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redictions of low lattice thermal
conductivity and high thermoelectric performance
of AZnSb (A ¼ Rb, Cs)†

Enamul Haque

Here, two compounds, AZnSb (A¼ Rb, Cs), have been predicted to be potential materials for thermoelectric

device applications at high temperatures by using first-principles calculations based on density functional

theory (DFT), density functional perturbation theory (DFPT), and Boltzmann transport theory. The layered

structure, and presence of heavier elements Rb/Cs and Sb induce high anharmonicity (larger values of

mode Grüneisen parameter), low Debye temperature, and intense phonon scattering. Thus, these

compounds possess intrinsically low lattice thermal conductivity (kl), �0.5 W m�1 K�1 on average at 900

K. Highly non-parabolic bands and relatively wide bandgap (�1.37 and 1.1 eV for RbZnSb and CsZnSb,

respectively, by mBJ potential including spin–orbit coupling effect) induce large Seebeck coefficient

while highly dispersive and two-fold degenerate bands induce high electrical conductivity. Large power

factor and low values of kl lead to a high average thermoelectric figure of merit (ZT) of RbZnSb and

CsZnSb, reaching 1.22 and 1.1 and 0.87 and 1.14 at 900 K for p-and n-type carriers, respectively.
1. Introduction

Many ABX compounds with 111 stoichiometry form either
ZrBeSi or PbFCl type structures.1–3 These compounds have been
found or predicted to exhibit some useful properties for practical
applications, such as topological electronic structure.1–3 That's why
topological materials have gained huge research interest to explore
their potential applications in advanced electronic devices and
their physical properties.4–9 Some of the antimony-based
compounds exhibit topological behavior and its combination
with other elements can crystallize in a wide range of structures,
from zero to 3-dimensional motifs.9–15 These structures can be
either too simple or too complex. The Sb-based compounds have
thus a wide range of applications as thermoelectrics, photovoltaic,
and other electronic components. A complex structured semi-
conducting material usually possesses low lattice thermal
conductivity due to intense phonon scattering and exhibits prac-
tically useful thermoelectric performance. Yb14MnSb11, a complex
structured p-type material, is a well-known material for thermo-
electric device applications at high temperatures.16,17

In recent decades, the demand for clean energy increases day by
day and researchers are searching for novel materials with high ther-
moelectric performance. The thermoelectric performance of amaterial
depends on its Seebeck coefficient (S), electrical conductivity (s), total
thermal conductivity (ktot ¼ ke + kl, electronic (ke) plus lattice thermal
ngaer, Gaffargaon-2233, Mymensingh,

com

tion (ESI) available. See DOI:

496
conductivity (kl)), and absolute temperature (T). Many compounds
have been found to exhibit large thermoelectric performance at high
temperatures18,19 while others exhibit at low temperatures.20,21 The
thermoelectric performance is dened by the expression22

ZT ¼ S2s

ktot
T

From the above expression, the high-performance thermo-
electric materials are required to possess a large Seebeck coeffi-
cient, high electrical conductivity, and low total thermal
conductivity. A high-temperature thermoelectric material must
have an optimum electronic bandgap to avoid carrier excitons at
high temperatures. The lattice thermal conductivity is also
a crucial factor for a large ZT value, whichmay be reduced through
nano-structuring23,24 and alloying with suitable dopant.25,26 The
search for a suitable dopant is very critical because it requires an
extensive study through large computational resources or experi-
mental setup. Therefore, the materials with intrinsic low lattice
thermal conductivity and high electrical conductivity will enhance
the thermoelectric device performance signicantly.

Some 111 ABX hypothetical compounds were predicted by Zhang
et al. in 2012.27 In this study, the authors reported the energetic stability
of these compounds from-rst-principles study that the compoundsare
favorable to form in the laboratory.27 They predicted that RbZnSb is
formable in the LiYSn-type structure,27 a disordered ZrBeSi-type struc-
ture. In the last year, Owens-Baird et al. successfully synthesized AZnSb
(A¼ Rb, Cs) compounds,2which crystallize in the ZrBeSi-type structure.
They reported that the melting or decomposition temperature of
RbZnSb and CsZnSb is 975 and 1040 K, respectively.2
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Layered crystal structures of AZnSb, (a) unit cell of AZnSb, and
(b) side view of AZnSb.

