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Abstract: In this study, the optoelectronic, structural, thermal and thermoelectric properties of CsLaO,, HgMgO,, KInO,,
and RbInO, were investigated based on density functional theory incorporated in the Wien2K code, the semi-classical
Boltzmann approximation integrated in the BoltzTraP program, and the quasi-harmonic Debye model implemented in the
Gibbs2 program. The four compounds exhibit semiconductor character with indirect band gaps: 3.97 eV (I'-A) for KInO,,
4 eV (I'-H) for RbInO,, 2.82 eV (M-L) and CsLaO, and 0.3 eV (I'-A) for HgMgO2. The effect of temperature on the heat
capacity, thermal expansion coefficient, and entropy and lattice thermal conductivity was also studied. Furthermore, the
optical properties of the studied compounds, including reflection and refractive coefficients, optical conductivity, and the
optical absorption coefficient, were investigated to ascertain their suitability for use in photovoltaic applications. Fur-
thermore, this study investigated the dependence of the thermoelectric parameters, including the Seebeck coefficient,
electrical conductivity, electronic thermal conductivity, and factor of merit, on temperature and electron/hole
concentration.
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1. Introduction

The ternary compounds that make up the Delafossite class
of oxides have the generic formula ABO,, where A and B
stand for metallic elements. Known for its significant
electrical conductivity and transparency in the visible and
near-infrared parts of the electromagnetic spectrum,
CuAlO,, a well-known derivative of Delafossites, is a
p-type semiconductor [1-4].

Delafossite compounds can show electrical conductivity
ranging from insulating to semimetallic, depending on the
makeup of the compound. Many copper-based Delafossite
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compounds show good p-type conductivity [5]. The oxides
of Delafossite ABO, compounds have a layered crystal
structure that allows cations to be easily substituted at the
A and B sites. This allows for the control of many physical
properties of these compounds. These features have
enabled Delafossite oxides to be successfully used in var-
ious transparent devices, such as pn diodes, UV LEDs, and
transparent thin film transistors [5]. Also, some Delafossite
materials can exhibit outstanding electrical conductivity,
positioning them as appealing contenders for deployment
in electronic devices. Some Delafossite variations exhibit
magnetic properties, suggesting potential applications in
magnetic data storage and other domains. High trans-
parency in the visible and near-infrared ranges is one of the
remarkable optical characteristics of several Delafossite
compounds, which makes them attractive candidates for
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use in solar cells and other optoelectronic devices. Fur-
thermore, their high thermal conductivity holds promise for
utilization in electronic device thermal management
[6-10]. Delafossite semiconductors are also potential
choices for high-speed electronic devices because of their
great carrier mobility. Transparent electrodes, photo-
voltaics, light-emitting diodes, and high-power electronics
are among the possible uses for Delafossite semiconductors
[11].

To comprehend the electrical and magnetic properties of
Delafossites, numerous theoretical studies have been con-
ducted [12].Depending on which A and B ions are used,
density functional theory (DFT) computations have shown
a variety of electronic band structures, ranging from
semiconductors to metals. Moreover, antiferromagnetic
ordering has been anticipated by DFT simulations to
appear in several Delafossites, including CuCrO, and
CuFeO, [13], as a result of the coupling of spins to the
transition metal ions. Furthermore, an ab initio investiga-
tion conducted in 2015 by Ali et al. showed that CuXO,
compounds (where X = Al, Ga, In, B, La, Sc, Y) exhibit
semiconductive properties. Understanding the band-edge
electrical structure is essential for developing effective
photocatalytic materials and uncovering underlying pro-
cesses. A study uses a unified assessment approach to
investigate the relationship between band-edge electronic
structure and photocatalytic performance of Delafossite
ABO, compounds (A = Cu, Ag; B = Al, Ga, In) [14].
Additionally, PABO, compounds (B = Al, Cr, and Rh)
exhibited semiconducting features in an ab initio research
by Ketfi et al. [15].

