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Acoustic phonon softening enhances phonon scattering in Zintl-phase II-I-V compounds
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The thermoelectric properties of nine Zintl-phase semiconductors II-I-V (Il = Ca, Sr, Ba, I = Cu, Ag, Au, and
V = As, Sb, Bi) are studied by using first-principles calculations. The electronic and thermal transport properties
are calculated to elucidate the thermoelectric performance. The electron localization functions and crystal orbital
Hamilton population show regular and anisotropic bonding in II-I-V, which makes anisotropic thermal and
electronic transport properties. The phonon dispersion curve also shows element dependent distributions. We
suggest that the regularity of phonon and electron distribution makes the adjusting of thermoelectric performance
in P63;/mmc type Zintl-phase compounds possible. The mix of ionic and weak covalent bonding leads to the
coexistence of soft phonon modes and favorable electronic properties and thus a high figure of merit (0.41-0.94).
We also investigate the three phonon scattering properties. The importance of acoustic phonon softening in
lowering thermal conductivity is observed. The symmetry-based three-phonon scattering pathways demonstrate
the possible intense phonon-phonon scattering. These data provide a deep understanding of the thermoelectric

properties in Zintl-phase compounds.
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I. INTRODUCTION

Thermoelectric materials [1] have been a topic of inten-
sive research [2-5], for they can transform waste heat into
usable power [6,7]. The electrical current is produced by
thermoelectric material under the thermal voltage, which is
driven by the thermal gradient [1]. Low thermal conductivity
k is important to preserve the thermal gradient. k contains
the electrical «, and lattice kj,; components. Materials with
low « and favorable electronic transport properties will have
efficient thermoelectric performance. However, it is hard to
optimize both the electronic and thermal transport properties,
for the electronic part is connected to the electronic transport.
Suppressing the «j,, becomes an effective way to fabricate
high-performance thermoelectric materials.

In semiconductors, phonon is an important quasiparticle
that dominates k.. Materials with intense phonon scattering
and strong phonon anharmonicity have low «j, [6]. Investi-
gating the phonon propagation gives insight into the thermal
transport properties. Designing defects in materials can inten-
sify the phonon scattering by inducing a phonon scattering
center [8,9] and nanostructure can induce the boundary scat-
tering. However, suppressing «j,; runs the risk of degrading
the thermoelectric power factor (PF, PF = S%c) [10]. Thus
designing materials with intrinsically low ki is the priority.
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Zintl phase compounds with “electron-crystal” electronic
structure and “phonon glass” have been thought of as the
promising thermoelectric materials. The complex crystals and
covalent bonding [11] result in low x and high Seebeck
coefficients. Several Zintl-phase compounds have been syn-
thesized with efficient thermoelectric performance, such as
YbMg,Sb, [12] and Eu,ZnSb, [13]. Designing new Zintl-
phase materials with promising thermoelectric applications
is still desirable. Chemical replacements are efficient strate-
gies for designing novel materials with functional applications
[14,15]. Several n-type Zintl-phase compounds with desirable
thermoelectric performance have been proposed by chem-
ical replacement methods [14]. 8-electron and 18-electron
half-Heusler compounds [16] are widely studied for energy
conversion applications, but the 8-electron Zintl-phase com-
pounds need to be explored.

Based on the crystal structure of BaAgSb, nine 8-electron
Zintl-phase semiconductors II-I-V (I = Cu, Sr, Ba, I = Cu,
Ag, Au, and V = As, Sb, Bi) with intrinsically low &y
are proposed. The mechanical and thermodynamical stability
are analyzed via the elastic constants and molecular dynam-
ical simulations. The anisotropic thermoelectric performance
of II-I-V is systematically investigated. The detailed crystal
structure, electronic band structure, electronic transport prop-
erties, and phonon transport properties are investigated. The
temperature, momentum, and band dependent carrier lifetimes
are estimated by considering the electron-phonon scattering
near the Fermi level. The phonon anharmonicity and three
phonon transport properties are calculated to illustrate the