Table 1 Computed lattice parameters, elastic constants (Cij), bulk
modulus (B), shear modulus (G), longitudinal sound velocity (vl),
transverse sound velocity (vt), and Debye temperature43 along with
available experimental data

Parameters

RbZnSb CsZnSb

Computed Exp.2 Computed Exp.2

a (Å) 4.5144 4.5466 4.5297 4.5588
c (Å) 11.0629 11.0999 11.8698 11.9246
c11 (GPa) 80.7 — 70.7 —
c12 (GPa) 24.5 — 21.9
c13 (GPa) 7.70 — 7.73 —
c33 (GPa) 33.8 — 39.3 —
c44 (GPa) 11.8 — 11.9 —
B (GPa) 27.4 — 26.7 —
G (GPa) 18.8 — 18.0 —
vt (km s�1) 2.024 — 1.897 —
vl (km s�1) 3.380 — 3.184 —
qD (km s�1) 208.3 — 190.4 —
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From rst-principles based electronic structure calculations
by using PBE functional, Owens-Baird et al. also reported that
the AZnSb compounds are topologically trivial narrow bandgap
semiconductors.2 The PBE functional underestimates the
bandgap severely.28 To date, the accurate electronic structure
and thermoelectric properties of these layered AZnSb
compounds have not been reported. Besides, Gorai et al. pre-
dicted from rst-principles calculations that KSnBi, RbSnBi,
and NaGeP exhibit good thermoelectric performance for n-type
carriers, and these compounds are n-type dopable.29 Therefore,
it is worth studying the thermoelectric properties of AZnSb. In
this article, i have reported the details of lattice dynamics,
electronic structure by mBJ potential including spin–orbit
coupling effect, and carrier transport properties of AZnSb. The
AZnSb exhibit highly anisotropic transport properties and low
lattice thermal conductivity, leading to a high average ZT of
RbZnSb and CsZnSb, to 1.22 and 1.1 and 0.87 and 1.14 at 900 K
for p-and n-type carriers, respectively.

2. Computational details

By using experimental values of the lattice parameters and
atomic coordinates, the structural relaxations were performed
in Quantum Espresso (QE) code30 with the PBEsol31 setting of
generalized gradient approximation (GGA).32 In the QE,30 42 Ry
cutoff energy for wavefunctions, 12 � 12 � 6 k-point, energy
threshold 10�10 Ry, force convergence threshold 10�5 Ry/Au,
and projector-augmented wave (PAW) pseudopotentials (from
PSlibrary 1.0 (ref. 33)) were set in these calculations aer
extensive trials. The phonon dispersions and density of states
were also calculated by using the same setting in QE. Then EPA
code based on energy bins34 was used to calculate average
electron-phonon dynamical matrix. The sensitivity to the energy
bins of EPA method was veried by using EPA-MLS code.35 The
resulted dynamical matrix was fed into BoltzTraP,36 a code imple-
menting the Boltzmann transport equation (BTE) using constant
relaxation time approximation (cRTA). To calculate the carrier
lifetime, the BoltzTraP code was modied slightly to read the
dynamicalmatrix. As the BoltzTraP requires energy eigenvalues, the
electronic structure calculations were performed in Wien2K,37,38

a full-potential linearized augmented plane wave method (FP-
LAPW) based code. In these calculations, PBEsol functional with
mBJ potential including spin–orbit coupling effect (SOC) was used
for accurate bandgap. Besides, A, Zn, and Sb sphere radii (Rmt) 2.3,
2.21, 2.21 bohr, valence band and conduction band separation
energy �7.0 Ry, and kinetic energy cutoff RmtKmax ¼ 7.0, a ner k-
mesh 53 � 53 � 17, energy convergence 1 � 10�6 Ry and charge
convergence 0.001e were set in Wien2K during these calculations.
The values of cutoff energy, k-point, etc.were selected aer extensive
trials, in such a way that the increase of these parameters does not
change the total energy more than 1 meV.

