subscripts v, R, and H describe the Voigt, Reuss, and Hill approximations, respectively.

Mechanical properties B, Bgr By Gr Gy E By /Gy v
KBiSe, 39.79 39.68 39.74 25.05 19.73 22.39 56.55 1.78 0.260
NaBiSe, 43.97 42.71 43.34 27.11 22.90 25.01 62.92 1.73 0.258
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TABLE V. Calculated values of Seebeck coefficients, power factor, and figure of merit (ZT) of KBiSe, and NaBiSe, with and without

SOC, at 300, 450, 600, and 750 K, respectively.

Seebeck (uV/K) Power factor (x 10 W/mK? s) Figure of merit (Z7)
Compounds 300K 450K 600K 750K 300K 450 K 600 K 750 K 300K 450K 600K 750K
KBiSe,
Without SOC 2045 1394 1070 864 46.30 64.30 78.45 91.42 0.98 0.97 0.93 0.90
With SOC 1355 908 717 600 79.63 116.19 139.78 159.88 0.96 0.91 0.84 0.76
NaBiSez
Without SOC 1975 1379 1055 864 45.00 70.20 89.07 107.93 0.99 0.96 0.93 0.90
With SOC 1232 864 688 585 85.35 133.88 172.80  201.10 0.97 0.90 0.81 0.70

dition with a Pugh ratio of 1.78, while NaBiSe, is predicted
to be brittle having B/G = 1.73.

F. Thermoelectric properties

The figure of merit ZT, electrical conductivity o, See-
beck coefficient S, and electronic thermal conductivity k, all
measure the performance of thermoelectric materials [68]. A
high ZT together with a large Seebeck coefficient as well as
electrical conductivity are desired for thermoelectric devices,
particularly at moderate temperature. According to earlier
work by Nielsen et al. [69], compounds with stoichiometry
ratio ABX, (precisely with group I-V-VI,) are predicted to
have low thermal conductivity but high Seebeck coefficient
and electrical conductivity. Note that the Seebeck coefficient
can be determined with respect to the n- and p-type carrier
concentrations. Peaks in Seebeck coefficient are usually ob-
served between carrier concentrations of 10 and 10?! cm—3
depending on the nature of the system [70]. Here, the various
transport coefficients (Seebeck coefficients, power factor, and
figure of merit) are calculated with respect to chemical poten-
tial at the PBE and PBE+SOC levels, and their peak values at
different temperatures are displayed in Table V. An analysis
on their dependence on the carrier concentration is shown in
the Supplemental Material [32].

The Seebeck coefficients are presented in Fig. 7 for both
compounds in the 300-750 K temperature range. As expected,
Seebeck coefficient changes sign when going from n- to
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p-type conditions, a transition that, by definition, happens
at midgap (the energy zero in the figure is set at the top
of the valence band). The highest Seebeck coefficient value
is observed for the two compounds at room temperature.
For p-type doping at 300 K, KBiSe, has its maximum at
2045 uV/K, while that of NaBiSe; is at 1975 uV/K (PBE
values). In the n-type side of the doping, the Seebeck coeffi-
cient at the same temperature reaches up to 1830 uV/K for
KBiSe, and 1737 uV/K for NaBiSe, (PBE values). Due to
the presence of the Se and Bi heavy ions, the influence of
SOC has also been considered in these calculations. Upon
introducing SOC, the Seebeck coefficients show a remarkable
decrease of ~35% for both compounds at all temperatures
(see Table V). This trend agrees with previously reported
evidence for other chalcogenide-related materials [71,72].
Note that both the PBE and PBE4-SOC Seebeck coefficient
peak values obtained at room temperature are >210.46 and
178.95 nV/K, the values reported for BiTe;, a common
thermoelectric material [18]. This demonstrates that the two
compounds investigated are promising for thermoelectric ap-
plications in both doping conditions.

