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B-SrZrS;: A superior intermediate temperature thermoelectric through complex
band geometry and ultralow lattice thermal conductivity
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The pursuit of high-performance thermoelectricity has generated an endless stream of suitable materials, but
those having intrinsically low thermal conductivity are highly desirable for production. Here, we demonstrated
intrinsically low lattice thermal conductivity (k;) for the orthorhombic phase S-SrZrS;, a chalcogenide per-
ovskite. The weak interatomic interactions are noticed for SrSg bicapped trigonal prism geometry, leading to the
bond heterogeneity and thus an effective anharmonicity in the system. This anharmonicity facilitates the low «;.
The average k; value at 300 K is found to be ~1.26 W m~! K~!, while at 800 K it further reduces to a lower value
of ~0.48 Wm~! K~! due to enhanced phonon-phonon scattering. The presence of several valleys within a small
energy offset from the primary conduction-band edge and a sort of pudding-mold-kind appearance make the
band structure more complex. These band features in the conduction band facilitate the system with a high-power
factor with n-type doping. Avoiding bipolar conduction is also confirmed via a large-band-gap value of ~2.04 eV
for B-SrZrS;. Furthermore, significant phonon-phonon scattering is caused by the high anharmonic interaction
resulting from the coupling of the acoustic and low optical frequency domains, substantiating the low «;.
Additionally, the electron’s lifetime at 300 K is ~34 fs and its mobility is ~10* cm? V~! s~!. Thus, an impressive
figure of merit >2 is achieved for the intermediate temperature (600-800 K) at an experimentally feasible
electron doping of ~10% cm~3, indicating that 8-SrZrS; could be an excellent wide-band-gap thermoelectric

material.
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I. INTRODUCTION

With its potential to harness green energy via directly con-
verting heat to electricity, the technology of thermoelectricity
has been shown to be a contemporary alternative to the power
industry [1-6]. Along with their widespread space-based ap-
plications and solar thermoelectric generators, thermoelectric
(TE) devices are also being used in cutting-edge technolo-
gies such as industrial waste heat recovery, medical devices,
microscale cooling, etc. [7-10]. However, commercial appli-
cation has long been limited due to the low efficiency of the
available materials. Research and development efforts toward
designing new materials in the past few decades have led
to a new surge of interest in the global market. At a cer-
tain operating temperature, the performance of TE material
is usually quantified with a dimensionless figure of merit
ZT = 0S°T/(k. + k), where o, S, and T are the electrical
conductivity, the Seebeck coefficient, and the absolute tem-
perature, respectively, and «, and «; are the carrier thermal
conductivity and the lattice thermal conductivity, respectively.
A good TE material is considered to have ZT > 1 and possess
a high power factor (PF = $%0) with low thermal conductiv-
ity [11-13]. Band-engineering methods [14] may be used to
enhance the electrical component, such as the power factor
(PF), but they are not straightforward as o, S, and «, are
all interdependent parameters, and «, could be related to o
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as given by the Wiedemann-Franz law «, = Lo T, where L
is the Lorenz number, which varies with the doping level in
semiconductors [15]. Therefore, it is challenging to enhance
the PF while simultaneously reducing .. However, «; is found
to be relatively independent, therefore it seems appropriate to
decrease «; by affecting phonon transport in order to attain
a high ZT [16]. Several state-of-the-art methods, such as
alloying, nanostructuring, and introducing anharmonicity by
creating defects in the system, have also been employed to
regulate «; extensively. However, finding TE compounds with
intrinsically low «; is a challenging task, and it always takes
top priority over tuning «; via different engineering [17,18].
In the past few decades, chalcogenides like PbTe, Bi,Tes,
and their alloys have been established as commercially viable
for high ZT value, due to their intrinsically low thermal con-
ductivity and large PF at intermediate- and low-temperature
ranges, respectively [19-21]. Materials such as PbS, GeTe,
SnSe, SnTe, Sb,Tes, In4Se;, and BiCuSeO are also being
regarded as promising thermoelectric systems for intermedi-
ate temperature (500-900 K) [22]. Unique bonding properties
such as the metavalent bond between a metal and a chalcogen
atom, which supports strong anharmonicity, make it possible
for these materials to have intrinsically low lattice thermal
conductivity [23,24]. In addition, the high carrier mobility
in these compounds contributes to their superior thermoelec-
tric performance. Moreover, several oxides such as PbTiOs3,
BaTiOs3, and SrTiO; are also being investigated due to the
feasibility of doping and higher chemical stability in the oxi-
dizing environment, but they are often limited by large «; and
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low carrier mobility [25,26]. Therefore, material exploration
for thermoelectricity within the chalcogenide family, but with
nontoxic constituents, is of the utmost importance today in
order to compete with conventional materials [9,27].

Following chalcogenides, a new family belonging to per-
ovskites, namely chalcogenide perovskites (ABX3, A, B =
metals and X = S, Se), have recently attracted a great
deal of attention among researchers. Instead of unconven-
tional bonding, i.e., tuning electronic properties by controlling
octahedral tilts, substituting A and B cation sites enables
these ternary compositions with a larger design space than
well-studied binary chalcogenides. Interestingly, the nontoxic
composition-based chalcogenide perovskites also support en-
vironmentally friendly materialization of TE devices [28,29].
Numerous experimental and theoretical investigations have
been carried out, showing the successful formation of chalco-
genide perovskites with promising applications [30-32]. For
example, CaTiS3, BaZrS;, CaZrSe;, and CaHfSes, with their
distorted perovskite structure and high optical absorption
yielding a tunable band gap ranging from 1 to 1.8 eV,
are found to be applicable for photovoltaics [33]. Perera
et al. [34] successfully synthesized the broad family of ABS3
(A = Ca, Sr, Ba; B = Zr, Ti) using high-temperature sul-
phurization of the oxide with CS,, and the band gap was
reported within the 1.73-2.87 eV range. A few reports based
on first-principles computation recently presented Zr-based
chalcogenides—CaZrS3, CaZrSes, and BaZrS;—as potential
thermoelectric materials exhibiting ultralow lattice thermal
conductivity and a large Seebeck coefficient [35,36]. In an-
other study of 40 promising materials of the same family, it
was revealed that on the one hand, the much softer interatomic
bonding interactions compared to their oxide counterparts
provide strong anharmonicity, while on the other hand, the
combination of a pudding-mold-type band structure with high
valley degeneracy renders a high PF > 4 [37].