By using thenite displacementmethod in Phono3py,39 the lattice
thermal conductivity and other auxiliary parameters were calculated
by creating 221 supercells. The second and third-order interatomic
force constants (IFCs) were calculated inQE by using the same setting
as before except the k-point (2� 2� 2 in this case). The resulted IFCs
were fed into Phono3py to solve the phonon Boltzmann transport
© 2021 The Author(s). Published by the Royal Society of Chemistry
equation (pBTE) within the cRTA by using 14� 14� 14 q-point. This
approach to calculating lattice thermal conductivity has been found to
predict the lattice thermal conductivity reliably.40–42
3. Results and discussion

AZnSb compounds form a layered hexagonal structure with
space group P63/mmc (#194),2 as shown in Fig. 1. The structures
are well-known AlB2-type and three non-equivalent atoms have
three unique positions in the unit cell.

Graphene like layers of Zn3Sb3 stacking along cross-plane (z-
axis) are formed, where two Zn3Sb3 rings from adjoining layers
create a hexagonal prism locating the alkali metal at the center of
the prism. The computed hexagonal lattice parameters are listed in
Table 1. As usual, the PBEsol functional underestimates the
experimental lattice parameters by less than one percent.
RSC Adv., 2021, 11, 15486–15496 | 15487
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Fig. 2 Phonon dispersion and atom projected density of states of RbZnSb (a–b) and CsZnSb (c–d), respectively. In the phonon dispersion,
longitudinal and transverse optical (LO–TO) phonon splittings have been included by calculating macroscopic dielectric constant and Born
effective charge (listed in the ESI†).
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The in-plane length (a) of AZnSb is almost independent of
Rb/Cs's radii. As the Rb/Cs atoms are located between Zn–Sb
layers, the cross-plane (c) length of the unit cell depends on
their atomic radii. The elastic constants (listed in Table 1) of
AZnSb satisfy the mechanical stability criteria described in ref.
44. The small value of the bulk modulus suggests that both
compounds are less resistive to the external mechanical forces.
According to Slack expression, the lattice thermal conductivity
is directly proportional to the cube of the Debye temperature. In
both compounds, the longitudinal and transverse sound prop-
agates slowly, leading to a low value of the Debye temperature.
The computed values of the Debye temperature of AZnSb are
comparable to that of Bi2Te3, which possesses intrinsically low
lattice thermal conductivity.21
3.1. Lattice dynamics

Fig. 2 demonstrates the dynamical stability of AZnSb
compounds, as the phonon dispersions contain no negative
frequencies over the Brillouin zone (BZ). The acoustic and lower
Fig. 3 Computed mode Grüneisen parameter from second and third-o

15488 | RSC Adv., 2021, 11, 15486–15496
energy optical phonons of RbZnSb arise from alkali metal (A)
and Zn, while higher energy optical phonons are induced from
Zn and Sb.

However, the acoustic and lower energy optical phonons of
CsZnSb originate fromCs and Sb with small contributions from Zn.
The acoustic and lower energy optical phonons have usually major
contributions in the heat conductions. From the phonon disper-
sion, it is clear that the acoustic and optical phonons are overlapped
largely, which are non-conducive for heat. Metal antimonide (Sb)
has a dominant contribution to the lower energy phonon, as shown
in the atom projected phonon density of states in Fig. 2(b and d).

The cross-plane phonons induced from covalent-bonded Zn–
Sb may have a negligible contribution to the lattice thermal
conductivity.

