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High performance double
perovskites of Cs,InAgBr, and
Cs,InAgCl, structural electronic
optical and thermoelectric
properties for next generation
photovoltaics

M. Fatmi?, K. Bouferrache’?, M. A. Ghebouli*?, B. Ghebouli*, Faisal Katib Alanazi***,
Munirah D. Albagami®, Saikh Mohammad® & A. Benali’

First-principles calculations carried out using the full potential linearized augmented planewave
(FPLAPW) method as implemented in the Wien2K code indicate that the ground state volume of
Cs,AgInBr, and Cs,AgInCl, is 2400 (a.u)* and 2050 (a.u)*, which corresponds to a unit cell energy
minimum of - 84,842.919545 Ryd and - 59,101.325763 Ryd. The negative formation energy,
Goldschmidt tolerance factor closer to unity and octahedral factor greater than 0.41justify their
thermodynamic and structural stability of our investigated double perovskites. The reported lattice
constant, ground state energy, bulk modulus and its pressure derivative are closer to their available
experimental and theoretical data. Optical analysis reveals high absorption in the visible to ultraviolet
range, along with enhanced dielectric constants and optical conductivity. Cs,AgInX (X =Cl, Br) double
perovskites are promising candidates for solar cells, thermoelectric devices, and energy harvesting
applications due to their tunable band gap, high optical absorption, and enhanced thermoelectric
performance.
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The double perovskite structure with a basic formula A,B'B"X, is known as ferroelectric, ferromagnetic and
multiferroic materials"2 The choice of the double perovskites elements is such that A is organic cation with a large
ionic radius to stabilize the crystal structure, B and B are monovalent and trivalent elements and X represents a
halide ion. The rare metal (B’ =In) and noble-metal (B” = Ag) cations alternate along the three crystallographic
axes, forming the rock-salt ordering. Double perovskite has improved chemical compatibility and electrical
conductivity, so, it can be widely used in photocatalytic and photovoltaic applications. Cs,AgInX (X=Cl,
Br) double perovskites materials have potential applications in lighting and high-energy ray detection. This type
of perovskite belongs to the F'm3m( no. 225) space group and the atomistic model consists of In (Cl, Br,) and
Ag(Cl,, Br,) octahedral which alternate in a rock-salt face-centered cubic structure along the [100], [010], and
[001] directions. Cs,AgInCl, exhibits white coloration, low photoluminescence emission energy and reveal the
suitability for photovoltaic applications®*. Cs,InAgX (X=E, Br, Cl, I) were studied as candidate materials for
photovoltaic cells (PVC) using the density functional theory (DFT) methods as implemented in the Quantum
Espresso as’. The 500 nm and 1000 nm thick films of Cs,AgInBr, include Cs,AgBr,, Cs,In,Br,, AgBr, and
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InBr,, indicating a partial reaction between CsBr and AgBr and InBr, during deposition®. Other promising
double perovskites are recommendable for use as active layers in PVCs such as Cs,InSbCl,, Rb,AgInBr,, and
Rb,CulnCl,. Additionally, the band gap of these materials is sensitive to the In(Ag)-(Cl, Br)bond lengths.
Cs,AgInX, (X=Cl, Br) double perovskites are candidates as environmentally friendly alternatives’~' and they
are applied in optoelectronic devices, such as LEDs!? and solar cells!!-!*. The work of Ying Liu et al.'%, provides
a comprehensive characterization of Cs,AgInCl, in both bulk crystal and nanocrystal forms, detailing their
synthesis methods, intrinsic optical properties, and tunable photoluminescence characteristics. Research by
others has demonstrated that Cs,AgInCl, possesses advantageous thermoelectric properties, including low
lattice thermal conductivity, reduced group velocity, significant phonon scattering, and high Seebeck coefficient
values!®. In the general double perovskite structure, AZB’B”X6, studies have shown that B-X and B’-X bond
lengths exhibit high sensitivity to the computational functionals employed, with the electronic band structure
specifically the valence band maximum and conduction band minimum showing an almost linear dependence
on these bond lengthsw. The Cs,AgInX family (X=CIl, Br, E I) demonstrates remarkable multifunctional
capabilities, including thermoelectric energy conversion, low optical reflectivity, high absorption coefficients,
and substantial optical conductivity across visible and UV spectral regions, making them particularly promising
for optoelectronic applications'”'%. Our present work offers a comprehensive investigation of Cs,AgInX (X=Cl,
Br) double perovskites using both GGA and mBJ-GGA functionals, encompassing geometric analysis, structural
characterization, and assessment of mechanical, thermodynamic, and dynamic stability, alongside detailed
optoelectronic and thermoelectric property evaluations. Our calculations reveal that these compounds exhibit
direct band gaps within the visible spectrum, an ideal characteristic for thin-film photovoltaic applications.
These double perovskites incorporate mono valent Ag* and trivalent In** cations, which contribute to their
fascinating intrinsic optical behaviors, including self-trapped exciton emission (STE) and element-induced
photoluminescence properties that have attracted significant attention in optoelectronic research. The orbital
mismatch between Ag (4d) and In (5 s) states generates the direct band gap in these A,AgInX, (X=ClI, Br)
materials, further supporting their potential application in solar cell technologies.