©2023 American Physical Society


https://orcid.org/0000-0001-7131-9172
https://orcid.org/0000-0003-4247-7416
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.235213&domain=pdf&date_stamp=2023-12-28
https://doi.org/10.1103/PhysRevB.108.235213

WANG, ZHANG, AND WANG

PHYSICAL REVIEW B 108, 235213 (2023)

ultralow k.. The possible three phonon scattering channels
are calculated to illustrate the intense phonon scattering in the
P63 /mmc crystal. Finally, the thermoelectric performance of
Zintl phase II-I-V is calculated, which demonstrates promis-
ing thermoelectric application. According to our calculations,
the characteristics and regularity in the hexagonal Zintl-phase
compounds are summarized, which will give insights into the
experiments and motivate future research.

II. CALCULATION METHODS

Density function theory (DFT) based on the plane-wave
projector augmented wave method in the Vienna ab initio
simulation package (VASP) [17] is used in the calculation of
II-I-V. All the simulations are carried out by the projector-
augmented wave (PAW) potentials [18] with the plane wave
energy up to 650 eV. The generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) [19]
parametrization is chosen for the exchange-correlation energy
functional. The energy convergence criterion of the electron
self-consistency is set to 107 eV. A Monkhorst-Pack 6 x 6 x
4 k mesh is used for the structure optimizations. These crystals
are fully optimized until the Hellman-Feynman force is less
than 0.001 eV A~'. The electronic band structures are cal-
culated using the PBE function with HSE06 hybrid function
[20]. The Boltzmann transport equation within the rigid band
and constant relaxation approximation in the BOLTZTRAP2
[21] program are used to calculate the electronic transport
properties. Supercell of 2 x 2 x 1 is used in the calculations
of second and third order interaction force constants. The
harmonic second-order and inharmonic third-order interac-
tion force constants are calculated in the finite displacement
method [22]. The phonon dispersion curves are calculated
in the PHONOPY [23]. Based on the Boltzmann transport
equation, the phonon transport properties are calculated in
the SHENGBTE code [24]. The three phonon scattering chan-
nels are calculated according to the study of Yang [25]. The
bonding states are analyzed by calculating the crystal orbital
Hamilton populations (COHP) and the integrated crystal or-
bital Hamilton populations (ICOHP) to the Fermi level using
the LOBSTER package [26].

The carrier lifetimes t are an important part of the input pa-
rameters in BOLZTRAP2. The precise 7 is calculated according
to the electron-phonon (el-ph) scattering rates around the va-
lence band maximum (VBM) and conduction band minimum
(CBM). The EPW code is employed to calculate the g, v(k,q),
as implemented in the QUANTUM ESPRESSO package [27].
The DFT calculations for the Wannier-Fourier interpolations
are carried out within a uniform k-point mesh of 8 x 8 x 8.
The dynamic matrices are calculated with a q-point mesh of
4 x 4 x 4. In EPW calculations, the interpolated k-point grid
and q-point grid of 40 x 40 x 40 are applied to solve the
precise gmn v(K,q) [28].

II1. Results and Discussions

1. Crystal structure

The family of II-I-V (Il = Cu, Sr, Ba, I = Cu, Ag, Au,
and V = As, Sb, Bi) has the same crystal structure of BaAgSb

(b)

FIG. 1. Crystal structure of II-I-V from side and top view. The
blue, gray, and brown spheres represent II, I, and V, respectively.

[29] (space group of P63 /mmc); I and V arrange alternatively
in the voids between the II layer with hexagonal close packing
(hcp), as shown in Fig. 1. II, I, and V occupy 2a (0,0,0),
2c (1/3, 2/3, 1/4 ), and 2d (1/3, 2/3, 3/4) Wyckoff po-
sitions, respectively. The crystals with electronic band gap
and real frequency phonon dispersion curves are selected and
nine of them (CaCuAs, CaCuSb, BaCuAs, BaCuBi, BaAgBi,
BaAgSb, SrCuSb, SrAgAs, and SrAgSb) fulfill our criteria.
The lattice constants are optimized using PBE exchange cor-
relation functions, as listed in Table I. The layer distance
(c) and crystal constant (a) are increased with the atomic
radius. The mass densities of nine compounds are calculated
and listed in Table I. CaCuAs possesses the shortest lattice
constant and less mass density. BaCuBi possesses the longest
lattice constants, but BaAgBi is the densest material, which
may exhibit the softest vibration modes.