One of the most important phonon scattering factors, namely
the Grüneisen parameter, has been calculated from second and
third IFCs and presented graphically in Fig. 3. Unlike few ABX half-
Heusler compounds, such as NbCoSb45 and ZrCoSb,46with positive
Grüneisen parameters values only, themode Grüneisen parameter
(g) of AZnSb expands over positive and negative values for both
rder IFCs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Computed in-plane (x) and cross-plane (z) lattice thermal conductivity as a function of temperature (a), cumulative lattice thermal
conductivity at 300 K as a function of phonon frequency (b), and (c) first-derivative of cumulative phonon lifetime, the shaded regions indicates
the dominant acoustic-optical phonons scattering.
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compounds. The presence of heavier elements Rb/Cs may be
responsible for the negative values of the mode Grüneisen
parameter of AZnSb. That's why the negative values of g of CsZnSb
are larger than that of RbZnSb. The negative values of the g suggest
that the external effect, such as pressure/temperature, may easily
cause the contraction of the compounds and these compounds
would have negative values of the thermal expansion coefficient.47

Larger values of g indicate high anharmonicity and vice
versa. Both compounds possess larger values of g, and thus,
AZnSb compounds are highly anharmonic crystals due to their
complex structure and heavier elements Rb/Cs and Sb-induced
phonon soening. Therefore, such intense phonon scattering
may lead to low lattice thermal conductivity. Let's have a look at it.

Fig. 4 shows the calculated anisotropic lattice thermal
conductivity (kl) as a function of temperature. The kl values of
both compounds are highly anisotropic due to the structural
anisotropy. Both compounds possess relatively low lattice thermal
conductivity (on average, kl < 2 W m�1 K�1 at 300 K) due to high
Fig. 5 Electronic bandstructure along with high symmetry points and p
tively. The dashed horizontal lines at zero energy represent the Fermi le

© 2021 The Author(s). Published by the Royal Society of Chemistry
anharmonicity. Such low values of kl of both compounds are
relatively higher than that of few typical thermoelectric materials
possessing ultralow values of kl, for example, Cs2PtI6 (0.15 W m�1

K�1, Tl3VSe4 (0.30 Wm�1 K�1 at 300 K (ref. 48)), Tl2O (0.17 Wm�1

K�1 at 300 K (ref. 49)), and SnSe (kl (along b-axis)¼ 0.7 Wm�1 K�1

at 300 K (ref. 50)), at 300 K (ref. 51)), but comparable to that of
NbCoSb (�2.5 W m�1 K�1 (the sample synthesized at 900 �C) at
300 K (ref. 52)) and in-plane kl of best low-temperature thermo-
electric Bi2Te3 (1.6 W m�1 K�1 at 300 K (ref. 48)). However, the
room temperature kl values are much smaller than that of typical
ABX thermoelectrics HfCoSb (�14 W m�1 K�1 at 400 K (ref. 53)
and ZrCoSb (�15 W m�1 K�1 at 300 K (ref. 54)).

Interestingly, the cross-plane kl of AZnSb is almost inde-
pendent of alkali metal (Rb/Cs), although the cross-plane (c)
length of the unit cell strongly depends on Rb/Cs. Generally, the
kl exhibits opposite trend to the structural anisotropy, i.e., the
shorter the length of the unit cell along a certain direction will
cause higher kl in that direction compared to other directions.
rojected density of states of RbZnSb (a–b) and CsZnSb (c–d), respec-
vel.

RSC Adv., 2021, 11, 15486–15496 | 15489
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Table 2 Computed electronic bandgap and effective mass by using
mBJ potential including SOC effect

Parameters RbZnSb CsZnSb

Eg (eV) 1.37 1.1
Hole effective mass (m*

h(m0)) 1.23 1.13

Electron effective mass (m*
e(m0)) 0.14 0.15
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From Fig. 4(b), the majority of heat is conducted by acoustic
and optical phonons with energy �1–2.5 THz. Higher energy
optical phonons have almost negligible contributions to the
heat conductions. The rst derivative of cumulative phonon
lifetime indicates that acoustic and optical phonons (induced
from Rb/Cs–Sb) with energy �1–2.5 THz have the strongest
interactions, as shown by the shadow region in Fig. 4(c).
3.2. Electronic structure