Computational methodology

All calculations were performed using the full potential linearized augmented plane wave (FPLAPW) method
implemented in the Wien2K code'®. This approach divides the unit cell into muffin tin (MT) spheres surrounding
atoms and an interstitial region. Within each MT sphere, wave functions are represented as atomic-like spherical
harmonic radial functions. Basis set convergence was ensured using a cutoff parameter RMTKmax = 7.5, where
Kmax represents the largest reciprocal space vector magnitude and RMT the smallest atomic sphere radius.
Table 1 lists the specific RMT values for Cs, Ag, In, Cl, and Br atoms in Cs2AgInCl6 and Cs2AgInBr6, carefully
selected to prevent charge leakage. Self-consistency was achieved using a 1000 k-point mesh with convergence
criteria of 0.0001 Ry for total energy and 0.001e for total charge. For electronic structure calculations, a denser
21x21x21 k-point grid was employed for Brillouin zone integration. The Perdew-Burke-Ernzerhof generalized
gradient approximation (PBE-GGA) functional?® was used for structural optimization of Cs2AgInX6 (X = Cl,
Br). For more accurate electronic, optical, and thermoelectric properties, we employed the modified Becke-
Johnson exchange potential (mBJ-GGA)?!. Transport properties were calculated by solving the semi-classical
Boltzmann transport equation using the BoltzTrap code.

Results and discussion

Structural analysis

The compounds Cs,AgInX, (X = Cl, Br) crystallize in the cubic double perovskite structure with space group
Fm3m( no. 225), each unit cell containing 10 atoms as illustrated in Fig. 1. The unit cell energy optimization
plots for these compounds calculated using the GGA approximation (Fig. 2). As the unit cell volume increases to
reach the ground state values of 2400 (a.u)® for Cs,AgInBr, and 2050 (a.u)’ for Cs,AgInCl,, the corresponding
unit cell energies decrease to their minimum values of —84842.919545 Ryd and —59101.325763 Ryd, respectively.
These optimized structures represent the most stable configurations and serve as the foundation for all
subsequent structural parameter calculations in our first-principles approach. The optimization results were
validated using the Birch-Murnaghan equation of state??, which yielded the lattice constant (a,), ground state
energy (E,), bulk modulus (B,), and its pressure derivative as presented in Table 2. The calculated ground state
parameters show excellent agreement with available experimental data?® and previously reported theoretical
values>'®. To evaluate the thermodynamic stability of Cs,AgInX, (X = Cl, Br), we calculated the formation
energy using the equation shown in Table 2. This calculation helps determine whether the formation reaction is
spontaneous, thereby confirming the compounds’ thermodynamic stability. The bulk formation energy in unit
cell of 10 atoms is given by!®:

Ry XK | Ry (Cs) | Ry (Ag) | Ry (In) | Ry (X) | k-point
2.50 2.50 2.50 2.50 1000
2.50 2.50 2.50 2.24 1000

Cs,InAgBr,
Cs,InAgCl,

el

el

Table 1. The values of Ry XK s Ryyr for each component and k-points for CsZInAgX6(X =Br, Cl).
(k-point =10,000) for optical and thermoelectric properties.
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Fig. 1. Schematic crystal structure ofCs,InAgX (X =Br, Cl), Cs cation is located at the middle of the unit cell.