The mechanical stability and thermodynamical stability are
investigated. The elastic constants are calculated to study the
mechanical stability, as demonstrated in Table I. The ten-
sile strain is in the range of —0.5%-0.5% with a resolution
of 0.1%. The criteria of mechanical stability to the hexag-
onal crystal are Cj; > 0, Cy4 > 0, Cy; > Cjp, and (Cy; +
C12)Cs3 — 2C]23 > 0 [30]. All the materials manifest mechani-
cal stability. The elastic constants reflect the incompressibility
of materials. C; and Cy; are larger than Cs3, suggesting loose
atomic bonds along the ¢ axis rather than in the ab plane.
The bulk modulus K reflects the average bond strength [31].
BaAgBi with the smallest K possesses loose atomic bonds,
which induce the flat phonon dispersion curves of BaAgBi,
as demonstrated in Fig. 4. The thermodynamical stability is
estimated by using ab initio molecular dynamic simulations
(AIMD) [32]. NVT ensemble (constant volume and tempera-
ture) is used in our AIMD simulations and the time interval
is 10 ps. The equilibrium evolution of Gibbs free energy
demonstrates that II-I-V are stable at 300 K, 500 K, and
800 K, as shown in Supplemental Material Fig. S1 [33]. The
crystal structures are also checked during the simulations to
emphasize the structures reach equilibrium.

2. Phonon dispersion and transportation

As phonon dominates thermal transportation, analyzing
the phonon dispersion curves and phonon transportation will
illustrate fundamental thermal transport properties. The par-
tial phonon density of states (PhDOS) shows the distribution
of atomic vibrations, as plotted in Supplemental Material
Figs. S5-S13 [33]. Usually, the heaviest elements dominate
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TABLE 1. Mass density o (gcm™), crystal constants a and c, electronic band gap AE (eV), Debye temperature ®, (K), bulk modulus

K (GPa), Young’s modulus E (GPa), and elastic constants C;;.

COHIpOLlIldS P a C AE ®D K E Cl 1 Clz C33 Cl 3 C44

CaCuAs 4.89 4.20 7.96 0.74 364.50 68.80 112.93 163.02 47.78 84.25 28.33 35.31
CaCuSb 5.28 4.47 8.20 0.50 304.98 58.28 39.38 144.21 36.39 62.22 25.22 29.20
BaCuAs 5.95 4.34 9.28 0.23 318.29 51.60 121.76 137.56 —15.47 72.891 36.835 50.96
BaCuBi 7.18 4.77 9.64 0.09 193.42 39.55 61.84 82.06 25.717 53.14 21.81 23.62
BaAgBi 7.81 4.94 9.13 0.04 197.29 46.23 29.08 102.46 34.317 50.11 23.11 26.58
BaAgSb 6.22 4.91 9.39 0.54 205.16 38.24 61.75 84.68 25.78 49.02 28.55 22.06
SrCuSb 5.72 4.54 8.88 0.52 311.96 51.74 112.20 145.41 8.48 64.41 23.38 38.94
SrAgAs 5.84 4.57 8.47 0.25 264.45 51.74 83.76 122.41 35.68 63.13 21.59 25.25
SrAgSb 6.05 4.81 8.18 0.65 221.56 46.23 66.11 99.95 43.24 52.92 19.20 22.79

the acoustic branches and the lightest elements dominate the
high-frequency optical phonon, but the phonon distribution is
different in II-I-V. For example, Bi as the heaviest element in
BaAgBi dominates the acoustic modes, but it still contributes
high frequency phonon with Ag, as shown in Supplemental
Material Fig. SO [33]. After analyzing all nine materials, we
find that high frequency optical branches are almost devoted
to the I and V sites.