Electronic structure analysis is crucial for characterizing
a thermoelectric material. Fig. 5 demonstrates the computed
band structures and projected density of states of AZnSb by using
PBEsol functional with mBJ potential including the SOC effect.
Both compounds exhibit almost identical band structures. The
conduction and valence bands are highly dispersive bands. The
strong interaction between Zn-4s and Sb-5p states dominantly
induces the dispersive nature of electronic bands. The topmost
valence bands and lowest conduction bands of both compounds
are two-fold degenerate bands with three valleys, i.e., the band
degeneracy is six (Nv ¼ 6). These degenerate bands originate from
the structural symmetries, i.e., the presence of rotational and one
inversion symmetry. The shape of the computed bandstructures
shows an excellent agreement with that reported in ref. 2 by using
PBE functional including SOC effect.

Table 2 lists the computed bandgap and effective mass of
AZnSb. Both compounds are direct bandgap semiconductors.
The computed values of the bandgap are much higher than
those reported (0.3 eV) in ref. 2 by using PBE functional. The
Fig. 6 Anisotropic carrier lifetime as a function of the energy of (a) Rb
vertical lines at zero energy represent the Fermi level.

15490 | RSC Adv., 2021, 11, 15486–15496
PBE functional cannot fully compensate the unphysical self-
interaction energy which pushes the occupied states upward,
and thus, severely underestimates the bandgap.28 For example,
the bandgap of ZnO calculated by PBE functional is 0.82 eV,
while the experimental value is 3.44 eV and mBJ gives 2.71 eV.28

Fig. 5(b and d) demonstrates the orbital projected density of
states of both compounds. The conduction bands near the Fermi
level mainly arise from Zn-4s and Sb-5p states. The valence bands
near the Fermi level originate mainly from Zn-3d and Sb-5p states.
However, the alkali metal Rb/Cs has a negligible contribution in
bandgap formulation. The slight reduction of the bandgap of
CsZnSb compared to the RbZnSb is due to the change of unit cell
length along the z-axis. As Rb/Cs has a signicant contribution to the
lattice thermal conductivity and negligible contributions to the
electronic structure, doping with a suitable element on this cation
site may be an effective way to optimize the thermoelectric perfor-
mance further. The valence band maxima (VBM) and conduction
band minima (CBM) are highly non-parabolic bands, which will
favor a larger Seebeck coefficient, while the degenerate and disper-
sive band will be favorable for high electrical conductivity.
3.3. Carrier transport

The original BoltzTraP code calculates the transport coefficients
within cRTA.36 To estimate the electrical conductivity and elec-
tronic part of the thermal conductivity, the code is required to
modify for the calculation of carrier lifetime (relaxation time).

In the modied code, the carrier lifetime (s) is calculated by
the following equation34

s�1ð3; m; TÞ ¼ 2pU

gsħ

X
v

n
g2v

�
3; 3þ uv

�h
n
�
uv; T

�

þf
�
3þ uv; m;T

�i
r
�
3þ uv

�
þ gv

2
�
3; 3� uv

�h
n
�
uv; T

�

þ1� f
�
3� uv; m;T

�i
r
�
3� uv

�o
(1)
ZnSb, and (b) CsZnSb at three consecutive temperatures. The dashed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where U and ħ are the unit cell volume and reduced Planck's
constant. Also, v stands for the index of phonon modes, u�v for
the averaged frequency of phononmodes, gv

2 for the averaged of
the electron-phonon matrix, n(u�v, T) for the Bose–Einstein
distribution function, f(3 + u�v, m, T) for the Fermi–Dirac distri-
bution function, gs ¼ 2 for the degeneracy of spin, 3 the energy
of carriers, and r for the electronic density of states (DOS) per
unit volume and energy.34 Readers should consult with ref. 34
for further details.

