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Abstract
The electronic transport behaviour of CsAgO has been discussed using the theory beyond
relaxation time approximation from room temperature to 800 K. Different scattering
mechanisms such as acoustic deformation potential scattering, impurity phonon scattering, and
polar optical phonon scattering are considered for calculating carrier scattering rates to predict
the absolute values of thermoelectric coefficients. The scattering lifetime is of the order of
10−14 s. The lattice thermal transport properties like lattice thermal conductivity and
phonon-lifetime have been evaluated. The calculated lattice thermal conductivity equals 0.12
and 0.18 W mK−1 along ‘a’ and ‘c’ axes, respectively, at room temperature, which is very low
compared to state-of-the-art thermoelectric materials. The anisotropy in the electrical
conductivity indicates that the holes are favourable for the out-of-plane thermoelectrics while
the electrons for in-plane thermoelectrics. The thermoelectric figure of merit for holes and
electrons is nearly same with a value higher than 1 at 800 K for different doping
concentrations. The value of the thermoelectric figure of merit is significantly higher than the
existing oxide materials, which might be appealing for future applications in CsAgO.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The reduction in fossil fuels led to the invention of highly
efficient renewable energy harvesting sources in addition to
the existing ones. Thermoelectricity could be considered as
one such resources which converts waste heat into electric-
ity. Because of this feature, it has attracted the modern era of
scientists to uncover productive resources. A lot of research
has been done in this field, especially on chalcogenides like

∗ Author to whom any correspondence should be addressed.

Bi2Se3 and Sb2Te3, which still need to be explored. Real
device applications demand the best materials with promis-
ing outputs, which motivates us to explore various materials.
A wide range of materials like thin-film superlattice, large
single-crystal or polycrystalline bulk materials, semiconduc-
tors and semimetals, and many more have been chosen with
an objective to enhance their efficiency or to find an alternative
choice [1–4]. The thermoelectric materials have various com-
mercial applications, covering a wide range from electronic
refrigeration and power generation to power heart pacemak-
ers. The radioisotope thermoelectric generators are being used
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as a power source in space. The recent invention revealed that
thermoelectric materials were used in the new generation
of vehicles to transform waste heat into electricity provided
for automotive electrical systems and thereby increase fuel
efficiency [5].

Although, a plethora of research has been done to
explore better thermoelectric materials and examine their
performance, only very few materials fetch commercial appli-
cations, which include chalcogenides [6–8], and pnictides
[9–14]. The modern era of research urges those materials
which are thermodynamically stable, anti-oxidant, cost-
effective, environment-friendly and possess high operating
temperatures. To date, the well-known commercial TE devices
are made up of either pnictogens or chalcogens, which are
toxic or scarce in nature, and lacks high temperature applica-
tions together with a tendency to get oxidized in air [15–17].
These properties of traditional thermoelectrics pushed
researchers ahead to look for alternative materials and found
that the metal oxides could be a suitable candidate for TE
applications as they host all the features lacking in traditional
TE materials [18]. Among oxide materials, copper oxides
were explored by various group [19–21] for their high
thermopower. The recent studies on p-type NaxCoO2, SrTiO3,
and other layered Co-based materials brought up a revolution
which led to a new generation of TE materials [18]. These
materials can operate at high temperatures, but their high
thermal conductivity is a major challenge that reduces the
efficiency.

The limitations observed in previously found oxide mate-
rials pose a challenge for the scientists and researchers to
find materials with low thermal transport and high electron
conduction to improve their efficiency. These previous stud-
ies and challenges related to promising device applications
encourage us to explore new metallic oxide in conjunction
with alkali atom, CsAgO. Except experimental synthesis and
crystal structure details [22, 23], there are no other stud-
ies available on this compound. A theoretical study on sim-
ilar class of oxide materials by Umamaheshwari et al [24]
reported the structural phase transition and their electronic
properties, which revealed that out of two tetragonal phases:
I4m2(119) and I4/mmm(139), later one is more stable, and
we have considered the same in our calculations. The present
work discusses the electronic structure properties and their cor-
relation to transport properties. The major highlight of this
work is to discuss the transport properties using the methods
beyond relaxation time approximation and high-temperature
figure of merit. This paper is organized as follows, section 2
discusses all the computational methods used, followed by
section 3 where the lattice dynamics, electronic, and transport
properties are discussed. Finally, section 3.4 summarizes the
work.