To elucidate the unusual phonon vibration modes in II-1-V,
the electron localization functions (ELF) are calculated. The
ELF of BaAgBi along the (110) plane and the surface of
ELF = 0.27 are displayed in Fig. 2. The nearly zero ELF
around Ba indicates the ionic bonding of Ba and AgBi form
covalent bonding for the ELF is 0.27 between them. II-I-V
compounds are basically ionic with weak covalency [34],
which will exhibit a high electrical conductivity and Seebeck
coefficient. Covalent bonding between the Ag and Bi atoms
demonstrates the relatively strong atomic bonds, which will
produce intense vibrations. The 3D surface with ELF = 0.27
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FIG. 2. Electron localization functions (ELF) of BaAgBi along
the (110) plane (a) and 3D distribution of ELF = 0.27. The ELF
values range from 0 to 1, which represents the completely delocal-
ized and full localized electron. (e),(f) The crystal orbital Hamilton
population (COHP) analysis for the nearest-neighbor cation-anion
pairs in the unit cell of BaAgBi and SrCuSb.

is scattered around Ag and Bi and connected along the ab
plane, indicating the strong covalent bonding along the ab
plane.

The COHP analysis for different chemical bonds is per-
formed to evaluate the chemical bonding and bond strength
from another side. A larger value of COHP below the Fermi
level indicates stronger bonding interaction and a smaller
value means the interaction is weaker [35]. The COHPs be-
tween different pairs of nearest-neighbor atoms are plotted, as
shown in Figs. 2(c) and 2(d), which shows that the interaction
between the I and V atoms is the strongest, and II interact
relatively weakly with the anions; hence they are weakly
bonded to the lattice. The ICOHP values are calculated to
evaluate the bonding environment. In BaAgBi, the ICOHP
value between Bi-Ag, Bi-Ba, and Ag-Ba is —0.92, —0.35, and
—0.13, respectively. It seems that the ICOHP value of Bi-Ag
is larger than the other two values. In SrCuSb, the ICOHP
value is —0.09785, —0.0039, and —0.00025 for Cu-Sb, Sb-Sr,
and Cu-Sr, respectively. Cu-Sb has a higher ICOHP value than
the other two couples. The hybridization between the I-d and
V-p orbitals forms p-d antibonding states below the Fermi
level and it would naturally destabilize the I-V bond strength.
The occupation of the d-p antibonding states is expected to
weaken the I-V bond strength. The different bonding types
will produce the anisotropic atomic vibrations, corresponding
to the anisotropic thermal transport properties. Ba forms rat-
tling modes in the AgBi skeleton, suppressing the collective
vibration of the crystal and hindering heat transportation in the
host cages [34]. The atomic bonds between Ag and Bi along
the ¢ axis are longer than that in the ab plane, which forms
a soft bond and moderate phonon vibration along the ¢ axis.
The high-frequency optical modes are almost contributed by
the I-V skeleton for the weak covalent bonding between them.
Thus chemical adjustments on the I-V sites can control the
cutoff frequency.

The calculated «jy¢ is summarized in Fig. 3. II-I-V
with mixing of covalent bonding and ionic bonding have
anisotropic k. It is clear that «j, is lower along the ¢ axis
than that in the ab plane, which is consistent with the soft ionic
bonding and longer I-V bonds along the ¢ axis. The ki, along
the ¢ axis at 300 K and 800 K are listed in Table I. The x4
of II-I-V at 800 K is <1, indicating promising thermoelectric
applications. In order to clarify the microscopic mechanism
of low thermal conductivity in II-I-V, phonon transport prop-
erties are analyzed.
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FIG. 3. Lattice thermal conductivity of II-I-V along the ¢ axis and ab plane, respectively. (c) The contribution of acoustic branches on the

total thermoelectric conductivity.

