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Abstract
Materials science is crucially involved in researching advanced materials for energy conversion and storage. The discovery 
process has been accelerated by computational simulations, which have become a powerful tool for predicting the properties 
of new materials in recent years. This study examines the structural, electronic, and optical properties of double perovskites 
Cs2NaInX6 (X = Br, Cl, and I), emphasizing their potential use in energy conversion. Relevant results for optoelectronic 
applications have been obtained through a comparative study of the studied halide double perovskites. The compounds 
exhibit a high absorption coefficient of over 106 cm−1 in the ultraviolet, as demonstrated by the obtained results. In addition, 
these compounds are able to absorb light with a maximum absorption of 105 cm−1 in the visible range. Cs2NaInX6 double 
perovskite compounds exhibit direct semiconductor behavior with optical bandgap energy values of around 2.46, 3.44, and 
1.64 eV for Cs2NaInBr6, Cs2NaInCl6, and Cs2NaInI6, respectively. The reached results led to the conclusion that Cs2NaInX6 
compounds can be used as a promising candidate for optoelectronic and solar cell applications. Our understanding is that 
this is the first theoretical prediction of the electro-optical properties of these compounds that has not yet been confirmed 
experimentally.
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1  Introduction

Energy shortages have become a major challenge world-
wide, over the past few years. The consumption process of 
conventional fossil fuel storage results in severe environ-
mental pollution due to its finite, non-renewable resource. 
Solar energy is known to be a clean, inexhaustible, and 
perpetual energy source. Perovskite solar cells have drawn 
a great deal of attention compared to conventional crystal-
line silicon solar cells. This is due to their photoelectric 
properties, simple manufacturing process, and low cost  
[1, 2]. Solar cell efficiency has improved significantly 
for perovskite solar cells (PSCs) over the last decade. An 
increase in power cell efficiency (PCE) can be achieved by 

adding MAPbI3 to power cells with an increase from 3.8 
to 25.2% in FAPbI3 PSCs [1]. In addition, these materials 
can easily spontaneously decompose and become unstable 
when exposed to prolonged exposure to air and moisture. 
Also, MAPbI3 and FAPbI3-based PSCs contain Pb2+ cati-
ons, which pose a serious threat to both human and aquatic 
life. This has hindered the creation and commercialization 
of organic halide perovskite solar cells. Identifying per-
ovskite materials that are stable, lead-free, and have a high 
light absorption in the visible range is crucial [1, 3, 4].  
The unique crystal structure and potential applications 
in energy conversion and storage have made double per-
ovskites a subject of significant attention in recent years. 
These materials have the general formula A2BB’X6, where 
A, B, B’ are different cations and X is a different anion. It 
is typical for the lead-based perovskite structure to consist 
of divalent ions. The divalent ion is replaced by a trivalent 
and a monovalent ion (B3 + and B' +). Halogen (Br, Cl, 
and I) is represented by X, while alkaline-metal or rare-
earth is represented by A. In our scenario, A, B, and B' 
correspond to Cs, K, and In, respectively. The variety of 
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structures and properties available in these materials is 
extensive. Outstanding electronic dimensionality, excellent 
reliability, eco-friendliness, promising solar cell applica-
tions, and tunable optoelectronic properties are the features 
of the lead-free double perovskite [5–9]. Sol–gel synthe-
sis and colloidal synthesis are both methods to synthesize 
these materials. The design of double lead-free perovskite 
was made because of the ineffective ability to maintain 
chemical compatibility and stability of single lead-free 
perovskite. In addition, this is facilitating the improve-
ment of chemical compatibility and electrical conductivity, 
which can be employed in various applications, such as 
photocatalytic and photovoltaic applications [7]. The first 
principal calculations of the Ag-based double perovskite 
display significant optoelectronic properties. Their direct 
bandgap energies are characterized by a semiconductor 
behavior, with X ranging from Cl to I, exhibiting direct 
bandgap energies ranging from 2.956 to 0.029 eV. The 
three compounds exhibit high optical absorption coeffi-
cients of around 105 cm−1 [10, 11]. Silver-based double 
perovskite is a highly synthesized and characterized prod-
uct that can be utilized in photoluminescence and photo-
voltaic applications [10]. The effect of replacing the Ag 
element with the Na element will be investigated using 
density functional theory calculations in this investigation. 
Our goal with this manuscript is to examine the structural, 
electronic, and optical characteristics of Na-based double 
perovskites for optoelectronic and photovoltaic applica-
tions. The outcomes of this study are expected to be useful 
in the development of lead-free double perovskites. As far 
as we know, this is the first theoretical prediction about the 
electro-optical properties of these compounds, which are 
still unconfirmed by experimenters.