Our choice of material is motivated by the fact that SrZrS;
is one of the few ternary chalcogenides that has been experi-
mentally synthesized in two structures modifications, namely
needlelike «-S1ZrS; and distorted perovskite-B-SrZrS; with
band-gap values 1.53 and 2.13 eV, respectively [38].
a-SrZrS; is referred to as nonperovskite due to its edge-
sharing ZrS¢ octahedra with low electronic dimensionality,
while B-SrZrS; has a distorted perovskite structure with
higher electronic dimensionality [39]. Usually, materials
with low electron dimensionality are complex for device
application because they should be grown with a special
crystallographic orientation to facilitate effective carrier trans-
port [40]. Therefore, unlike the a-phase, 8-SrZrS; could be
a suitable choice for photovoltaic, thermoelectric, and opto-
electronic applications. In addition, the possibility of bond
heterogeneity among Sr-S and Zr-S seems advantageous in
terms of anharmonicity. To date, we have found no detailed
study on using the band structure and atom bonding effect
of B-SrZrS; chalcogen perovskite to predict thermoelectric
metrics.

In this study, we present the thermal and electronic trans-
port properties of 8-SrZrS; using first-principles calculations
with ab initio scattering and transport theory. Initially, struc-
tural analysis is carried out utilizing bond strength and
mechanical properties, which indicates a soft covalent bond

between the metal and sulfur along with a more ductile
nature. Electronic analysis reveals a complex band structure
comprising multiple valleys near the conduction-band edge,
including a pudding-mold-type band feature, ultimately ben-
efiting the thermoelectrics. Next, the three-phonon scattering
mechanism is employed to understand the low lattice thermal
conductivity, which also correlates with the system’s strong
anharmonicity. Further, in computing the carrier relaxation
time by considering the elastic acoustic deformation potential
scattering, the role of ionized impurity scattering and inelas-
tic polar optical phonon scattering is examined. Finally, we
demonstrate that 8-SrZrS; is suitable for intermediate tem-
perature thermoelectric application as ZT is ~2.56 at 600 K
and reaches ~3.67 at 800 K for electron doping.

II. METHODS

All first-principles calculations are performed in the frame-
work of density functional theory (DFT) using the Vienna
Ab-initio Simulation Package (VASP) [40]. The Kohn-Sham
equations are solved variationally in a plane-wave basis
set with a high kinetic energy cutoff of 450 eV using the
projected-augmented-wave (PAW) method [41]. The Perdew-
Burke-Ernzerhof (PBE) exchange-correlational functional is
adopted [42] for structural optimization by considering
10~'%eV and 1073 eV/A as the convergence criteria for en-
ergy and force, respectively. The Heyd-Scuseria-Ernzerhof
(HSEO06) [43] hybrid functional is used for a more reliable
band gap, and the Brillouin zone is sampled using a 7 X
5 x 7 k-point grid in the Gamma-scheme. Spin-orbit cou-
pling (SOC) has not been considered because it does not
alter the electronic structure, as shown in the Supplemental
Material (Fig. S2) [44]. Using the LOBSTER code, the chemical
bond analysis based on chemical orbital Hamilton population
(COHP) is investigated [45].

Second-order (harmonic) interatomic force constants
(IFCs) are computed by applying the finite displacement
method on the 2 x 2 x 2 supercell via PHONOPY [46]. Third-
order (anharmonic) IFCs are extracted via third-order.py [47]
using a real-space supercell approach combined with DFT
calculations. The supercell’s size and the interatomic inter-
action’s cutoff are critical parameters while calculating the
anharmonic IFCs. In principle, the interaction’s cutoff should
exceed the range of physically relevant interactions to get an
accurate result [48]. However, to reduce computational cost,
the convergence test is usually performed with the interaction
cutoff for the considered supercell in order to avoid the possi-
bility of under- or overestimating the calculated lattice thermal
conductivity [49]. Here we employed the same 2 x 2 x 2
supercell size and found the converged interaction cutoff as
tenth nearest neighbors for the fitting to obtain the third-order
IFCs (see Fig. S3 in the Supplemental Material [44]).

The lattice thermal conductivity at temperature 7 can be
explained by [47]

k'’ = ks TzNgz Zfo(fo + D@ vvin, ()

where o and B represent the Cartesian axes, and €2, N, and
fo are the volume of the unit cell, the number of k-points,
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and Bose-FEinstein statistics, respectively. Further, w; denotes
the angular frequency of the phonon mode, vy and vf are
the group velocity components, and t; is the self-consistent
phonon lifetime. The extracted second- and third-order IFCs
are encoded in SHENGBTE [47] to get lattice thermal conduc-
tivity (k;) and phonon scattering rates. A converged g-point
sampling of a 15 x 15 x 15 grid with scalebroad parameter
0.1 is adopted to solve phonon Boltzmann transport equations.
The Supplemental Material covers more information on the
g-point and scalebroad convergence test [44].