The computed carrier lifetime of both compounds exhibits
a strong energy dependency as shown in Fig. 6. The s of AZnSb
shows a weak anisotropic behavior at all temperatures. The
variations of s with energy can be explained by using the
equation:34

s�1 � g2(3)r(3). (2)

From the above equation, the carrier lifetime changes inversely
with the electronic density of states (r) per-unit energy and per-unit
volume of the unit cell. In this case, the g exhibits a weak energy
dependency. The temperature similarly affects the s.

Both compounds possess almost isotropic Seebeck coeffi-
cient (S) for n-type carriers and weakly anisotropic S for n-type
carriers, and the S falls sharply with carrier concentrations, as
shown in Fig. 7.

The S of these compounds are large and n-type carriers
induce much larger S due to highly non-parabolic bands than
Fig. 7 Calculated absolute values of the anisotropic Seebeck coefficient
CsZnSb for both n-and p-type carriers at three consecutive temperatur

© 2021 The Author(s). Published by the Royal Society of Chemistry
that of p-type carriers at certain carrier concentrations. At 2.49
� 1020 cm�3 carrier concentrations, the average S of n-type
RbZnSb can reach up to 232.36 mV K�1 at 900 K while the S of
p-type RbZnSb remains slightly higher, 237.97 mV K�1 at 900 K
and 0.147 � 1020 cm�3. However, at 0.793 � 1020 cm�3 carrier
concentrations, the S of n-type CsZnSb can reach up to 220 mV
K�1 at 900 K while the S of p-type CsZnSb remains larger, 235.16
mV K�1 at 900 K and 0.149 � 1020 cm�3. Highly non-parabolic
conduction band minima of n-type RbZnSb compared to that
of n-type CsZnSb are responsible for larger Seebeck coefficient
of n-type RbZnSb. On the other side, similar non-parabolic
valence band maxima and effective mass of holes of p-type
RbZnSb compared to that of p-type CsZnSb are responsible
for identical Seebeck coefficient of both compounds for p-type
carriers.

Electrical conductivity (s) of AZnSb exhibits opposite trends
compared to the Seebeck coefficient, i.e., it sharply rises with
carrier concentrations and decreases with temperature, as
shown in Fig. 8. The s of these compounds is also highly
anisotropic like lattice thermal conductivity. As the alkali metal
has negligible contributions to the electronic structure, the
values of s show a weak dependency on the alkali metal Rb/Cs.

Interestingly, the anisotropic nature of the s for n-type
carriers strongly depends on the alkali metal. The s of n-type
RbZnSb exhibits anisotropic behavior while the values s of n-
type CsZnSb are almost isotropic. Although the values of in-
plane electrical conductivity of both compounds are high for
p-type carriers due to lighter effective mass, the cross-plane s
(jSj) as a function of carrier concentrations of (a–c) RbZnSb and (d–f)
es.
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Fig. 8 Anisotropic electrical conductivity (s) as a function of carrier concentrations of (a–c) RbZnSb and (d–f) CsZnSb for both n-and p-type
carriers at three consecutive temperatures.

Fig. 9 Anisotropic power factor (PF) as a function of carrier concentrations of (a–c) RbZnSb and (d–f) CsZnSb for both n-and p-type carriers at
three consecutive temperatures.
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Fig. 10 Anisotropic electronic thermal conductivity (ke) as a function of carrier concentrations of (a–c) RbZnSb and (d–f) CsZnSb for both n-and
p-type carriers at three consecutive temperatures.