Ag and In ions are located alternately in the center of the CsX, octahedral. The X anion takes the faces of every
unit cell.
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Fig. 2. Unit cell energy optimization plots forCs,InAgX (X =Br, Cl) using GGA approximation.

11.23 24.10 5179 | -84,842.919545 | 0.92
Cs,InAgBr; | 0745 23465 [ 5005 |-84842.91913115 | 0.9215 |04
10.6947
s 29.1629 |5.131 |-59,101.325763 | 0.937
Cs,InAgCly g{ﬁ?wﬂsﬁ 201215 | 49015 |59,101.38859315 | 09315 |03

Table 2. Optimized lattice constant, bulk modulus and its pressure derivative and formation energy AE for
Cs,InAgX (X=Br, C).
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AFEf(Cs2AginXe) = i Eiot(Cs2AgInXe) — 2E:(Cs) — Es(Ag) — Es(In) — 6Es(X
! 10

The energy of the Cs, Ag, In and X atoms in this context is denoted E(Cs), E(Ag), E(In) and E (X). The
Cs,AgInX (X=Cl, Br) unit cell’s total energy is represented by E _ (Cs,AgInX).

The negative AEy values justify the thermodynamic stability of our double perovskites. Goldschmidt
tolerance factor t and octahedral factor pare necessary for the knowledge of structural stability. The Goldschmidt
tolerance factor closer to unity and octahedral factor greater to 0.41 for Cs,AgInX (X=Cl, Br) listed in Table 2,
translate their structural stability. The Ag and Inions are located in the center of the CsX octahedral. The Ag-X
(In-X) bond length in the same octahedral unit is d,, =2.77392 A, d; ,=2.57362 A and d_,=3.78261 A
(d,, p,=2.87672 A, d; , =2.74198 A and dCs—Br:3'9’;359 A). Small bond lengths in a material result in a low
lattice constant. The bond length d,, ., and d ., are in good concordance with their theoretical values2.76 A
and 2.57 A reported in the literature”.

Electronic structure characteristics

Fig. 3 shows the electronic band structures of Cs,AgInX (X = CI, Br) calculated along the high-symmetry points
(W, L, T, X, K) in the Brillouin zone using different functionals: GGA, GGA with spin-orbit coupling (SOC),
mBJ-GGA, and mBJ-GGA with SOC. Our calculations reveal direct band gaps at the I point of 1.049 eV for
Cs,InAgCl, and 0.218 eV for Cs,InAgBr, using the GGA functional. These values increase significantly to 1.68
eV and 2.61 eV, respectively, when employing the more accurate mBJ-GGA functional. To assess the effect of
spin-orbit coupling, additional calculations using GGA-SOC and mBJ-GGA-SOC functionals were performed.
The results, summarized in Table 3, show a slight reduction in the band gap values upon inclusion of SOC. For
example, the mBJ-GGA band gap of Cs,AgInBr, decreases slightly from 1.75 eV to 1.68 eV, while Cs,AgInCl,
shows a minor decrease from 2.64 to 2.61 eV. These findings indicate that although SOC slightly modifies the
electronic structure, the overall qualitative features remain unchanged. Despite these improvements, both
functionals still underestimate the experimental band gap of 3.23 eV reported for Cs,InAgCl **. We observed
that band gap values are highly sensitive to Ag-X and In-X bond lengths, with smaller bond lengths generally
corresponding to larger band gaps. The band gap tuning capability through the Ag-In site manipulation makes
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Fig. 3. Electronic band structure of Cs,AgInX (X =Cl, Br) using GGA, GGA with spin-orbit coupling (SOC),
mBJ-GGA, and mBJ-GGA with SOC.
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80

GGA | GGA-mBJ | GGA-SOC | GGA-SOC-mBJ

1.68
1.83%
1.74?
1.50%¢

Cs,InAgBr, | 0.218 0.174 1.75

2.61
2.74%
3.3%xp
2535

Cs,InAgCl, | 1.049 1.025 2.64

Table 3. The band gap of Cs2InAgX6 (X =Br, Cl) using GGA, andGGA-mBJ,GGA-SOC, GGA-SOC-mB]J.
Further analysis of the partial density of states (PDOS) using mBJ-GGA calculations.
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Fig. 4. Partial and total densities of states for Cs,AgInBr and Cs,AgInCl,.