The acoustic phonon transportation dominates the thermal
conductivity. Analyzing acoustic branches is significant to
understanding the low «j, in II-I-V. The cutoff frequencies
of acoustic branches (wp.x) are selected to describe the vi-
bration intensity, as listed in Table II. The small wpyx (<1.6
THz) corresponds to the flat acoustic branches. BaAgBi pos-
sesses the smallest wy,,x and thus the softest acoustic phonon
dispersion curves and the lowest ki, of 0.1 W m~' K~!
at 300 K. CaCuAs has the highest wnyax and the e (2.61
W m~' K~! at 300 K) is also higher than other II-I-V com-
pounds. So, the cutoff frequency can describe the phonon
softening intuitively. Research has shown that phonon soften-
ing combines with reducing the contribution of the acoustic
phonon, significantly lowering the i, of Mg,Si [36]. The
contribution of acoustic and optical phonons on the kiy
are calculated, as demonstrated in Fig. 3(c). The acoustic
part of kj, in CaCuAs is 4.09 W m~'K~! at 300 K, ac-
counting for 53% of the total xj,,. When suppressing the
acoustic phonon cutoff frequency by using heavy elements,
the contribution of acoustic phonon decreases to 34% at room
temperature and the i, is 0.1 W m 'K !in BaAgBi. II-I-V
with a small acoustic part of ki, have low k., which is
similar to Mg,Si [36], inferring the soft acoustic branches
also play a significant role in suppressing the thermal trans-
portation in II-I-V. The low-frequency optical mode and the

TABLE II. Lattice thermal conductivity i, at 300 K and 800 K
along the ¢ axis, Griineisen parameter y, average acoustic sound
velocity v (km s™!), transverse sound velocity vy (km s™!), longitude
sound velocity v; (km s™'), and the maximum acoustic frequency w,,
(THz).

Compounds ~ «0K (00K y v vr uL Ope

CaCuAs 2.61 0.98 141 334 504 3.01 3.14
CaCuSb 0.89 0.34 1.76 294 442 266 2.35
BaCuAs 0.99 0.37 1.39 315 443 287 232
BaCuBi 0.28 0.1 1.22 205 3.16 1.85 1.70
BaAgBi 0.1 0.04 216 211 190 322 1.56
BaAgSb 1.56 0.59 140 220 334 199 1.99
SrCuSb 2.47 0.92 142 312 440 284 242
SrAgAs 1.88 0.77 1.59 262 397 237 2.09
SrAgSb 0.6 0.22 1.35 229 357 201 1.86

longitude acoustic branch is generated along the A—-L-H-A
direction, but we have less knowledge about the impact of
acoustic-optical phonon degeneration on the phonon-phonon
interaction.

The average group velocity, average transverse group ve-
locity, and average longitude group velocity are calculated in
VASPKIT [30], as displayed in Table II. II-I-V has low sound
velocities (2.0-3.5 km s~!), which are almost near that of
AgSnSbSe; (2.1 km s~!) [37]. BaAgBi has the lowest average
phonon group velocities in our II-I-V compounds. CaCuAs
has the highest cutoff frequency and phonon group velocities;
the acoustic sound velocities (v,.) are also relatively higher
than other II-I-V compounds. The phonon branches with the
group velocity demonstrate the phonon softening intuitively,
as plotted in Fig. 4. The acoustic phonon velocities of CaCuSb
are bigger than that of BaAgBi, which is consistent with the
k1o of CaCuSb being higher than that of BaAgBi. The phonon
near the " points dominates the thermal transport properties
and BaAgBi possesses soft optical branches near the I" points.
I'-A is along the c¢ axis and the evolution of the phonon
dispersion curves along I'-A will influence the «y,; along the
c axis. '=K/M is in the (001) plane. Analyzing the phonon
dispersion curves along the I'-K/M direction will help us to
understand ki, in the ab plane. The obvious different group
velocities along the '-K/M and I'-A directions confirm the
anisotropic phonon transport properties. The acoustic phonon
dispersion curves along '-A have a smaller phonon group
velocity than that along I'-K /M, which is consistent with the
low k1, along the ¢ axis.