2. Computational methods and crystal structure

The projector augmented wave method implemented in Vienna
ab initio Simulation Package (VASP) [25–27] was used to
carry out the first-principles calculations. We have used three
different exchange–correlation functionals like GGA-PBE

[28], LDA [29] and PBEsol [30] to get the ground state param-
eters close to the experimental one. We found that the lattice
parameters with PBEsol functional are in better agreement
with experiment parameters (a = 10.24 Å, c = 6.17 Å)
taken for our calculations. The energy cut off for plane-wave
basis is taken to be 900 eV along with the energy and force
tolerance 10−8 eV and 10−2 eV Å−1. A 4 × 4 × 8 Γ-centered
k-mesh is used for Brillouin zone sampling using the tetra-
hedron method [31]. The frozen phonon method has been
used to calculate the force constants using the VASP pack-
age, which was further used to plot phonon spectra through
Phonopy [32]. Higher-order displacement files are generated
with a finite displacement of around 0.03 Å using the supercell
method, which is used further to compute the lattice thermal
conductivity (κl) using both phono3py [33] and VASP through
second and third-order force constants. The carrier scattering
lifetime and transport properties are calculated using AMSET
code [34], where different scattering mechanisms are taken
into account to predict the TE coefficients. CsAgO belongs to
body-centered tetragonal structure with space group I4/mmm
(No. 139), and the same is shown in figure 1(b).

3. Results and discussion

3.1. Phonon dispersion and lattice thermal conductivity

We present the calculated phonon spectrum of CsAgO in
figure 2(a). We observe a frequency gap between mid-and
high-frequency optical modes contributed by different ele-
ments differing in their atomic masses. The heavier elements
correspond to low-frequency phonon modes, whereas the
lighter one corresponds to higher frequency phonon modes.
Most of the phonon branches dominate low-frequency regions,
which drive the anharmonicity in the system together with
enhanced scattering. The anharmonic nature can be under-
stood from the softening of one of the acoustic modes, and
hints at the possible low lattice thermal transport in the inves-
tigated compound. Next, we have calculated the temperature-
dependent lattice thermal conductivity (κl) using the harmonic
and anharmonic interatomic force constants along ‘a’ and ‘c’
axes. We observe that κl decreases as a function of temperature
and remains anisotropic throughout the studied temperature
range. The value of κl around 300 K is 0.12, and 0.18 W mK−1

along ‘a’ and ‘c’ axes, respectively. These values are apprecia-
bly smaller than the well-known thermoelectric materials [35].
To substantiate further on the low lattice thermal conductiv-
ity, we have predicted the Grüneisen parameter through elas-
tic moduli and plotted the frequency-dependent phonon life-
time from third-order force constants. The value of Grüneisen
parameter is 1.73, which is high and in line with other well-
known thermoelectrics [35]. The calculated phonon lifetime
is given in figure 2(c). The color bar represents the density of
phonon modes, and black dots are phonon modes. Red and
blue colors indicate maximum and minimum values of phonon
density. The lifetime of phonon modes corresponding to low-
frequency phonon modes is very short due to highly interacting
phonon modes. We claim that the anharmonicity observed in
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Figure 1. (a) The irreducible Brillouin zone and (b) crystal structure of CsAgO, pink, green and blue colors represents Cs, Ag and O atoms,
respectively.

Figure 2. (a) The phonon band dispersion illustrating the highly interacting low-frequency phonon modes and anharmonic nature at zone
centre Γ, (b) lattice thermal conductivity is presented along ‘a’ and ‘c’ axes, and (c) phonon-lifetime as a function of frequency, the color bar
indicates the density of phonon modes. Red and blue colors correspond to maximum and minimum density.

phonon modes mainly causes the low lattice thermal trans-
port. The lifetime values and high Grüneisen parameter are the
evidence for it.