Table 3 Computed isotropic absolute value of Seebeck coefficient (jSj
(mV K�1)), electrical conductivity (s (104 S m�1)), power factor (PF (mW
m�1 K�2)), total thermal conductivity (ktot (W m�1 K�1)), thermoelectric
figure of merit (ZT) at carrier concentration n (1019 cm�3) of AZnSb at
a fixed carrier concentration

Compound n jSj s PF ktot ZT

RbZnSb n 24.95 232.36 3.614 1.95 1.44 1.22
p 1.471 237.97 2.146 1.21 0.99 1.10

CsZnSb n 7.936 220.01 1.670 0.81 0.84 0.87
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values are exceptionally low at all temperatures, especially above
1020 cm�3 carrier concentrations. The cross-plane s of p-type
AZnSb decreases slightly above 1020 cm�3. The carriers scattering
above 1020 cm�3 might unprecedentedly rise along the z-direction.

The presence of multiple converged bands leads to forming
the resonant level, which can be seen from the well-dened
peak around the Fermi level in the electronic density of states,
as shown in Fig. 5(b) and (d) for RbZnSb and CsZnSb, respec-
tively. These bands are responsible for the abnormal rise/fall for
Seebeck coefficient and electrical conductivity at high carrier
concentrations above 1020 cm�3. As the peak of conduction
bands of CsZnSb is week-dened (please see Fig. 5(d)), the
abnormal changes of Seebeck coefficient and electrical
conductivity of n-type carriers above 1020 cm�3 are slower
compared to that of other cases.

The electrical conductivity of both compounds, except cross-
plane s of p-type carriers, is relatively high despite their wide
bandgap �1.37 and 1.1 eV for RbZnSb and CsZnSb, respectively,
which originates from the highly dispersive and degenerate bands,
and relatively lighter effective mass. Notably, the electrical
conductivity of RbZnSb is higher than that of CsZnSb, although its
bandgap is comparatively wider, because of its lighter effective
mass. The s of AZnSb decreases with temperatures in all cases,
suggesting the extrinsic nature of AZnSb compounds.

The carrier concentrations dependency of anisotropic power
factor (PF) of AZnSb at three consecutive temperatures is shown
in Fig. 9. Large Seebeck coefficient and high electrical conduc-
tivity along with in-plane lead to a high PF, reaching �4 mW
© 2021 The Author(s). Published by the Royal Society of Chemistry
m�1 K�2 at 300 K. The PF of n-type RbZnSb is exceptionally high
at high temperatures due to larger Seebeck coefficient while it
remains low (�1 mW m�1 K�2) for n-type CsZnSb at all studied
temperatures. However, the cross-plane PF of p-type AZnSb is
very small due to low electrical conductivity.

Fig. 10 demonstrates the carrier concentration dependency
of the electronic part of the thermal conductivity. The electronic
part of the thermal conductivity (ke) of both compounds is
highly anisotropic and rises with carrier concentrations. The ke

exhibits a weak dependency on the temperature. Like electrical
conductivity, it decreases with the temperature slowly.

The in-plane ke values of p-type AZnSb is much higher than
that of other carriers and plane. The cross-plane ke of p-type
AZnSb is very low due to the unprecedented slowing of the
mobility of the carrier along that axes.

In all cases (except cross-plane ke of p-type carriers), the
electronic part of the thermal conductivity dominates over the
p 1.495 235.16 1.881 1.04 0.82 1.14
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Fig. 11 Anisotropic thermoelectric figure of merit (ZT) as a function of carrier concentrations of (a–c) RbZnSb and (d–f) CsZnSb for both n-and
p-type carriers at three consecutive temperatures.
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lattice thermal conductivity at high temperatures (from 600 K in
Fig. 10). The computed transport coefficients of these
compounds at optimum carrier concentrations and 900 K for
both types of carriers are listed in Table 3.

3.4. Thermoelectric performance

The large PF, low electronic part of the thermal conductivity,
and lattice thermal conductivity lead to a high thermoelectric
gure of merit (ZT), as shown in Fig. 11. The values of ZT of both
Fig. 12 Anisotropic thermoelectric figure of merit (ZT) as a function of
carriers at fixed carrier concentrations.

15494 | RSC Adv., 2021, 11, 15486–15496
compounds are anisotropic and strongly depend on the carrier
crystallographic plane, especially for p-type carriers.