The phonon band gap is thought to influence the phonon
interaction [38]. BaAgBi has the flattest phonon dispersion
curves and smallest phonon group velocities, but exists as an
optical phonon band gap. The optical phonon band gap will in-
fluence the scattering between low-frequency acoustic phonon
and high-frequency optical phonon. The high-frequency opti-
cal phonon is mainly contributed by the IV skeleton; doping
at these sites may eliminate the optical band gap and enhance
the phonon scattering. The phonon scattering space, phonon
relaxation time, and Griineisen parameter are calculated to il-
lustrate the intense phonon-phonon scattering, as illustrated in
Supplemental Material Figs. S14-S22. BaCuBi and SrAgSb
possess negative expansion properties, as they have a negative
Griineisen parameter.
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FIG. 4. Phonon dispersion curves with indication of phonon group velocity. The red lines are phonon branches. The blue and green bubble
represents the group velocities of optical branches and acoustic branches. The size of the bubble is proportional to the group velocity.

3. Three phonon scattering channels

The geometric structure plays a decisive role in deter-
mining the phonon scattering channels, so that the phonon
symmetry is analyzed to uncover the intense phonon-phonon
scattering from the aspect of scattering channels. The phonon
band symmetry is analyzed according to the irreducible
representations. II-I-V have six double-degeneracy and six
nondegeneracy phonon branches at the I' points, as demon-
strated in Fig. 4(f). However, the six and four degenerated
phonon branches appear at A points, which are not produced
by the crystal symmetry. At the first Brillouin zone, the high-
symmetry points A, K, L, H, and M have the points space of
Dep, D3y, Coy, D3y, and Dy, respectively. The three-phonon
scattering pathways are calculated by the following formula:

(g5 @ q'E @ q"&™ (1) =Y x®(RHX** (Rhx"* (R
{R}

x Alg+4q —q"). (1)

%% is the character of the irreducible representation. The con-
dition of a forbidden phonon absorption or emission process
is as follows:

(g6 ® 4’8" ®q"§™|1) =0. 2

According to Eq. (2), three phonon scattering channels along
the high-symmetry path in the first Brillouin zone are listed in
Table III. The existence of numerous phonon scattering path-
ways indicates the possible intense three phonon scattering of
[I-I-V. TI-I-V has more three phonon scattering channels than
Ba,AgSb [39].

4. Electronic structure and electronic transport

The electronic band structures are shown in Fig. 5. All
these compounds have electronic band gaps in 0-1 eV and
the valence band maximum (VBM) is located at the I" point.
Due to the crystal symmetry, two valence bands converge at
the I point, which increases the carrier concentration under
p-type doping and deduces the promising p-type performance
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FIG. 5. Electronic band structures of II-1-V.

in Zintl-phase compounds [14]. BaAgBi, BaCuBi, and SrA-
gAs have direct electronic band gap for the CBM located at
the I" points. Other materials have indirect electronic band gap
for the CBM near the M points. SrCuSb has two conductive

TABLE III. Symmetry based three-phonon scattering channels.

High symmetry path Three-phonon scattering channels
' - M(D»,) AgA A, A ALA, Ay B3, B3,
AgBlgB]g AgB]uB]u AuB]gBlu
Ag B3gBSg Ag BZu B2u Blg BZu BSu
Au B3g BSu B3g Blu BZu
' - A(Dg) EyyEygEyy  BogAy B, ExgBu En
E2gE]u Elu BZgElu E2u
E2g E2u E2u E2g AZu E2u
' — L(Cy) A1ALA A B B, Ay B By
A1 A2 A2 Al BZ Bz
I' - K/H(Dsp,) E' E'E’ AJE'E”
E/ E// E// A/l/ E/ E//

bands converged at the CBM and directly benefits electronic
conductivity by enhancing carrier concentration [10]. The sec-
ond conductive bands of CaCuAs and BaCuBi are near the
CBM,; it is easy to participate in the conductivity under proper
doping. The chemical composition has a great influence on
the conductive bands. The Bader charge analysis shows that
II denotes one electron to V and half electrons to I and this is
consistent with the ionic bonding between II and I-V skeleton.
The electronic density of states are calculated as demonstrated
in Supplemental Material Figs. S5-S13 [33]. The conduction
band has primarily II d character and this is consistent with II
devoting electrons with normally filled p orbitals. The weak
hybridization between V p and I d electrons contributes to the
valence band. The electrons of II are localized, so they hardly
occupy the valence band.