Experimental investigations into Delafossites have
explored the electronic and optical properties of well-
known members like CuAlO,, which is distinguished by its
high electrical conductivity and optical trans-
parency[16, 17]. Additionally, the photovoltaic properties
of Delafossites have been investigated; CulnO, and
CuGaO, have shown interesting prospects for solar cell
applications. Bouich et al. [18] investigated Delafossite as
a hole transport layer for perovskite-based solar sales:
Based on experimental, and numerical analysis, their XRD
outcomes confirmed their hexagonal and rhombohedral
structures, with a maximum power conversion efficiency
(PCE%) of 22.90.

The energy gap characteristics and value of semicon-
ductors determine their suitability for use in electrical
devices. Efficient light emission and absorption can result
from direct bandgap semiconductors’ increased likelihood
of direct electron transitions between energy bands. These
semiconductors are so widely used in fiber-optic commu-
nication, photovoltaic cells, and other technologies
requiring efficient light emission, such as the creation of
lasers and bright LED lights for use in displays, lighting,

and telecommunications. With remarkable efficiency, they
are excellent at transforming electrical energy into light.
On the other hand, applications that depend on light
emission and absorption are not as successful with indirect
semiconductors [19]. However, they are very important in
electronic devices such as transistors and thermoelectric
devices [20]. Shi et al. used a high-throughput approach
based on DFT to explore the Delafossite composition
ABX,. The crystals KInO,, RbInO,, RbRhO,, CsLaO,,
HgMgO,, and BrLaO, are semiconductors with gaps
between 3 and 4 eV and relatively low effective masses of
approximately 2 x m.(with the notable exception of
RbRhO,) [21], since Shi et al., in their investigation [21],
only provide structural characteristics like the lattice con-
stants and the atomic positions of the compounds; they did
not broaden their investigation to include other features of
the Delafossite oxides.

The ability of Delafossite oxides to exhibit p-type
semiconductor behavior, superconductivity, and variable
electrical conductivity when in contact with some gases (as
a result of their reaction with the surface of the Delafossite
oxide material) gives them uniqueness and promising
industrial demand in many industrial applications, espe-
cially in gas sensors, n-p junctions, and optically trans-
parent transistors. The aim of this research is to reveal the
advantages of several Delafossite oxides compounds in
order to determine their readiness for use in various
applications.

2. Computational details

In this work, we employed the Full-Potential Linearized
Augmented Plane Wave (FP-LAPW) approach, which is
included into the WIEN2k code [22], to examine the
structural, optoelectronic, and thermodynamic properties of
CsLaO,, HgMgO,, KInO,, and RbInO,, utilizing the
principles of density functional theory (DFT). For our
calculations, the optimization process involved by Perdew-
Burke-Ernzerhof (PBE) formulation for Generalized Gra-
dient Functional (GGA) [19]. Compared to other approxi-
mations that use hybrid exchange—correlation functions,
such as B3PW, B3LYP [24], and the modified Becke-
Johnson exchange (mBJ) approximations, it has been found
that the GGA-PBE approximation underestimates the
important band gaps. Therefore, the mBJ potential was
used for optoelectronic characteristics [25].The unit cell
was split into the interstitial space and a set of non-over-
lapping spherical muffin tins as part of the computational
approach. We used plane waves with a cutoff value of
Rmr X Kmax = 9.0 to expand the wave function in inter-
stitial regions in order to achieve convergence in energy
eigenvalues. Ry stands for the minimal muffin-tin radius,
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and Kyax is the magnitude of the maximal K vector wave
within the Brillouin zone [26]. These chosen computational
parameters ensured accurate total energy convergence of
107> Ry, for electronic and optic properties, meanwhile, in
the structural properties, the atomic positions of com-
pounds under study, were adjusted until the force acting on
each atom was less than 5 x 10~* Ry/Bohr. For atoms
such as Cs, La, Hg, Mg, K, In, Rb, and O, we employed
muffin-tin radii (Ryp) of 2.0, 2.1, 2.4, 1.7, 1.9, 2.3, 2.2 and
1.6 atomic units (a.u), respectively. For these elements, we
provided the core-valence separation and valence electron
configurations. Specifically, Cs (651), La (Sd1 6s2), Hg (4f14
5d'% 6s%), Mg (35%), K (4s"), In (4d'® 55% 5p"), Rb (5s"), and
O (25 2p*) have valence electron electronic configurations
for Brillouin zone (BZ) integration. To differentiate
between valence and core states, we used an energy cutoff
of -6.0 eV. Furthermore, we integrated the quasi-harmonic
model using the GIBBS2 code [27, 28], which enabled us
to take into consideration the impact of temperature and
pressure on different thermal properties. We simultane-
ously used the semi-local Boltzmann transport theory,
which was implemented with the help of the BoltzTraP
code [29] to estimate the thermoelectric properties.