The electronic transport coefficients are calculated by
ab initio scattering and the transport method implemented
in the AMSET code [50], which solves the electronic Boltz-
mann transport equation in the momentum relaxation-time
approximation (MRTA) to calculate scattering rates and mo-
bilities within the Born approximation. In the AMSET code,
the relaxation time is estimated by the number of different
band and k-point dependent scattering approaches instead
of the constant relaxation-time approach. In this work, we
calculated scattering rates by considering the following: (a)
acoustic deformation potential (ADP), which is responsible
for the phonon-electron interactions; (b) ionized impurity
(IMP) scattering, which represents scattering of charge carri-
ers by ionization of the lattice; and (c) polar optical phonon
(POP) scattering, which considers the interaction between
polar optical phonons and electrons. The resulting carrier
relaxation time, the inverse of the scattering rate, can be cal-
culated by Matthiessen’s rule:

! ! ! + ! )
T ADP ' 7IMP " LPOP’
where tAPP tIMP 454 TPOP gre the relaxation times from the

ADP, IMP, and POP scattering, respectively. In ADP and IMP
scatterings, electrons do not acquire or lose energy showing
elastic scattering, whereas POP scatterings exhibit inelastic
scattering that occurs due to phonon emission or absorption.
The Fermi golden rule used to calculate the scattering rates
for elastic and inelastic scattering from an initial nk state to a
final mk + ¢ state can be written as follows [50]:

7! —2—H| k, )1*8(epk — Emisa) 3)
nk—mk+q — 7 8nm\K, 4 nk mk+q )»

211
T';;mkw = 7|gnm(ka P [(ng+1- fn2k+q)5(Asl’<l,nq — fwy)

+ (ng + fonig)8 (A&l + haog)], )

where 7, §, n, and f are the Planck’s constant, a Dirac
delta function, Bose-Einstein distribution, and Fermi-Dirac
distribution. &, corresponds to the energy of the |nk) state,
and g,.(k,q) is the coupling matrix element of the con-
sidered scattering mechanism. Detailed forms of all the
scattering matrix elements are discussed in [50]. The —/iw,
and +/iw, correspond to the photon emission and absorption.
The required parameters to obtain the scattering rates, such
as dense and uniform band structures, elastic coefficients,
wave-function coefficients, deformation potentials, static and
high-frequency dielectric constants, and polar-phonon fre-
quency, are calculated by the DFT and density functional
perturbation theory (DFPT) given in the Supplemental Ma-
terial [44]. An interpolation factor of 200 is used with the
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FIG. 1. The crystal structure of orthorhombic distorted per-
ovskite §-SrZrS;. (a) Top and (b) front view along with the zoom-in
of the corner shared octahedra ZrS¢ and bicapped trigonal prism
geometry SrSg with the Zr-S and Sr-S bond lengths marked. VESTA
software is used for visualization [53]. Regarding bond lengths,
Zr-S1, Zr-S3, and Zr-S10 bonds are equivalent to the Zr-S2, Zr-S4,
and Zr-S9 bonds. Similarly, Sr-S1, Sr-S3, Sr-S5, and Sr-S9 bonds
are equivalent to Sr-S8, Sr-S6, Sr-S4, and Sr-S12. (c) Integrated
chemical orbital Hamiltonian population (ICOHP) of the Sr-S and
Zr-S bonds up to the Fermi level. (d) The electronic localization
function (ELF) along the (001) plane. ELF = 0 and 1.0 correspond
to blue and red, denoting no electron and full electron localization,
respectively.

79 x 57 x 83 dense k-grid to predict carrier relaxation time
and carrier mobility. Further, the Seebeck coefficient, elec-
trical conductivity, and electronic thermal conductivity were
calculated using the BOLTZTRAP2 code [51], with reliable car-
rier relaxation time obtained from the AMSET code.

III. RESULTS AND DISCUSSION

A. Structural properties

The optimized crystal structure of B-SrZrSs, having space
group Pnma (62), is presented in Fig. 1(a). It consists of
20 atoms in a unit cell. The lattice parameters for the unit
cell containing four Sr, four Zr, and twelve S atoms are
a=717.16 10%, b =9.81 10%, and ¢ = 6.77 10\, agreeing well with
the available experimental [52] and theoretical reports [39]
(see Table I). Chalcogen perovskite B-SrZrS; exhibits a dis-
torted orthorhombic perovskite structure. Here, Sr and Zr
atoms have 2+ and 4+ cationic states. The Zr atoms are
sixfold-coordinated to S atoms, forming a ZrSe distorted
corner-sharing octahedron with a bond length in the range
of 2.54-2.58 A. In contrast, the alkaline earth element Sr
shows eightfold coordination with S atoms in a bicapped
trigonal prism geometry SrSg, and a Zr-S bond length ranging
from 2.99 to 3.40 A [see Fig. 1(b)], signifying the noticeable
heterogeneity in bond lengths that is the main source of an-
harmonicity in this system.
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TABLE I. Calculated lattice constants and experiment values in bracket [52], Y, B, and G (in GPa), Pugh ratio (B/G), and Poisson ratio (v).