3.2. Electronic band structure and scattering lifetime

The calculated electronic structure properties for CsAgO are
given in figure 3. The band structure plot shows a direct
bandgap semiconducting nature with a bandgap of 1.44 eV.
There are no previous experimental or theoretical reports avail-
able on electronic structure properties for CsAgO which lim-
its us to do a comparison. The band dispersion in both the

conduction and valence band regions around the Fermi level
is significantly different, especially along both the crystallo-
graphic axes. The bands lying near the Fermi level are domi-
nated by O-p and Ag-d orbitals with negligible contribution of
Ag atom as confirmed from the total density of states and par-
tial density of states plot [figure 3(b)]. The dispersive and flat
nature of bands near the Fermi level are incremental for ther-
moelectric properties here, and the same are discussed in the
upcoming section. Before starting the discussion on thermo-
electric properties, one need to calculate the carrier scattering
lifetime, which is necessary to predict the absolute value of
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Figure 3. (a) The electronic band structure plotted along high-symmetry points as shown in Brillouin zone figure 1(a). (b) The total and
orbital projected density of states.

Figure 4. The temperature dependent scattering rates in (a) and the scattering lifetime in (b) respectively. p-type corresponds to holes and
n-type for electrons. The scattering lifetime for electrons is shorter than that of holes.

transport properties like the electrical conductivity or mobility.
We have considered several scattering factors responsible for
either acoustic phonon–electron or optical phonon–electron
interactions as implemented in the software package AMSET
[34]. These factors are deformation potential, impurities and
displacement of atoms. The deformation potential is respon-
sible for acoustic phonon–electron interaction leading to low-
temperature effects known as acoustic deformation potential
scattering. Every system always hosts impurities that scatter
electrons and known as impurity scattering. The third one is
the polar optical phonon scattering (POP) driven by the dis-
placement of atoms and contributed by optical phonon modes,
which dominate in high-temperature regimes. The scattering
may be elastic or inelastic. The elastic scattering is state-
independent and contributed by acoustic phonon branches. In
contrast, inelastic scattering is state dependent and fully domi-
nated by optical phonon branches. Depending upon the differ-
ences in both types of scatterings, we have used two different
approximations: the momentum relaxation time approxima-
tion for the elastic scattering and self-energy relaxation time

approximation for inelastic scattering one. The scattering rate
for elastic scattering case from state nk to mk + q is calculated
using Fermi’s golden rule and can be given by,

τ−1
nk→mk+q =

2π
h̄
|gnm(k, q)|2 × δ(Δεnm

k,q). (1)

A similar type of expression has been used to calculate the
scattering rate for the inelastic scattering case for the state from
nk to mk + q, which is given as,

τ−1
nk→mk+q =

2π
h̄
|gnm(k, q)|2

× δ [(nq + 1 − f 0
mk+q)δ(Δεnm

k,q − h̄ωq)

+ (nq + f 0
mk+q)δ(Δεnm

k,q + h̄ωq), (2)

where −h̄ωq and h̄ωq correspond to a phonon’s emission and
absorption, respectively. The scattering rate and scattering life-
time as a function of temperature for fixed doping concentra-
tion around 1019 cm−3 are given in figure 4. The POP dom-
inates, as seen from the plots, reflecting the role of optical
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Figure 5. The carrier concentration and temperature dependent thermopower is given in top panel (a) and (b). The bottom panel (c) and (d)
shows the electrical conductivity (c) and (d) for both the holes and electrons respectively.

phonons in high-temperature ranges. The calculated scatter-
ing lifetime values are of the order of 10−14 s [figure 4(b)],
which is further used to estimate the absolute value of TE
coefficients. In addition, we have calculated scattering rate and
scattering lifetime at carrier concentration around 1020 cm−3,
and observed the nearly similar values of carrier lifetime noted
at carrier concentration around 1019 cm−3 [not shown for
brevity].

3.3. Thermoelectric properties

The low lattice thermal transport and highly dispersive elec-
tronic bandstructure further prompt us to explore the thermo-
electric properties for wide temperature ranges. The tempera-
ture and carrier-dependent thermopower is given in figures 5(a)
and (b) for hole and electrons, respectively. The magnitude
of thermopower increases with temperature, a genuine trend
observed in all semiconductors. Thermopower for holes is
higher by nearly 100 μV K−1 in magnitude than the value for
electrons for temperature ranging from 300–800 K and dis-
plays more anisotropy [figures 5(a) and (b)]. This anisotropic
behavior is due to variations of band dispersion near the
Fermi level along both ‘a’ and ‘c’ axes. The band profile
in the conduction band region is similar along both ‘a’ and
‘c’ axes, reflecting on isotropic ‘S’ values of electrons. On
the other hand, the bands are nearly flat along the ‘a’ axis
and dispersive along the ‘c’ axis in the valence band region,
resulting in the anisotropic nature and higher thermopower