3. Results and discussion

3.1. Structural properties

In this part, we conducted a study on compounds with the
formula ABO,, where A represents Cs, Hg, K, and Rb, and

B represents La, Mg, and In. We analyzed these com-
pounds in their tetragonal phase structure, characterized by

008080

Fig. 1 Crystal Tetragonal structure of ABO, compounds
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the R-3m space group (166), as seen in Fig. 1. Before
delving into the computation of lattice constants, bulk
modulus, and cohesive energy, it was imperative to
ascertain the atomic positions within these compounds via
comprehensive geometry optimizations. Using Broyden’s
approach, the internal locations of the atoms were relaxed
by minimizing total energy and force [30, 31].The opti-
mized positions of the constituent atoms of the four com-
pounds under investigation were obtained when the force
criterion of 5 x 10~* Ry/Bohr was satisfied.

To find the unit-cell volume of the most stable state, the
total energy for each volume was computed using the
Murnaghan equation of state [32]. To ascertain the crystal
lattice constants, we also computed the variations in the
unit cell’s total energy when the c/a crystal lattice ratio
changed.

Table 1 provides a comprehensive summary of our
findings and offers a comparison with other available data.
This table underscores that the (GGA) approach yields
satisfactory results for the four compounds: CsLaO,,
HgMgO,, KInO,, and RbInO,. The bulk modulus (B) in
(GPa) serves as a measure of a material’s resistance to
deformation caused by hydrostatic pressure. Consequently,
the HgMgO, compound exhibits greater resistance to
external pressure, primarily due to the quantity and strength
of interatomic bonds it possesses, and therefore, the com-
pound HgMgO2 has bonds that are more resistant to
external stress. This observation can be substantiated by
utilizing the cohesive energy (E.,;), defined as the energy
required to break the material into individual atoms and
represents the stability of the material in its ground state.
The cohesive energy (E.,;) is expressed as [33]:
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Table 1 The equilibrium lattice constants, bulk modulus, and cohe-
sive energy for CsLaO,, HgMgO,, KInO,, and RbInO, compounds
were computed using GGA-PBE approximations

a@A) <A B(GPa)  E.u(eV/
atom)
CsLaO, GGA 3,7384 20,5553 82,7368  5.63
Theo 3,7846 20,8400 - -
[21]
HgMgO, GGA 3,0700 16,9230 1357447 1.58
Theo 3,2590 18,2515 - -
[21]
KInO, GGA 3,3375 18,4096 108,4334 7.48
Theo 3,3595 18,5441 - -
[21]
RbInO, GGA 3,3576 19,1219 103,3103 4.22
Theo[21] 3,3998 19,3691 - -
ABO. A B 10}
E.on :Efot P - (Eat()m+E0wm +2Eatom) (1)
CO NA+NB+N0

The total energy Eﬁfol of the bulk ABO, compound is
determined based on the quantities of A, B, and O atoms
within the unit cell, denoted as N, Ny, and Ng
respectively. ~ Additionally, E4  ,E5 =~ and E9
represent the energies of isolated atoms corresponding to
A, B and O. Among these compounds, the second one
exhibits the highest cohesive energy, signifying
exceptional structural stability. We calculated the
cohesive energies for the four compounds: CsLaO,,
HgMgO,, KInO,, and RbInO,, the values are shown in
Table 1. The calculated cohesion energy section for the
four compounds involved in the study indicates that the

compound KInO, is the most cohesive.
3.2. Electronic properties

Delafossite oxides have the potential to be useful in a
variety of fields, including electronics, catalysis, and
energy conversion. To fully understand and improve the
functionality and features of Delafossite oxides and to
discover new uses for these materials, it is imperative to
investigate their electronic properties.