B-SrZrS; a(A) b(A) c(A) Y B G B/G v
Our calc. (expt.) 7.16 (7.10) 9.81 (9.75) 6.77 (6.73) 93.09 69.921 36.421 1.92 0.28
Generally, the sulfide and selenium chalcogenide as more stiffness (i.e., higher sound velocity) in the crys-

[AB(S/Se);] perovskite’s covalent character is more
pronounced than their oxide-equivalent systems. This is
due to the relatively lower electronegativity of S/Se atoms
than oxygen atom. Further, we tried to quantify the nature
of the bond by investigating the degree of covalency using
Bader’s electron density analysis. This method is used to
enumerate the partial charge transfer between cations and
anions; less charge transfer implies less ionic but more
covalent hybridization between the atoms. Table S1 of the
Supplemental Material [44] lists the computed Bader’s
charge on the constituent atoms of B-SrZrS;. It signifies
a comparatively smaller charge transfer in the Zr-S bond
(~50%) than the Sr-S bond (~75%), providing the former
bond with a more covalent character. Here, it is noteworthy
that the various bond characters present in the system may
generate an anharmonicity. Further, to measure the bond
strength and possible anharmonicity in the compound, we
also evaluated ICOHP (integration of COHP) near the Fermi
energy, which is generally used to quantify the strength of
all possible bonds in the system. In Fig. 1(c), we see that
the ICOHP values for Sr-S interactions are in the range
—0.25 to —0.74, while for Zr-S interaction the ICOHP value
remains near —3.5, implying weaker bond strength between
Sr and nearest-neighbor S atoms. It is also consistent with the
decreasing order of bond lengths, as Zr-S bond lengths are
shorter than Sr-S bond lengths.

Meanwhile, the bonding characteristics are also explored
by the electron localization function (ELF) of the (001)
plane evaluated by the following equation: ELF(r) = 1/1 +
[D(r)/Dy(r)]* [54], where D(r) and Dj(r) correspond to the
Pauli kinetic energy density at a given point in real space r and
homogeneous electron gas with the same density, respectively.
The ELF values 0, 0.5, and 1 represent electron depletion,
the behavior of homogeneous electron gas, and fully localized
electrons, respectively. For 8-SrZrS3, Fig. 1(d) shows that the
electrons are localized around Sr and S atoms, with an ELF
value below 0.2 at the center of the shortest Sr-S bond, indicat-
ing ionic-like bonding for the same bond. On the other hand,
a relatively larger ELF value of ~0.4 is noticed between Zr
and S atoms. This is an indication of good atomic interaction
within the ZrS¢ octahedra providing a covalent-like nature
with relatively more electron sharing in this unit. Overall, the
ELF reflects that the bonding interactions steadily deteriorate
in the following order: Zr-S > Sr-S bonds, which agrees
with the Bader charge analysis. Consequently, because of the
bond heterogeneity, as was also observed for the softer chem-
ical bonds formed in SrSg bicapped trigonal prism geometry
compared to ZrS¢ octahedra, the system acquires an ultimate
phonon anharmonicity that significantly impacts the phonon
contribution and determines a lower k; value for S-SrZrS;.

The strength of the chemical bonding with the order of
flexibility is also reflected through the mechanical properties

tal signifies high resistance to elastic deformation [55]. The
weak bonding stiffness causes softening of the phonon modes,
thus slowing down phonon propagation. Because of the or-
thorhombic symmetry of 8-SrZrS3, nine independent elastic
constants C;; are calculated, and an additional elastic mod-
ulus is derived, as listed in Table S2 in the Supplemental
Material [44] (also see [56]). These elastic modulus values
satisfy the Born-Huang mechanical stability criteria [56]. The
bulk modulus (B) and Young’s modulus (Y) give the mate-
rial’s compressibility and stiffness; larger values show larger
compressibility and stiffness. B and Y values for B-SrZrS;
are 69.92 and 93.09 GPa, which are close to the BaZrS;
results of 69.9 and 86.6 GPa [57]. The shear modulus (G) is
~36.42, which actually indicates shape resistance. The large
B/G ratio >1.75 signifies the ductile behavior of the system
as per the Pugh criteria, which is beneficial for developing
flexible thermoelectric modules. Furthermore, the chemical
bonding of the solid material is also evaluated by Poisson’s
ratio, i.e., v < 0.2 for covalent material, 0.2 < v < 0.3 for
ionic-covalent material, and 0.3 < v < 0.4 for ionic material.
Thus, B-SrZrS; is shown to be ionic-covalent material, which
is quite consistent with the ELF analysis.

B. Electronic properties

The thermoelectric (TE) properties depend heavily on the
accuracy of the band gap and the electronic states near the
band edges. Figures 2(a) and 2(b) represent the computed
band structure and density of states (DOS) of B-SrZrS;, re-
spectively. We see that both the valence-band maxima (VBM)
and the conduction-band minima (CBM) are located at the I
point, signifying direct band-gap character. Further, using the
HSEOQ6 functional, the calculated band gap is 2.04 eV, which
is comparable with previous reports (see Table II). Impor-
tantly, this large band gap for B-StZrS; is sufficient to avoid
bipolar conduction [58], so the electronic transport properties
would not be adversely affected. In addition, the conduction
band, comprised of the hybridization of Zr-d and Sr-s states,
exhibits multiple valleys with energies closer to the CBM.
It is usually helpful for high-temperature thermoelectrics to
have these extra bands with small energy offset (A) from the
main conducting bands [59,60]. In B-SrZrSs, instead of the
primary CB edge, which is made up of the convergence of
doubly degenerate parabolic bands at the I point, another
parabolic band at the U point appears to make a secondary
conduction-band edge with an offset energy AE = 47 meV.
Another valley is noticed at the Y point in the Brillouin zone,
which is roughly 180 meV from the CBM. More interestingly,
a somewhat flat band connection between the I" and U valley,
as seen in the band structure, imparts a pudding-mold-type
of geometry to the conduction. The isoenergy Fermi surface,
as shown in Fig. S1 of the Supplemental Material [44], for
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FIG. 2. (a) Electronic band structure of the 8-SrZrS; calculated with the HSEQ6. (b) Atomic contribution of Sr, Zr, and S atoms along with
total density of states. The different orbital contribution for Sr (c), Zr (d), and S (e) atoms on electronic density of states. [(f), (g)] Negative
crystal orbital Hamiltonian population (-COHP) for Sr-S and Zr-S interaction in 8-SrZrS;. The bonding and antibonding interactions are shown
by —COHP spikes on the right and left. The Fermi level is set to 0 eV and is shown with a blue dotted line.