2 � Computational methods

The physical properties of new lead-free double perovs-
kites are investigated based on the density functional the-
ory (DFT) [12]. The first principal calculations are imple-
mented in the WIEN2K package, using the full potential 
linearized augmented plane wave method (FP-LAPW) [2, 
13]. The exchange correlation energy is calculated using 
the Generalized Gradient Approximation (GGA) [14]. The 
energy convergence criterion is set at 104 Ry, for RMT × 
Kmax = 7, the convergence force at 1 mRy/a.u., and the 10 
× 10 × 10 k-point in the irreducible wedge of the Brillion 
zone for optimization. The optimization of cell param-
eters is achieved to identify the ideal lattice parameters 
for each compound, that crystallized in the cubic structure 
with space group of Fm-3 m (N°225); as a result, the cell 
parameter a of Cs2NaInX6 double perovskite compounds 
take values of 11.55, 10.91, and 12.50 Å for Cs2NaInBr6, 
Cs2NaInCl6, and Cs2NaInI6, respectively (see Fig. 1).

Fig. 1   Crystalline structure of Cs2NaInX6 (X ≡ Br, Cl, and I)
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Fig. 2   Total energy of Cs2NaInX6 (X ≡ Br, Cl, and I) compounds as a 
function of the cell volume

Table 1   Optimized lattice parameters a, formation energies ΔHf, 
electronic and optical bandgap energies (Eg_elec and Eg_opt, respec-
tively) of Cs2NaInX6 (X ≡ Br, Cl, and I) compounds

a (Å) ΔHf (eV/atom) Eg_elec (eV) Eg_opt (eV)

Cs2NaInBr6 11.55 − 5.305 1.96 2.46
Cs2NaInCl6 10.91 − 5.351 3.07 3.44
Cs2NaInI6 12.50 − 5.427 0.91 1.64
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3 � Results and discussion

The cell parameters of the new lead-free double perovskites 
Cs2NaInBr6, Cs2NaInCl6, and Cs2NaInI6 are optimized using 
the GGA-PBE approximation [14]. The obtained results are 
illustrated in Fig. 2 and summarized in Table 1.

Figure 2 shows the variation of total energy of the stud-
ied double perovskite compounds as a function of the cell 
volume leading to conclude that Cs2NaInI6 is more stable 
compared to the others double perovskites. And this is due to 
the lower energy of Cs2NaInI6 [15]. Likewise, we investigate 
the structural stability of Cs2NaInX6 compounds based on 
the calculation of formation energy ΔHf [16, 17].

The formation energy is calculated using the following 
equation:

It is considered one of the most critical parameters to 
identify the structural stability of a compound. This is cal-
culated for each compound and presented in Table 1. The 
negative sign of the studied compounds indicates the struc-
tural stability of Cs2NaInX6 compounds, and they can be 
synthesized experimentally. According to the calculated val-
ues of the formation energies, we can assume that Cs2NaInI6 
is most stable compared to Cs2NaInBr6 and Cs2NaInCl6, as 
mentioned before in Fig. 2 (ΔHf (X ≡ Br) =  − 5.305 eV, ΔHf 
(X ≡ Cl) =  − 5.351 eV, ΔHf (X ≡ I) =  − 5.427 eV).

This section aims to examine the electronic properties of 
compounds Cs2NaInX6 with (X = Br, Cl, and I) by analyzing 

(1)ΔHf

(
Cs2NaInX6

)
=

1

10

[
E
Cs2NaInX6
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− (2 × E(Cs) + 1 × E(Na) + 1 × E(In) + 6 × E(X)

]

their band structure and density of state. Figure 3 displays 
the calculated band structures of the Cs2NaInX6 compounds 
and allows the conclusion of the semiconductor behavior 
with a direct bandgap. This is supported by the fact that 
the valence band maximum (VB) and conduction band 
minimum (CB) are at the same point (Γ) in all the double 
perovskite samples investigated. According to the obtained 
electronic bandgap energies, it has been determined that 
Cs2NaInBr6, Cs2NaInCl6, and Cs2NaInI6, respectively, have 
energies of 1.96, 3.07, and 0.91 eV. The results obtained 
here are in good agreement with those reported for silver-
based perovskites, Cs2AgInX6, and Cs2AgSbX6 [10, 18].

To analyze and explain the origin of the calculated band 
structure illustration, the density of the state is analyzed. The 
total and partial densities of state calculations for the studied 

double perovskites Cs2NaInX6 show that the P-type semi-
conductor behaves as described in the band structure plots. 
The total and partial densities of states are depicted in Fig. 4 
(a, b, and c). Moreover, these findings were asserted via the 
band structure calculations. It can be seen from Fig. 4 that 
the density of state contribution is made via the s-p hybridi-
zation between s-In, s-Na, and p-Cs orbits in the CB for the 
three Na-based double perovskites. In addition, the density 
of state contribution in the VB is made via the s-p hybridiza-
tion between s-In, p-Br, and p-Cs orbitals for Cs2NaInBr6, 
between s-In, p-Cl, and p-Cs for Cs2NaInCl6 and, between 
s-In, p-I, and p-Cs orbitals for Cs2NaInI6.