The room temperature ZT of both compounds is very small,
suggesting that they are not suitable for low-temperature ther-
moelectric applications, despite the in-plane ZT of p-type AZnSb
can approach �0.5 at 300 K and �5 � 1018 cm�3. The variation
of the carrier concentrations has been obtained from the rigid
shi of the Fermi level to describe the thermoelectric properties
of the studied compounds. During the experimental synthesis,
the temperature of (a) RbZnSb and (b) CsZnSb for both n-and p-type

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the carrier concentration might be different or reached this
optimum carrier concentration. But the calculated ZT at the
optimum carrier concentrations, within the computational
uncertainty, is expected to be obtainable experimentally.
However, this does not necessarily describe the whole range of
carrier concentrations of these compounds.

Although the in-plane ZT of p-type AZnSb is high, reaching
�1.5 at 900 K and �1019 cm�3, the values of cross-plane ZT of
both compounds for p-type carriers are impractically small due
to low electrical conductivity. On the other side, the ZT of n-type
AZnSb is less anisotropic and the value of RbZnSb and CsZnSb
can reach amaximum of 1.22 and 0.87 at 900 K and�1020 cm�3,
respectively.

Fig. 12 demonstrates the effect of temperature on the ther-
moelectric performance of AZnSb at xed carrier concentrations
�1020 cm�3 and �1019 cm�3 for n- and p-type carriers, respec-
tively (for temperature-dependent transport coefficients, please
see ESI†). The ZT sharply rises with temperature. This suggests
that the ZT would be higher above 900 K. However, the experi-
mental melting or decomposition temperature of RbZnSb and
CsZnSb is 975 and 1040 K, respectively. Thus, the ZT above 900
K has not been studied.

Table 3 lists the calculated isotropic�
average ZT ¼ 1

3
ðZTx þ ZTy þ ZTzÞ

�
of AZnSb at 900 K and

xed carrier concentration. On average, the ZT of RbZnSb is 1.22
and 1.1 at 900 K for p-and n-type carriers, respectively. On the
other side, the average ZT of CsZnSb is slightly smaller but it is
0.87 and 1.14 at 900 K for p-and n-type carriers, respectively,
within the computational accuracy. Therefore, the high values
of the thermoelectric gure of merit (ZT) of layered AZnSb
compounds suggest that they are potential materials for ther-
moelectric device applications, and experimental studies are
encouraged to conrm this prediction.
4. Conclusions

In summary, systematic rst-principles calculations have been
performed to study structural, phonon transport, electronic
structure, and carrier transport properties of AZnSb (A ¼ Rb,
Cs). Layered AZnSb compounds have low Debye temperature.
The presence of heavier elements Rb/Cs causes phonon so-
ening and leads to larger values of the mode Grüneisen
parameter, expanding over negative and positive values, i.e.,
high anharmonicity. This leads to intense phonon scattering in
both compounds and hence, low lattice thermal conductivity
(kl), (�0.5 Wm�1 K�1 on the average at 900 K). Both compounds
are direct bandgap (�1.37 and 1.1 eV for RbZnSb and CsZnSb,
respectively) semiconductors, and Zn-3d and Sb-5p states
mainly formulate the bandgap, with negligible contributions
from alkali metal Rb/Cs. The electronic bands are highly
dispersive and two-fold degenerate. The CBM and VBM are also
highly non-parabolic. The non-parabolic bands and wider
bandgap of AZnSb induce a large Seebeck coefficient. The
dispersive and two-fold degenerate characters of bands are
responsible for the relatively high electrical conductivity of
AZnSb. In a combination of larger Seebeck coefficient and
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrical conductivity, both compounds have a larger power
factor. The large power factor and low values of kl lead to a high
average thermoelectric gure of merit (ZT) of RbZnSb and
CsZnSb, reaching 1.22 and 1.1 and 0.87 and 1.14 at 900 K for p-
and n-type carriers, respectively. Therefore, AZnSb are potential
materials for high-temperature thermoelectric device
applications.
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