At high-symmetry locations inside the first Brillouin
zone, the energy band structures of the four compounds
under study were calculated. Figure 2 reveals distinct
behaviors among the four compounds. Remarkably, both
KInO,, RbInO, exhibit large indirect energy gaps of
3.97 eV (I'-A) and 4 eV (I'-H). Meanwhile CsLaO, and
HgMgO, exhibit smaller indirect energy gaps of 2.82 eV
(M-L) and 0.3 eV (I'-A) respectively.

Figure 3 presents a visual representation of the densities
of states that were determined through the application of
the TB-mBJ approach. In our examination, the studied
compounds exhibit a characteristic band structure featuring
two distinct bands: a conduction band located above the
Fermi level and a valence band positioned below it. These
bands are separated by an indirect band gap; with values
are 0.3, 2.82, 3.97 and 4.0 eV for HgMgO,, CsLaO,,
KInO, and RbInO,, respectively. Importantly, our band
gaps findings for CsLaO,, KInO, and RbInO, align
excellently with a previous study in reference achieved by
Shi et al. [21] with values (4.10, 3.49, and 3.38 eV,
respectively) while our gap value for HgMgO, far away
from the previous value (3.25 eV).

As shown in Fig. 3, we looked at the total and partial
density of states for atomic orbitals to get insight into the
makeup of each band within the band structure spectrum.
The lack of state density around the Fermi level indicates
that these compounds have semiconductor properties. The
“p” orbitals of the Cesium (Cs) atom have a major role in
shaping the conduction band of the four ABO, compounds
in the tetragonal phase structure, while the “s” and “d”
orbitals of Cs atoms contribute less significantly. The “s”
and “d” orbitals of the Hg and Rb atoms contribute more
than this, suggesting significant hybridization in the energy
ranges of — 7 eV to 0 eV and 6 eV to 10 eV, respectively.

In CsLaO,, the O-p orbit hybridized with the La-d orbit
in the valance band at — 2.0 to — 1.0 eV and with the La-p
orbit at — 1.0 to Fermi level. For HgMgO,, the strong
hybridization occurs between the O-p orbit and Hg-d orbit
at — 7.5 to — 5.0 eV, while weak hybridization occurs
between O-p orbit and mixed of Mg-s and Mg-p at — 5.0 to
Fermi level. In KInO,, O-p hybridized with In-s and In-p
and In-d at the range — 3.5 to — 2.5, — 2.5 to — 0.5, and
— 0.5 to 0, respectively. In RbInO,, O-p hybridized
strongly with In-s and In-d at the range — 3.5 to — 2.5 eV,
and — 0.5 to O respectively, while it hybridized weakly
with In-d at the range — 2.5 to — 0.5 eV.

3.3. Optical properties

Delafossite compounds are useful in several fields such as
optoelectronics, photocatalysis, and catalysis because of
their wide range of fascinating optical properties [34]. The
bandgap energy of ABO, compounds is one of its most
important optical characteristics, determining both their
optical transparency and absorption of light. ABO, com-
pounds’ composition and crystal structure can be changed
to change their bandgap energy, making them adaptable for
a range of uses [35, 36].

To explore the real and imaginary components €;(®) and
&(m), which are computed using the formula [37—40], we
used the dielectric complex function &(®):
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Fig. 2 Band structure curves for CsLaO,, HgMgO,, KInO,, and RbInO, using the TB-mBJ approximation

g(w) = &1() +ie(0) (2)

The real component of the dielectric function &(®)
provides insight into how the material interacts with
incident photons, revealing the dispersion characteristics
of its constituent elements [41]. Moreover, it provides
important  details about the material’s electrical
polarizability state [42]. On the other hand, the energy
absorbed by the material is represented by the imaginary
component of the dielectric function, &;(®). The electronic
band structure is used to determine this imaginary
component &(®), which is the evaluation of momentum
matrix elements between occupied and unoccupied
electronic  states. Conversely, the Kramers—Kronig
transformation can be used to obtain the real component
from &,(w) [43].