Fig. 3   Band structures calculations of the Cs2NaInX6 compounds calculated via GGA-PBE approximation: a Cs2NaInBr6, b Cs2NaInCl6,  
c Cs2NaInI6
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The optical properties of the Cs2NaInX6 with (X = Br, Cl, 
I) compounds are also investigated in this manuscript. Based 
on the complex dielectric function, which is composed of both 
real and imaginary parts, we examine the absorption coeffi-
cient α(� ), the reflectivity R(� ), and refractive index n(� ). 
The optical properties α(� ), R(� ), and n(� ) are calculated as 
follows:

(2)α(ω) =
2��

C
k(�)

(3)R(ω) =
||||
1 − n(ω)

1 + n(ω)

||||
2

where k(�) , �1(�) , and, �2(�) are the extinction index, the 
real parts, and imaginary parts of the dielectric function, 
respectively.

k(�) , �1(�) , and �2(�) are described using the Ehrenreich 
and Cohen formalism as follows.
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Fig. 4   Total and partial densities of state of the Cs2NaInX6 compounds calculated via GGA-PBE approximation: a Cs2NaInBr6, b Cs2NaInCl6, c 
Cs2NaInI6
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where M signifies the matrix elements for the transitions 
between the valence and the conduction bands, e and m are 
the charge and the mass of the electrons, respectively. ω 
denotes the frequency of the incident photon, fi is the Fermi 
distribution function for the state, Ei is the energy of the 
electron in the ith state, while i and j represent the initial and 
final states, respectively.

The optical properties α(� ), R(� ), and n(� ) of Cs2NaInX6 
compounds are presented as a function of the wavelength 
λ in the range of [100–1000  nm] in Figs.  5, 7, and 8, 
respectively.

The spectrums of optical absorption are depicted in 
Fig. 5. In the ultraviolet region, the absorption coefficient 
of Cs2NaInX6 compounds is high, exceeding 106 cm−1, as 
shown in Fig. 5. Also, they exhibit a high absorption coef-
ficient of more than 105 cm−1 in the visible spectrum.

The calculation of the optical bandgap energies (Eg) was 
achieved by the Tauc equation [19, 20] (Fig. 6):

where A is a constant of proportionality depending on the 
nature of the material, and n is equal to 1/2 for a direct 
allowed transition or 2 for an indirect one. The studied 
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materials present a direct bandgap with an energy value of 
2.46, 3.44, and 1.64 eV for Cs2NaInBr6, Cs2NaInCl6, and 
Cs2NaInI6, respectively. These values are in good agreement 
with previous results [10, 18].

Figure 7 presents reflectivity plots of Cs2NaInX6 com-
pounds. Based on Fig. 7, one can conclude that Cs2NaInI6 
reveals a high reflection ratio compared to Cs2NaInBr6 and 
Cs2NaInCl6, which vary from 14 to 34% in the ultraviolet 
range and possesses a low reflection between 7 and 14% in 
the visible spectrum.

The calculated refractive index n of the Cs2NaInX6 
compounds is shown in Fig. 8. The n values are increased 
with a slight fluctuation between 100 and 400 nm to reach 
maximum values of 2.50, 2.25, and 2.75 for Cs2NaInBr6, 
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Fig. 5   Absorption spectrums of the Cs2NaInX6 (X ≡ Br, Cl, and I) 
compounds as a function of wavelength λ
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Fig. 6   Tauc plot of the Cs2NaInX6 (X ≡ Br, Cl, and I) compounds
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Cs2NaInCl6, and Cs2NaInI6, respectively. Then decreased 
until getting stable values of 1.80, 1.75, and 2.20 for 
Cs2NaInBr6, Cs2NaInCl6, and Cs2NaInI6, respectively.

4 � Conclusion

We used Wien2k code to conduct first-principle calculations 
based on density functional theory (DFT) using the General-
ized Gradient Approximation (GGA-PBE). This investiga-
tion is being carried out to study the optoelectronic proper-
ties of a novel lead-free double perovskite Cs2NaInX6 with 
(X = Br, Cl, I). The structural properties show that the com-
pounds studied can be synthesized. Their behavior resembles 
P-type semiconductor with values ranging from 1.64 eV to 
3.44 eV. Furthermore, they have a high absorption coeffi-
cient in both regions, the ultraviolet and visible spectrum, 
that exceeds 105 cm−1. According to the attaining results 
in this work and our latest work [20], we can conclude that 
the double perovskites Cs2AInX6 with (A ≡ K, Na and X ≡ 
Br, Cl, I) can be used in the photovoltaic and optoelectronic 
applications, due to their promising electro-optic properties.
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