Figures S2(a) and S2(b) in the Supplemental Material [32]
present plots of the Seebeck coefficient as a function of the
charge-carrier concentration for KBiSe, and NaBiSe; at dif-
ferent temperatures (300, 450, 600, and 750 K). In general,
an increase in hole concentration produces a reduction in the
Seebeck coefficient at all temperatures for both materials. In
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FIG. 7. Seebeck coefficient of (a) KBiSe, and (b) NaBiSe, as a function of the chemical potential  computed at the PBE level with and
without spin-orbit coupling (SOC). The energy zero is placed at the top of the valence band.
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FIG. 8. Power factor of (a) KBiSe, and (b) NaBiSe; as a function of the chemical potential .« computed at the PBE level with and without
spin-orbit coupling (SOC). The energy zero is placed at the top of the valence band.

contrast, in n-type conditions, the Seebeck coefficient gets
larger as the carrier concentration increases. As a reference,
at room temperature and a carrier concentration of 10" ¢cm™3,
the Seebeck coefficient is computed as ~562 uV/K for
KBiSe, and 520 uV/K for NaBiSe, for p-type transport.
These Seebeck coefficient values for both compounds at
room temperature with respect to carrier concentration are
higher than those commonly reported for high-performance
thermoelectric materials. For instance, Bi, Tes, known for its
improved performance in portable/wearable electronic due to
its thermoelectric properties, displays S = 313 uV/K for
p-type conduction [73], indicating that the ABiSe; family may
have potential for thermoelectric applications. In addition, a
recent report has shown that using deposition temperatures of
300, 400, and 450 °C, Bi, Tes exhibits Seebeck coefficients of
196.4, 193.5, and 135.7 uV/K, respectively [74]. Therefore,
because of the outstanding Seebeck coefficient of ABiSe;
when compared with that of Bi,Tes, it is expected that this
class of materials can also be identified as potential candidates
for wearable thermoelectric devices.

The power factor of the two compounds increases with an
increase in temperature, as displayed in Figs. 8(a) and 8(b).
At around zero chemical potential, the highest power factor
is observed for the two systems, a feature that implies a high
figure of merit in this region. In addition, it is noted that the
power factor of both systems goes to ~0 at ~0.50 and 0.90 eV,
respectively, for KBiSe, and NaBiSe,. This is where the
electrical conductivity vanishes. Again, at room temperature,
KBiSe, possesses a power factor of ~46.3 x 10'© W/mK? s
(PBE value), a value higher than that of NaBiSe, hav-
ing 45 x 10'°W/mK?s at zero chemical potential (these
are all in units of the relaxation time 7). When SOC is
included in the calculation, this results in a remarkable in-
crease in the thermoelectric power factor, which roughly
doubles with respect to the PBE values. At room tempera-
ture, the PBE+SOC peak values are 79 x 10'° and 85.35 x
10'® W/mK? s for KBiSe, and NaBiSe,, respectively. Similar
trends have been reported in a study by Bera et al. [75]. It
is worth noting that the peak values of the power factors ob-
tained for PBE (PBE+-SOC) at room temperature (300 K) are
>13.2 x 10" W/mK?s (25.91 x 10'°W/mK?s) of HfSe,,

which has been reported to be an excellent thermoelectric
material [75].

The calculated power factors with respect to the car-
rier concentration at various temperatures for p- and n-type
doping conditions are presented in Figs. S3(a) and S3(b) in the
Supplemental Material [32]. It is observed that the power
factor increases with raising the carrier concentration and
attains its maximum values at 10*' cm™> carrier concentra-
tion. This falls within the carrier concentration range where
typical semiconducting materials exhibit better performance
[68]. The values obtained at room temperature for this car-
rier concentration (10*' cm3) are 11.67 x 10'% and 44.99 x
10" W /mK? s for n- and p-type NaBiSe,, while KBiSe; has
its peaks at 6.47 x 10'° and 46.14 x 10'°W/mK? s for n- and
p-type doping, respectively. The maximum power factors for
both n- and p-type conditions are the consequence of the high
Seebeck value and electrical conductivity.