Using the TB-mBJ approximation, we computed both
the imaginary and real parts of the dielectric functions of
the compounds under investigation in the x, y, and z
directions. Figure 4 provides important information on the

values of the static dielectric constant, which is the real
dielectric constant at zero frequency, or €;(0). One note-
worthy finding from Fig. 4 is that, in comparison to the
other compounds, HgMgO, has a much higher static
dielectric constant value (g,(0) = 60). It’s worth noting that
this value serves as an indicator of the material’s response
to an external electric field. However, we notice that the
€1(m) spectrum experiences a rapid rise from its static
dielectric constant value €(0). At specific energy levels,
namely 2.95 eV, 0.62 eV, and 9 eV for CsLaO,, HgMgO,,
KInO, and RbInO, respectively, the spectrum reaches its
peak.

It is important to highlight that as we move through the
range of 1-14 eV for the four compounds under investi-
gation, the &,(®) values gradually decrease and eventually
become negative. This transition in behavior signifies a
shift toward metallic characteristics within this energy
range.

&(w), as depicted in Fig. 4, we can discern the optical
band gaps for CsLaO,, HgMgO,, KInO,, and RbInO,,
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Fig. 3 The calculated total and partial density of states for CsLaO,, HgMgO,, KInO,, and RbInO,within the TB-mBJ approximation

which have been determined as 2.82 eV, 0.29 eV, 3.97 eV,
and 4 eV, respectively. Using the TB-mBJ approximation,
these values are retrieved from the imaginary component of
the dielectric function.

The absorption coefficient o(w) is related to the
extinction coefficient k(w) through the following equation
[44]:

a(w) = (4n/ Hk(w) (3)
In this context, The wavelength of light in a vacuum,

given by A, can be found using the dielectric function and
the following correlation[45]:

_2mo =R (&(0)|(@)])

a(w) > (4)

c

The absorption edge is sited at approximately 2.82 eV
for CsLaO,, 0.29 eV for HgMgO,, 3.97 eV for KInO,, and
4 eV for RbInO,. In the specified energy ranges, all four
compounds exhibit pronounced responses to incident
photons, specifically within the intervals of 3 to 14 eV
for CsLaO,, 1 to 14 eV for HgMgO,, and 9-18 eV for both
KInO, and RbInO,.

We introduce another parameter known as the reflective
coefficient, denoted as R(w). This parameter quantifies the
portion of energy that is reflected from the surface of the



Computational insights into optoelectronic, thermodynamic, and thermoelectric properties

Fig. 4 Optical properties of
CsLaO,, HgMgO,, KInO,, and
RbInO, within TB-mBJ
approach
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solid and can be calculated using the refractive index as
outlined below [46]:

(n(w) — 1)* + k(w)?

R(w) = (n(@) + 1) + k()

(5)

Figure 4 illustrates that the zero-frequency reflectivity
limit, R(0), for ABO, is determined to be 50% for CsLaO,,
60% for HgMgO,, and 5% for both KInO, and RbInO,.
Additionally, prominent reflection peaks are observed at
energy levels of 6.3 eV, 1 eV, 13,5 eV and 13.5 eV for all
four compounds, aligning with the negative values of
g1(m).

Moreover, the definition of optical conductivity is given
by the following formula [39]:

o(w) = —(io/4n)s(w) (6)

The optical conductivity for CsLaO,, HgMgO,, KInO,,
and RbInO, is displayed in Fig. 4 at 2.82 eV, 0.29 eV,
3.97 eV, and 4 eV, respectively. Note that the maximum
optical conductivity value is at 3 eV for CsLaO,, 1 eV for
HgMgOsand 13 eV for both KInO, and RbInO,.

3.4. Thermodynamic properties

A thorough understanding of the thermal properties of the
materials used in solar energy systems is essential for
achieving optimal performance. This understanding should
encompass how these properties are influenced by alter-
ations in temperature and pressure. It is critical to thor-
oughly examine a material’s ability to change its energy
absorption, coefficient of thermal expansion, resistance to
deformation, and other relevant properties.

Theoretical investigation of these features was con-
ducted over a temperature range of 1000 units, and the
influence of pressures up to 30 GPa was considered. This
analysis was performed using the quasi-harmonic Debye
model, implemented within the GIBBS2 code [27, 28]. The
Gibbs free energy expression was used to study how
changes in temperature and pressure affect the thermody-
namic properties of the solid material.