The electronic band masses are calculated as displayed in
Supplemental Material Table S1 [33]. The upper valence band
and bottom conductive band show anisotropic band masses.
For the VBM of II-1-V located at the I point, the hole effective
masses near the I' point are calculated. The upper valence
band is heavier along the I'-A line (c axis) than that along the
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FIG. 6. TE performance calculated by the electronic transport properties. z7" along the ab plane and ¢ axis under n-type (a) and p-type
(b) doping and zT along the ¢ axis under n-type (c) and p-type (d) doping, respectively.

I'-K line (ab plane). The mixture of light bands is favorable
for carrier mobility and heavy bands lead to a higher Seebeck
coefficient [40], which is beneficial to the thermoelectric per-
formance [41]. The electron and hole mobility are calculated.
Our materials possess high carrier mobility with anisotropic
behavior. The hole mobility is higher than the electron mo-
bility and this is consistent with the higher electron effective
mass. Both the hole mobility and electron mobility in the ¢
axis are higher than that along the ab plane, inferring the
high electrical conductivity along the ¢ axis and high Seebeck
coefficient in the ab plane.

The electronic transport properties are simulated using
the rigid band and relaxation time approximation, as imple-
mented in the BOLTZTRAP2 [21]. The carrier scattering times
are needed to calculate the electronic transport properties;
both the constant relaxation time and relaxation times cal-
culated according to the electron-phonon interaction are used
in our calculations. The evolution of the Seebeck coefficient
(S), electrical conductivity (o), and electronic thermal con-
ductivity (x.) with carrier concentration are demonstrated in
Supplemental Material Figs. S23 and S24 [33]. The flat bands
produce high Seebeck coefficient and very low mobility, but
the low effective mass is beneficial to the thermoelectric per-
formance [40]. The differences between the ab plane and ¢
directions show the anisotropic electron transport properties.
The evolutions of S with temperature under a specific carrier
concentration are shown in Supplemental Material Fig. S23
[33]. S decreased with carrier concentration and increased
with temperature. II-I-V are high Seebeck effect materials
with a large S. The Seebeck coefficient is higher in the ab
plane than along the ¢ axis, which is consistent with the
weak covalent bonding along the ab plane. CaCuAs has
the largest Seebeck coefficient. II-I-V materials have higher

thermovoltage along the ab plane, except for CaCuAs, Ca-
CuSb, and BaAgSb, which have higher Seebeck effects along
the ¢ axis. The electrical conductivity with the temperature
is shown in Supplemental Material Fig. S24 [33]. BaAgBi
has the largest electrical conductivity under n-type doping.
BaCuBi has the most considerable hole conductivity under
p-type doping. BaAgBi and BaCuBi with a small electronic
band gap have high electrical conductivity. Both o and «, are

TABLE IV. Seebeck coefficient (S), maximum z7 calculated by
the epw relaxation time, and corresponding absolute temperature
along ab direction.

Compounds Doping S ZT max Temperature
CaCuAs n 219.16 0.41 800
p 374.74 0.84 650
CaCuSb n 349.06 0.80 550
p 328.37 0.79 350
BaCuAs n 228.12 0.56 800
p 179.18 0.49 800
BaCuBi n 264.75 0.70 800
p 146.91 0.40 550
BaAgBi n 333.80 0.81 650
p 258.90 0.64 500
BaAgSb n 329.35 0.75 800
p 365.55 0.84 550
SrCuSb n 233.87 0.49 800
p 262.45 0.66 650
SrAgAs n 247.70 0.76 450
p 329.99 0.89 200
SrAgSb n 393.47 0.87 550
p 470.85 0.94 400
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TABLE V. Seebeck coefficient (S), maximum z7 calculated by
the epw relaxation time, and corresponding absolute temperature
along c axis.