for holes. To observe the effect of carrier concentration, we
have plotted thermopower for carrier concentrations around
1019 cm−3 and 1020 cm−3. The thermopower values are sig-
nificantly dropping at higher concentrations. The calculated
electrical conductivity is presented in figures 5(c) and (d).
The value of electrical conductivity for holes is a few hun-
dred at carrier concentration 1019 cm−3 which is improved by
one order in magnitude for concentration around 1020 cm−3,
especially along the ‘c’ axis. In the case of electrons, the sce-
nario is quite similar, and the electrical conductivity values
are 10 times higher than those for holes due to a more dis-
persive band profile in the conduction band. The anisotropy is
more pronounced in the electrical conductivity than observed
in thermopower plots, as shown in insets.

Now, we would like to discuss another important TE
property called power factor and shown in figures 6(a) and (b).
We can visualize the anisotropic nature similar to that observed
in the other two TE properties. The power factor is decreas-
ing with temperature as the electrical conductivity does. From
the plots, we can conclude that the effect of electrical conduc-
tivity is reflected more than that of thermopower. The values
of power factor for holes are lying of the order of 10−5 W
mK−2, whereas the electron power factor is in the order of
10−4 W mK−2. Furthermore, we have computed the figure
of merit of this compound to predict the thermoelectric effi-
ciency [figures 6(c) and (d)]. The figure of merit at 800 K
for holes for carrier concentration 1019 cm−3 is around 0.03,
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Figure 6. The carrier concentration and temperature dependent power factor in top panel (a) and (b). The bottom panel (c) and (d) shows the
figure of merit (b) for both the holes and electrons respectively.

Table 1. Comparative analysis of thermoelectric figure of merit in
CsAgO with other known oxide thermoelectric materials.

Compound ZT (300 K) ZT (800 K)

BiCuTeO [36] 0.3 0.72
NaxCoO2−δ [37] 0.03 1.2
SnO [38] 0.01 —
Co2.75Gd0.25Co4O9 [18] 0.07 —
CsAgO (present work) 0.3 1.44

which is enhanced up to 1.5 along ‘c’ direction for higher
concentrations. The figure of merit for electrons at 800 K is
1.2 along the ‘a’ axis for optimal doping value of 1019 cm−3

itself. The figure of merit for electrons decreases with heavy
doping concentration. The calculated figure of merit is found
to be higher than other known oxide materials and compara-
tive analysis is given in table 1 [18, 36–38]. Overall, we can
summarize that the calculated thermoelectric properties are
highly anisotropic, suitable for low-dimension device appli-
cations. The electrons are favorable for in-plane TE applica-
tion at optimal doping concentration, whereas holes could be
considered for out-of-plane TE applications with heavy doping
cases.

3.4. Conclusion

In summary, the theoretical modeling of lattice dynamics, car-
rier lifetime, electronic structure properties, and thermoelec-
tric properties beyond the relaxation time approximation of
CsAgO is presented herein. The anharmonic acoustic phonons
observed in the phonon spectrum signals more scattering in the
system, resulting in low lattice thermal conductivity. The cal-
culated lattice thermal conductivity is 0.12 and 0.18 W mK−1

along ‘a’ and ‘c’ axes, respectively, at 300 K. The high value
of Grüneisen parameter together with shorter phonon-lifetime
further substantiate it. The electronic bandgap is 1.44 eV,
which agrees with previous theoretical values. We have cal-
culated temperature-dependent scattering lifetime, including
different scattering schemes to get the absolute value of
transport properties. The scattering lifetime is found to be
around 10−14 s. The calculated thermoelectric properties are
anisotropic, as noted from the thermopower and electrical con-
ductivity values. Another TE parameter, the power factor, is
dominated by the electrical conductivity, and the calculated
figure of merit for electrons at 800 K is more than 1 at the opti-
mal concentration value for semiconductors. The calculated
figure of merit is better than the values of other well-known
oxide materials, enabling future thermoelectric applications
and awaits experimental verification.
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