G*(x,ViP,T) = By (x,V) + PV + A%, (x,ViT) + F5(x,V;T)
(7)

Non-equilibrium vibrational Helmholtz free energies are
denoted in this context by A*yyp and F, respectively,
representing electronic and vibrational free energies. The
hydrostatic situation is symbolized by the word PV, while
E.. represents the total energy. Debye’s model can be used
to determine the non-equilibrium vibrational Helmholtz
free energy, A"y, in relation to the vibrational density of
states g(w), which is also referred to as the density of

phonon states:

oo

ALy = / [% +kpT La(l - e—%)] g(o)do (8)
0

F*(x,V;T) = Ego (X, V) + A}, (x,V5T) 9)

Under constant pressure and temperature conditions, we
achieve the equilibrium state by minimizing the Gibbs free
energy G* concerning volume.

(GG*((;/{/P, T))P’T: 0 (10)

To derive formulas for various thermal parameters,
including entropy (S), heat capacity at constant volume
(C,), and the coefficient of thermal expansion (o), our
initial step involves solving the final equation.

S = —3nkgln(1 - e~®/T) + 4nkz D(0,,/T) (11)

9nkBOD/T

Cv:12nkBD(9D/T) - eeD/T—_l (12)

The term D (6/T) represents the Debye integral, with ’n’
indicating the number of atoms per unit volume. This
expression is formulated as follows:

3 r yle ¥
D(x) = F/—1 —ody (13)

0

() "
V\oT /), VBr

The heat capacity at constant volume (C,), as expressed
in formula (13), measures the value of energy that a
substance can absorb per mole when its temperature rises
by 1.0 K. In Fig. 5, we visualize the variation in ABO;’s
heat capacity with respect to temperature at a pressure of
P = 0. The graph in Fig. 5 demonstrates the behavior of C,
concerning temperature. At low temperatures (below 200
K), C, exhibits an exponential increase, roughly
proportional to T°. However, it stabilizes at
approximately 100 J/molK when the temperature reaches
or exceeds 450 K, adhering to the Petit-Dulong law [47].

Entropy, a thermal term that symbolizes the irreversible
energy in a system, is plotted in Fig. Sb. According to the
data, CsLaO, has a higher entropy value than the other
compounds. Moreover, the quasi-linear growth patterns of
all four entropy curves show independent changes in
temperature and pressure. This tendency can be clarified
through the fact that as temperatures increase, more
vibrational modes are produced, which increases the
number of potential configurations. On the other hand, as
pressure rises, atomic motion is constrained, which lowers
vibrational entropy.
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Fig. 5 Heat capacity (Cy), entropy (S), thermal expansion (o) and lattice thermal conductivity (K;) of CsLaO,, HgMgO,, KInO,, and RbInO,

Delafossite compounds vary with temperature at 0 GPa pressure

Thermal expansion, which signifies the fractional
change in volume of a substance as temperature varies, is
influenced by increased atomic mobility due to temperature
changes. The main elements affecting thermal expansion
(or) are the substance’s nature, the quantity of bonds, atoms,
and structural features. The relationship between o and
temperature is illustrated in Fig. 5.

The graph in this section shows that all of the com-
pounds that are being studied expand quickly at tempera-
tures below 200 K and gradually at temperatures that are
equal to or higher than 200 K. Furthermore, the compound
HgMgO, clearly shows the highest o at temperatures below
350 K, while at temperatures above 350 K, it shows a
higher thermal expansion value than the other compounds.

To estimate the lattice thermal conductivity we adopt
Slack model formula given as [48]:

_AS?)VI/3m (15)
= V23T
where A is a physical constant equal to A = % and

Yp, v, V, n andm are the Debye temperature, Griirieision
parameter, the volume per atom, the number of atoms in

the primitive unit cell and m is the average mass of all the
atoms in the crystal respectively).

From the curve depicting the dependence of crystalline
heat conductivity on temperature for the four compounds
under study, it is evident that the contribution of the
crystalline lattice to heat transfer at low temperatures
(below 200 Kelvin) is moderate, averaging around 1
Wm~'K~" at 100 K. However, it approaches its minimum
level (0.02 Wm_lK_l) at temperatures above 300.