Compounds Doping S 2T max Temperature
CaCuAs n 230.03 0.51 800
p 311.34 0.75 650
CaCuSb n 340.52 0.72 800
p 320.79 0.74 450
BaCuAs n 201.48 0.48 800
p 124.52 0.34 800
BaCuBi n 210.79 0.55 650
p 137.35 0.42 800
BaAgBi n 264.15 0.73 800
p 235.59 0.63 600
BaAgSb n 268.61 0.64 800
p 304.97 0.76 650
SrCuSb n 226.00 0.42 800
p 201.86 0.51 800
SrAgAs n 165.497 0.46 750
p 383.915 0.73 350
SrAgSb n 374.23 0.83 650
p 416.88 0.84 450

increased with doping concentration, as more carriers partici-
pate in the electronic and thermal transportation.

5. Figure of merit

Different from our former calculations [29], which used the
deformation potential theory, the carrier lifetimes are calcu-
lated based on the electron-phonon interaction. The calculated
thermoelectric figure of merit with temperature and carrier
concentration is shown in Fig. 6. The maximum z7,, the corre-
sponding S, and absolute temperature are listed in Tables IV
and V. II-I-V is high-performance thermoelectric material
with high z7 (0.41-0.94) and large S (>200 uV K~!). The
comparison with other reported materials are listed in Supple-
mental Material Table S3 [33], which includes Refs. [11,42—
46]. S influence thermoelectric performance and materials
with higher S show high thermoelectric performance. SrAgSb
with high § and low thermal conductivity show the high
thermoelectric zT of 0.94 at 400 K. SrAgSb possesses the
highest thermoelectric efficiency along the ¢ axis under p-
type doping. BaAgBi and BaCuBi are n-type thermoelectric
materials for the higher p-type thermoelectric performance.

The «1oc of BaAgBi and BaCuBi is lower than that of StAgSb
for the intense phonon scattering. From our previous analysis,
Sb hardly occupies the conductive band and V sites decide
the cutoff frequency, so doping heavy elements (Bi) at the
Sb sites may enhance the phonon scattering and suppress
the thermal transport in SrAgSb, which will further improve
the thermoelectric efficiency.

IV. CONCLUSIONS

Our first principles calculations proposed nine Zintl-phase
compounds II-I-V (II = Cu, Sr, Ba, I = Cu, Ag, Au, and
V = As, Sb, Bi) with anisotropic electronic and thermal
transport properties. II-I-V with eight-valence electrons in
P63/mmc symmetry are mechanically, thermodynamically,
and dynamically stable semiconductors with a desirable fig-
ure of merit (~1). The bonding properties, electronic, and
thermal transport properties show some regularities in II-1-
V. II forms rattling modes in the I-V skeleton, enhancing
acoustic and optical phonon iteration. [-V plays an essential
role in suppressing the high frequent vibrations, deducing soft
vibration modes. The heaviest elements produce soft acoustic
branches and suppress the contribution of the acoustic phonon
on the thermal conductivity, which also lowers the total ther-
mal conductivity. In the valence band, V p and I d electron
hybridization forms a p-d antibonding state, weakening the
I-V bonding. The II d electron occupies the conductive band
and II forms ionic bonding with others. The I-V skeleton leads
to the coexistence of high dispersion and flat band edge near
the VBM, which ensures the coexistence of high o and S. The
mixing of ionic bonding and weak covalent bonding in II-I-V
leads to high carrier mobilities and intrinsically ultralow lat-
tice thermal conductivity. The symmetry-based three-phonon
scattering pathways demonstrate the possible intense phonon-
phonon scattering. This study uncovered the regularities in
P63 /mmc Zintl-phase materials and may be helpful for further
study in experiments.
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