an energy level above 47 meV from the primary conduction-
band edge, also confirms the same. The pudding-mold-type
band structure, which is dispersive in one direction and flat
in the other, results in a high-power factor due to a large
Seebeck coefficient and a larger Fermi surface, providing
large conductivity with suitable carrier doping [61]. Unlike
the complex band structure of the conduction band, we do
not notice many valleys of small AE near the VBM, and the
nearest valley belongs to the Y point with AE = 244 meV,
which is quite far with respect to conduction-band valleys.
Moreover, the multiple band convergence, which is observed
at the ' point, suggests the possibility of high electrical
conductivity (for example, as 0 = o) + o, for two bands
1 and 2) for the system. Generally, the density-of-states ef-
fective mass (m};) is employed to analyze the vast majority

of thermoelectric data as given by m}; = N2/ SmZ, where N,
includes orbital degeneracy, and m;j; is the average effective
mass of the degenerate valleys [62,63]. For a given carrier
concentration, a high Seebeck coefficient can be either due
to a large degeneracy, N,, or a large mj;. The aforementioned
complex band geometry with large orbital degeneracy near
the conduction-band edges for B-SrZrS; leads to an enhanced
density-of-states effective mass at suitable carrier doping. In
addition, due to the dispersive nature of the conduction- and
valence-band edges, a variety of carrier effective masses (m*)
with anisotropy along different directions is noticed. The ef-
fective masses of the electron (hole) along the I'-X, I'-Y, I'-Z,
I'-U, U-Z, U-R, U-X, and Y-T directions in the Brillouin

zone are calculated as fractions of my and summarized in
Table II. The higher effective mass along all directions in the
valence band is due to the low curvature near the valence-band
edge and is mostly contributed by S-p orbitals. In addition, we
plotted the crystal orbital Hamiltonian population (COHP),
where the positive value of COHP signifies antibonding, while
the negative value indicates bonding interaction. The Sr-S
and Zr-S orbitals form antibonding states in the conduction
band, while Sr-S antibonding and Zr-S bonding states can be
seen below the valence-band edge. The relatively low DOS
intensity for Sr orbitals with the low COHP value of the Sr-S
bond further indicates that the Sr atom is weakly bound to the
crystal, which also accords well with the structural analysis
described in the previous section.

C. Phonon characteristics and lattice thermal conductivity

To shed light on lattice thermal conductivity, it is necessary
to explore the phonon-dispersion relations, phonon density of
states, and phonon transport such as phonon group velocities,
the Griineisen parameter, and anharmonic scattering rates.
Phonon-dispersion relations for B-SrZrS; are evaluated by
solving the dynamical matrix, obtained from the second-order
force constants along the directions X-I"-Z-T-Y -T" of the Bril-
louin zone, as shown in Fig. 3(a). Since there are 60 phonon
modes (3N, where N = 20 is the number of atoms in the prim-
itive unit cell) for each g-point, only the three lowest branches
are acoustic modes while the remaining 57 are optical modes.

TABLE II. The computed band-gap (experimental) values and effective masses of electron and hole of 8-SrZrS; at CBM and VBM

(in myg), where my = 9.1 x 1073 kg.

Band gap (eV) m*(mg)
System PBE HSE Carrier type r-x r-y r-z r-u U-Z U-R U-X Y-T
B-SrZrS; 1.22 2.04 (2.05) [64] electron 0.45 0.6 0.46 1.52 0.46 0.30 0.48 0.60
hole 0.89 0.80 0.61 0.79 0.70 0.46 1.02 0.74
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FIG. 3. (a) The calculated phonon-dispersion curve along the
high-symmetry point in the Brillouin zone. (b) Phonon density of
states with the orbital contribution.

All the positive frequencies in the dispersion curve indicate
the dynamical stability of the orthorhombic B-SrZrS;. The
acoustic branches are found below a frequency of 1.81 THz.
Notably, the low-lying optical modes (<2.46 THz) show
strong hybridization with the longitudinal acoustic branches.

The more or less flat geometry with the hybridized region
would be suitable for large scattering channels and pave the
way for low «;. In addition, a significant number of optical
modes have moderate dispersion in the middle-frequency re-
gion, and a high dispersion is observed above 8.5 THz but
with lower density. Therefore, the middle and high-frequency
region is expected to have moderate and high group velocity,
respectively, contributing some amount to the total lattice
thermal conductivity, i.e., k;. The projected DOS suggests that
the heavy elements Zr and Sr contribute most in the low-
frequency region, while the contribution of the lighter element
S is noticed effectively at the higher side of the frequency, as
shown in Fig. 3(b). We observed a strong degeneracy between
Sr and Zr in the acoustic and low optical region, which can be
attributed to their similar elemental masses.