3.5. Thermoelectric properties

Thermoelectric materials enable the direct conversion of
thermal energy into electricity. Delafossite materials,
which efficiently convert heat to electricity and have out-
standing heat absorption capabilities, show significant
promise for this application. The thermoelectric properties
of these compounds are estimated using Boltzmann trans-
port theory with the BoltzTraP program [14], providing the
final values. However, the ZT figure of merit measures the
current conversion efficiency of thermoelectric devices,
which is relatively low. The term ZT is defined as follows:
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Fig. 6 Changes in the Seebeck coefficient (S), electrical conductivity (o/t), electronic thermal conductivity (x/t), figure of merit (ZT), and
power factor (PF) for HgMgO, compound as a function of electrons and holes concentrations and temperature

ol
=S
k

where S is the Seebeck coefficient, o is the electrical
conductivity, K = K, + ¥ is the total thermal conductivity
and T is the absolute temperature.

(16)
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The inherent Seebeck coefficient of a material describes
the relationship between the voltage across its terminals
and the applied temperature gradient. This temperature
disparity drives the movement of charge carriers inside the
material, such as electrons or holes [6, 29], resulting in the
generation of an electric current. This part investigated the
bulk of the thermoelectric properties, including how they
change with the concentration of each type of charge car-
rier (electrons and holes) over a temperature range of up to
1000 K.

Concerning the Seebeck coefficient (S) for the four
compounds, the results obtained in Fig. 6 for the HgMgO,
compound indicate that increasing the temperature above
600 K results in a higher Seebeck coefficient for both
electrons and holes, surpassing 0.3 mV/K. Furthermore,
increasing the concentration of charge carriers raises the
Seebeck value for holes while decreasing it for electrons.

The electrical and thermal conductivity of electrons and
holes were used to investigate charge carriers’ contribu-
tions to thermal and electrical conductivity. At room tem-
perature, the electrical conductivity of holes exceeds that of
electrons, with values reaching 3.7 x 10%*° Q@ 'cm™! for
the HgMgO, combination doped with 10*' cm ™ electrons.
For both electrons and holes, thermal conductivity increa-
ses as temperature rises.

The figure of merit and power factor are two critical
parameters that evaluate materials’ performance in ther-
moelectric conversion. They also provide details on a
variety of charge carriers and optimal doping concentra-
tions for materials, in addition to the optimal thermal
conditions for high efficiency. The plots showing variations
in the figure of merit and power factor indicate that holes
have better thermoelectric characteristics than electrons.
Doping, also known HgMgO, with a concentration of 10%2
cm > can achieve a figure of merit of up to 0.8 as a power
factor of over 2.2 x 10" W.cm™'.s™'.K ™2 Based on these
data, it is possible to deduce that the four compounds are
more suitable for hole doping (p-type) due to their com-
paratively weak thermoelectric properties.

4. Conclusion

In this work, we evaluated the electrical, optical, and
structural characteristics of tetragonal phase Delafossite
semiconductors, namely CsLaO,, HgMgO,, KInO,, and
RbInO,, using DFT calculations. According to our
research, all four compounds show semiconductor activity,
however with different energy band gaps. KInO, and
CsLaO, in particular show favorable cohesive energies,
indicating stable structures. Furthermore, our study of their
optical properties revealed favorable properties for all
compounds, with the maximum absorption coefficient

being shown by CsLaO,. Together, these discoveries pro-
vide insightful information about the characteristics of
these Delafossite semiconductors and their prospective
uses in a variety of fields. Our results suggest that ABO,
compounds have good thermodynamic and -electrical
properties, which make them promising for usage in elec-
tro-optical domains and related applications. Notably, their
high Seebeck coefficient and low thermal conductivity
considerably increase their figure of merit, bringing it close
to unity. These findings provide useful guidance for future
efforts aimed at enhancing the performance of such mate-
rials through compositional tuning or structural optimiza-
tion. Furthermore, our findings indicate that these four
compounds have potential for thermoelectric applications,
as evidenced by an assessment of their thermoelectric
properties using the semi-classical Boltzmann theory. In a
broader sense, our findings are consistent with earlier the-
oretical investigations, supporting the potential value of
these chemicals in a variety of applications.
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