Finally, the efficiency of the thermoelectric devices can
be assessed by computing the figure of merit ZT, a quantity
directly proportional to the temperature, Seebeck coefficient,
and electrical conductivity and inversely proportional to the
thermal conductivity. Materials with ZT values of about unity
or greater are considered suitable for thermoelectric devices
[76,77]. As one can appreciate in Figs. 9(a) and 9(b), ZT’s
against chemical potential plots for KBiSe, and NaBiSe;
show approximately the same behavior. Here, ZT reaches a
value close to unity (with values of 0.98 for KBiSe, and 0.99
for NaBiSe,) at room temperature and gets slightly reduced
as the temperature increases (PBE results). Furthermore, it
is observed that the PBE-computed ZT rises sharply as the
chemical potential increases from zero, with the maximum
values noticed at ~0.50 and 0.70 eV for KBiSe, and NaBiSe,,
respectively. Upon the introduction of SOC, ZT does not
change significantly for both systems, as seen in Fig. 9 and
Table V. This is due to the notable increase in the power
factor of both compounds calculated in this work. Here, ZT
attains values approaching unity (0.96 for KBiSe, and 0.97
for NaBiSe,) at standard room temperature and experiences
a slight decrease as the temperature rises. A slight shift and
reduction are noticed in the chemical potential at the inclusion

015404-9



SIMEON A. ABOLADE et al.

PHYSICAL REVIEW MATERIALS 8, 015404 (2024)

T T T ‘

— 300K without SOC
— 450K without SOC

600K without SOC
— 750K without SOC
— = 300K with SOC
— = 450K with SOC
600K with SOC
750K with SOC

| (@) /7‘ |
0.8 i

0.6

7T

0.4

0.2

ueVv)

T ‘ T |
— 300K without SOC
— 450K without SOC
600K without SOC
— 750K without SOC
— - 300K with SOC
—— 450K with SOC
600K with SOC
750K with SOC

FIG. 9. Figure of merit of (a) KBiSe, and (b) NaBiSe, as a function of the chemical potential ;. computed at the PBE level with and
without spin-orbit coupling (SOC). The energy zero is placed at the top of the valence band.

of SOC, a factor we attribute to reduced band gap observed
when SOC was considered. Since devices capable of sup-
plying an input power to numerous sensors, electronic and
wearable devices in a temperature range ~300-400 K are
highly sought after [70], it is safe to suggest that the class
of thermoelectric materials reported in this work has useful
characteristics for making flexible thermoelectric powering
devices due to their nontoxic composition, figure of merit
of approximately unity at low temperature, and their ductile
nature.

IV. CONCLUSIONS

In summary, the structural, electronic, and mechanical
properties of KBiSe, and NaBiSe; have been computed by us-
ing first-principles methods together with an analysis of their
dynamical and thermodynamic stability. The trigonal struc-
ture of KBiSe, previously synthesized [27] has been obtained
from the Crystallography Open Database, while NaBiSe, has
been modeled by exchanging K with Na at the corresponding
A cation site. For KBiSe,, the calculated lattice parameters are
in good agreement with experimental data, while no informa-
tion is available for trigonal NaBiSe,. The calculations then
reveal that the two compounds are structurally very similar,
except for the cell volume, a feature mainly due to the differ-
ent atomic radius of the alkali metals involved.

The electronic properties computed at the HSEO6 (PBE)
level return band gaps of 1.96 eV (1.26 eV) for KBiSe, and
1.93 eV (1.25 eV) for NaBiSe,. This is significantly higher
than the observed optical gap of KBiSe, at room temperature.
However, the inclusion of SOC and temperature corrections
brings the HSE06+4-SOC values to 1.20 eV (KBiSe;) and 1.13
eV (NaBiSe,), values much more in line with experimental
evidence. Furthermore, SOC impacted the dielectric functions
with a change in the energy range along the peak position
for both compounds. This is also evident in the transport
coefficients of the thermoelectric properties results when SOC
was considered. It is worth noting that materials with an
absorption onset between 0.80 and 1.70 eV are considered
suitable for solar cell applications [58], and this was noticed

in the optical properties results of the materials computed in
this work with absorption onset values of 1.50 and 0.85 eV
for both PBE and PBE4-SOC functionals, respectively. With
these results in hand and the computed components of the
dielectric function, we can conclude that both KBiSe, and
NaBiSe, appear promising as light-absorbing materials in
the visible light range. The dynamical, thermodynamic, and
mechanical properties of both systems suggest that they are
stable. In addition, it is found that this class of materials with
and without SOC has a high Seebeck coefficient, with values
greater than that of typical high-performing thermoelectric
compounds such as BiyTes [73]. As such, we can conclude
that both KBiSe, and NaBiSe, have potential in photovoltaic
and thermoelectric applications.
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