The Boltzmann transport equation is solved for a phonon
with a self-consistent iterative method. We calculated lattice
thermal conductivity as a function of temperature along the
x-, y-, and z-axes as shown in Fig. 4(a). A decreasing trend
in k; along with elevated temperature approximately follows
the 7! relation. This usually happens due to the inherent
enhancement of phonon-phonon scattering at higher temper-
atures. For B-SrZrSs, the «; values at 300 K are ~1.22,
1.26, and 1.31 Wm~' K~! along the x-, y-, and z-axes, re-
spectively. Notably, the average k; value ~1.26 Wm~' K~!
is significantly smaller than the extensively studied and
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FIG. 4. (a) Lattice thermal conductivity as a function of temperature along the x-, y-, and z-axes. The inset shows specific heat as a function
of temperature. (b) Cumulative lattice thermal conductivity (in %) at 300 K as a function of frequency. The orange, yellow, and blue represent
the region of acoustic-lower optical mode, intermediate optical mode, and higher optical mode, respectively. (c) Comparison of lattice thermal
conductivity at room temperature (300 K) with previously reported compounds, (d) phonon group velocity as a function of frequency with
color-distinguished acoustic and optical modes, and (e) Griineisen parameter as a function of frequency with the average shown by a dotted
line. The inset shows a three-phonon scattering phase space at room temperature (300 K). (f) Anharmonic phonon scattering rate at 300 K.
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well-known polycrystalline chalcogenides PbSe, PbTe [65],
and oxide perovskites PbTiO3, BaTiO; [25,26,66], and it
is also found to be comparable to the chalcogenide per-
ovskite reported in Refs. [35,36]; see Fig. 4(c). Further, for
intermediate-temperature applications, it is desirable for TE
materials to have ultralow «;. For B-SrZrS;, we observe
that the average «; approaches 0.64 and 0.48Wm™! K~!
at 600 and 800 K, respectively, indicating its suitability
for intermediate-temperature TE generators. Additionally,
as shown in the inset of Fig. 4(a), with increasing tem-
perature the specific-heat value increases in the range of
(1.62-1.72) x 10°Im~3 K~!, which may provide a theoreti-
cal reference for experimentalists during the realization of TE
devices.

The cumulative «; is another critical parameter that mani-
fests in the contribution of phonons with different frequencies
to the total ;. Similar to oxide perovskite, the value of «;
for B-SrZrS; is determined largely by the optical modes as
depicted in the normalized cumulative ; as a function of
frequency at 300 K, as shown in Fig. 4(b) [67]. The data show
that the acoustic and lower optical modes contribute ~43%),
48%, and 57.2% along the x-, y-, and z-axes, respectively. At
about 8.5 THz, a slight contribution to the total «; is observed,
particularly along the y-direction, due to the lower density of
phonon modes with rather significant dispersion in phonon
spectra. However, above a frequency of 8 THz, the overall
slope of the curve remains smaller and contributes ~10%,
confirming that the contribution of higher optical modes is
relatively lower in total «;.

Understanding more about the low lattice thermal conduc-
tivity, we analyze the other critical parameters that affect the
value of «;, such as frequency-dependent phonon group ve-
locities, the Griineisen parameter (), anharmonic scattering
rates, and phase space (see Fig. 4). According to the kinetic
theory, k; = %Cvf)zf, where ¥ and T are the average group
velocities and relaxation time. We see that, in the acoustic
region <1.81 THz, low-frequency phonons have a maximum
group velocity (vg) of up to 6000ms~'; see Fig. 4(d). The
intermediate phonon modes, however, mostly have values up
to 4000 ms™~', while a larger v, ~ 8500ms™~! is noticed for
some high-frequency optical modes. This is attributed to the
extremely steeper phonon bands in these high-frequency re-
gions, which signifies the non-negligible role of an optical
phonon to the total «;, as phonons with larger v, contribute
effectively to thermal conduction.

Generally, the Griineisen parameter “y” characterizes the
strength of the periodic crystal’s anharmonicity and explains
the change in phonon frequency concerning the change in
unit-cell volume. According to Slack’s theory, y is inversely
proportional to the square root of the lattice thermal conduc-
tivity (i.e., k; o #) [68]. Indeed, the larger y signifies strong
anharmonicity and thus lower ;. As shown in Fig. 4(e), a
jump in the value of y near a frequency of 2 THz is observed
for the acoustic and lower optical region signifying extreme
anharmonic interaction, which further validates the strong
coupling of these frequency modes in a narrow range. The
computed average y value is ~1.46, which is comparable
to that for PbSe (1.65), PbTe (1.69), and PbS (1.67) [65],
signifying the reason behind the lower «; of 8-SrZrS;. Indeed,
the soft metal-chalcogen covalent bond causes the strong

anharmonicity that leads to low «;. Figure 4(f) shows the
anharmonic phonon-phonon scattering rates as a function of
frequency calculated at 300 K, which follows a similar trend
to that of y. Low anharmonic rates reflect the more significant
lifetime of a phonon, and they would greatly increase «;, as
seen from Fig. 4(f). The smallest values are below 1.8 THz
frequency, which belongs to the acoustic region. Intermediate-
and high-frequency optical phonon modes exhibit more scat-
tering rates than acoustic modes. Enhanced coupling between
lower frequency optical phonons facilitates more channels for
scattering, resulting in a large, weighted phase space [see the
inset of Fig. 4(e)], and it is attributed to the absence of an
acoustic-optical phonon gap.

Consequently, significant scattering in the intermediate-
and high-frequency regions, which is approximately one or-
der more prominent than in the low-frequency region, plays
a crucial role in deciding lower lattice thermal conduc-
tivity by contributing less to the total «;. Despite a high
v, value, the aforementioned strong coupling in acoustic
and low optical branches, which results in larger scatter-
ing channels, is another source for lower «;; see Fig. 4(f).
Overall, the large lattice anharmonicity and high scattering
rates jointly contribute to the low lattice thermal conductivity
for B-SrZrSs;.

D. Transport properties

We investigated the carrier relaxation time and the over-
all mobility by analyzing multiple scattering phenomena in
the system (Fig. 5). These metrics are displayed for both
hole (p-type) and electron (n-type) doping. As described in
Sec. II, three essential carrier scattering rates (ADP, IMP, and
POP) are considered in the present work. The overall and
scattering-type resolved average relaxation time as a function
of temperature at a fixed doping concentration 1 x 10%° cm™3
are also investigated and shown in Figs. 5(a) and 5(d) for elec-
tron and hole doping, respectively. We noticed that the value
of the electron (hole) lifetime decreases from 3.4 x 10™'*s
(1.1 x 107"5) to 1.05 x 1075 (0.39 x 10~'*s) upon in-
creasing the temperature from 300 to 800 K. In all temperature
ranges, the ADP and IMP scattering-based lifetimes are about
an order of magnitude larger than the POP lifetimes. However,
the large POP scattering is found to reduce the total lifetime
value. This can be further understood by analyzing all scatter-
ings near the band edges, e.g., at 300 K shown in Figs. 5(b)
and 5(e). The order of dominance for both conduction- and
valence-band edges is POP > IMP > ADP. Usually, the POP
scattering dominance is because of the pronounced polarity
of the chemical bonds [69,70]. Instead, an overall increase
in ADP scattering is noticed in the energy range close to the
valence- and conduction-band edges, which typically happens
due to the strong coupling between acoustic phonons and
carriers. However, for the conduction band its values appear to
stabilize a few meV above the edge, which may be due to the
unchanged coupling of the acoustic phonon and electrons for
a higher energy range. Furthermore, for the overall mobility
for electrons (hole), the values are ~110.5 (52.8)cm? V~!g~!
and ~31.3 (6.2)cm? V=1 s~ at 300 and 800 K, respectively;
see Figs. 5(c) and 5(f). The electrons’ mobility is relatively
higher than that of the holes, substantiating that for n-doping
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FIG. 5. [(a), (d)] The overall and scattering mechanism resolved the relaxation time for n-type and p-type doping. [(b), (e)] The ADP,
IMP, and POP scattering rates contribution near the conduction- and valence-band edge as a function of energy at room temperature (300 K).
[(c), ()] The total and scattering mechanism resolved mobilities for n-type and p-type doping as a function of temperature. All the results have

a doping concentration of 1 x 10%° cm~3.

the material could essentially improve the TE figure of merit.
Moreover, we note that ADP, POP, and the total mobilities
decrease with increasing temperature, which can be attributed
to the fact that the enhanced number of phonons contribute
to high scattering. The scattering of IMPs is usually less im-
pacted by temperature; therefore, their mobility remains rather
consistent across the temperature range.

Figure 6 shows the calculated Seebeck coefficients, elec-
trical conductivity, power factor, and electronic thermal
conductivity with respect to carrier concentration at temper-
atures of 300, 600, and 800 K for both n-type and p-type
doping along the x-, y-, and z-axes. Figures 6(a) and 6(e)
show the calculated Seebeck coefficient of B-SrZrS; for
both types of dopings. Note that the absolute values of “S”
decrease with increasing carrier concentration and increase
with increasing temperature, consistent with the formulas S =
% X (%)% x m, where h, n, and m; are Planck’s constant,
the carrier concentration, and the DOS effective mass near
Ep, respectively. This implies that by adjusting the carrier
concentration, one can also achieve a satisfactory value of
S. For instance, at 1 x 10" cm™=3 carrier concentration, the
value of |S| for an electron (hole) is ~354.6 (292.9) uV K~!
at 300 K and 466.5(431.5)uVK~! at 600 K along the x-
direction, while in the y-direction it is 349.5 (268.2) uV K~!
at 300 K and 456.1(394.8)uV K~! at 600 K. We noticed
that |S| values for n-type are larger than that of p-type,

indicating B-SrZrS; could be a good thermoelectric mate-
rial with n-type doping. This large |S| value, especially for
n-type doping, could be correlated to multiple band degen-
eracy along with pudding-mold bands, which provides a sig-
nificant density of state-effective mass. In addition, at 300 K,
the slightly larger effective mass along the y-direction results
in slightly larger |S| along the y-direction than the x- and
z-directions.

The electrical conductivity is directly dependent on carrier
mobility as ¢ = neu, where n, e, and u are the carrier concen-
tration, unit charge, and charge carrier mobility, respectively.
Thus, following a similar trend for mobility, o decreases
with increasing temperature. However, an increase in carrier
concentration also increases conductivity. For instance, along
the x-direction, at n =1 x 10" cm ™3, o, (03) is ~3 x 10*
(1.1 x 10*) Sm~!. At higher concentration, n =1 x
10?! cm 3, the o, (0y) is enhanced to 2.1 x 10° (6.6 x 10°)
Sm~! for 300 K. Further, monitoring Figs. 6(b) and 6(f),
we see that o shows almost similar values for electron
doping along all the axes due to the more or less similar
band dispersion along these directions with a similar number
of converged bands. However, for hole doping, the o
value in the z-direction is lower, and this is because of the
larger effective mass along this direction. Figures 6(c) and
6(g) show the electronic thermal conductivity as given by
the Wiedemann-Franz law. «, is directly proportional to o,
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FIG. 6. The electronic transport properties as a function of carrier concentration with temperature 300, 600, and 800 K along the x-, y-, and
z-axes. (a) Seebeck coefficient, (b) electrical conductivity, (c) electronic thermal conductivity, (d) power factor for n-type doping, (e) Seebeck
coefficient, (f) electrical conductivity, (g) electronic thermal conductivity, and (h) power factor for p-type doping.

therefore the trend of «, is similar to that of o, which increases
with carrier concentration and decreases with temperature.
k. can be ignored at the lower concentration regime until the
carrier concentration approaches 1 x 10%° cm™3. Afterward,
k. gradually increases with the carrier concentration and
becomes comparable and even exceeds the lattice thermal
conductivity k;, which is not desirable for the good TE
performance of the materials. Further monitoring the trend
along the y-direction, for example, the value of «, varies
for the electron doping range 1 x 10" to 1 x 10* c¢m™3
from 0.20 to 1.71Wm~'K~! at 300 K, and for 600 K it
increases from 0.11 to 1.09 Wm~'K~!. Similarly, for the
hole doping range 1 x 10" to 1 x 10% cm~3, it varies from
0.02 to 0.26 Wm—' K~! at 300 K, and for 600 K it changes
from 0.01 to 0.12W m~! K~!. We see that for n-type doping,
the k. values are always larger than the p-type doping when
compared with the corresponding temperature and doping
concentration, which are also correlated with the trend of
o. Furthermore, the power factor (PF = S%c) as a function
of carrier concentration at various temperatures enables
us to determine the optimal doping for the best possible
thermoelectric output within the framework of electronic
transport. Initially, the PF increases and then decreases
with the carrier concentration; the opposite trend for §
and o leads to a high PF at moderate concentrations; see
Figs. 6(d) and 6(h). Due to the anisotropic behavior of S
and o, the PF also follows the anisotropy among different
axes at the same temperatures. Due to the large |S| and o
value, a larger PF is noticed. For instance, at 600 K, for
5 x 10% ¢cm~3 n-type doping, its value is ~8.5mW m~' K2,
while at the same p-type doping concentration, it is found
to be ~1.2mW m~! K=2. Here, we see a dramatic increase

in the PF, which is consistent across all temperature ranges
and results from the seemingly one-order increase in the
o value between p-type and n-type doping at 600 K. The
appreciable n-type power factor for B-SrZrS; is attributed
to the multivalley, degenerate band’s convergence, with a
pudding-mold-type band geometry, that together provide
relatively large o and S over a doping range.

E. Figure of merit

After a detailed investigation of the thermoelectric trans-
port properties with the lattice thermal conductivity, we
computed the average ZT for §-SrZrSs as a function of car-
rier concentration for different temperatures. The direction-
oriented ZT for electron and hole doping exhibited anisotropy
as depicted in Fig. 7. Since the ZT values for n-type doping
are greater than those for p-type doping, the n-type doping can
effectively enhance the TE performance of SrZrS;. For exam-
ple, at 300 K, the ZT value of n-type doping is 0.97, which
is approximately six times that of 0.17 for p-type doping; see
Figs. 7(a) and 7(b). Further, at 800 K the maximum ZT is
achieved. For n-type (p-type) it is ~3.67 (1.10) at an optimal
doping concentration ~8 x 10" (3 x 10*)cm~3 along the
y-direction. Thus, the high ZT values can be achieved at a
practically relevant doping concentration. The combination of
a large PF and low k; leads to this impressive figure of merit,
particularly along the y-direction for electron doping. The
obtained ZT values are comparable to the typical anisotropic
materials for the intermediate temperature range (500-900 K)
as shown in Fig. 7(c); details of all the materials are listed
in Table S3 of Supplemental Material [44] (see also Refs.
[11,14,24,35,72-82]). Furthermore, the ZT value of 8-SrZrS;
is much higher than that for the commercially used material
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B-SrZrS; tabulated in the Supplemental Material [44], Table S3 (see also Refs. [11,14,24,35,72-82]).

PbTe (ZT < 1), and the ZT values for single inorganic halide
perovskites such as CsSnlz, CsGels, and CsPbl; are reported
to be 0.95, 1.05, and 0.45 at 700 K, respectively [71]. Finally,
it is suggested that the excellent TE performance of B-SrZrS;
is made possible by controlling the electron concentration.

IV. CONCLUSION

In summary, the structural, electronic, and phonon trans-
port properties of orthorhombic B-SrZrS; have been system-
atically investigated using DFT and transport calculations. A
direct semiconducting nature with a band gap of 2.05 eV is
noticed. The complex band structure with multiple valleys
and band convergence in the conduction band is crucial for
providing a significant power factor while n-type doping. The
anisotropy is observed on the carrier effective mass and TE
properties along all the axes. Phonon transport and lattice
thermal conductivity are significantly impacted by the strong
anharmonicity caused by the bond heterogeneity in the crys-
tal structure. In particular, the weakly bound SrSg bicapped
trigonal prisms are attributed to the noticed low average

ki ~126Wm~' K~! at 300 K and desirable ultralow
average x; ~ 0.64 and ~0.48 Wm~'K~! at 600 and 800 K,
respectively. Further, ADP, POP, and IMP scattering analysis
near the band edge suggests that the POP dominance decides
the overall mobility. Finally, based on the high Seebeck co-
efficient and low lattice thermal conductivity, the impressive
ZT values, such as 3.67 for n-type and 1.10 for p-type at
800 K, are reported at doping concentrations 8 x 10" and
3 x 10%° cm 3, respectively. This study on B-SrZrS; as a high
ZT material may serve as a promising candidate for wide-
band-gap-based TE devices.
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