these materials particularly promising for photovoltaic applications, where an optimal band gap of approximately
1.5 eV is desired for maximum efficiency. Examination of the band dispersion reveals a notably flat first valence
band along the I point, contrasting with a highly dispersive first conduction band. The partial and total densities
of states (Fig. 4) show an empty conduction band bottom, while the upper valence band comprises primarily
Br-4p, Cl-3p, and Ag-5s orbitals. At the X point, the conduction band edge exhibits a distinctive split into two
bands separated by approximately 2 eV.

Figures 5 and 6 confirms strong hybridization at the valence band maximum between Ag-5s and halide
p-orbitals (Cl-3p or Br-4p). With the Fermi level (EF) set at 0 eV, the absence of density of states at EF validates
the semiconductor nature of these materials. The valence band predominantly consists of contributions from
Ag-4d, CI-3p, and Br-4p orbitals, with minor contributions from In-5p orbitals.

Optical properties

Figure 7; presents a comprehensive analysis of the optical properties of Cs,InAgX (X = Br, Cl) double perovskites
calculated using the mBJ-GGA functional, including absorption coefficient, energy loss, dielectric function
components, refractive index, extinction coeflicient, optical conductivity, and reflectivity as functions of photon
energy. These cubic double perovskites demonstrate remarkable optical characteristics, particularly their
exceptional ultraviolet absorption, low reflectivity, and high conductivity properties that are highly advantageous
for photovoltaic applications. The calculated optical properties of Cs,AgInX (X = Br, Cl) compounds show good
agreement with previous experimental studies conducted by Zhou et al.>* and Luo et al.?*. The high absorption
in the ultraviolet range can be attributed to electronic transitions between Ag-4d and X-np orbitals (where
n=3 for chlorine and n=4 for bromine), as confirmed by Liu et al.'*. The elevated absorption coefficient values
(260x10* cm™ for Cs,AgInCl, and 220x10* cm™ for Cs,AgInBr,) indicate superior performance for solar cell
applications, significantly exceeding the typical required values (10* cm™), which allows for the use of very
thin layers for effective light absorption'”. The high dielectric constant values (3.4 for Cs,AgInBr, and 2.8 for
Cs,AgInCl) suggest reduced electron-hole recombination rates, an important characteristic for improving solar
cell efficiency as noted by Mehedi Hasan et al.!®. At higher energies, the real part becomes negative, indicating
metallic behavior, while the imaginary component shows elevated values across both visible and ultraviolet
regions, corresponding to increased absorption. Additionally, the high optical conductivity values (9000 Q™! cm™!
for Cs,AgInCl, and 7000 Q™' cm™ for Cs,AgInBr,) reflect the high capacity for electrical charge transport upon
exposure to optical radiation, which is crucial for the efficient operation of optoelectronic devices. Moreover, the
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Fig. 5. Partial density of states (PDOS) for Cs,InAgBr, using mBJ-GGA calculation.

low reflectivity values (approximately 0.5) indicate that these materials allow a large proportion of light to enter,
increasing photon absorption efficiency. Compared to other perovskite materials used in solar cells, Cs,AgInX
(X = Br, Cl) compounds exhibit better thermal and chemical stability®, alongside their distinguished optical
properties, making them a promising choice for the next generation of solar energy applications. Energy loss
spectra show negligible loss in the visible region, with maximum losses occurring in the ultraviolet range between
20 and 23 eV. The refractive index exhibits higher values in the visible and ultraviolet ranges due to photon-
electron interactions, displaying characteristic oscillatory behavior. When the refractive index falls below unity,
superluminal group velocities are theoretically possible. The extinction coefficient, indicating a material’s ability
to absorb or reflect radiation, shows favorable successive peaks throughout the visible and ultraviolet spectrum.
Notably, both materials demonstrate significant photoconductivity in the ultraviolet region, suggesting efficient
electron-hole pair generation and charge carrier separation resulting from strong absorption. These favorable
optical parameters collectively establish Cs,AgInBr, and Cs,AgInCl, as promising candidates for solar cell and
optoelectronic device applications.

Thermoelectric characteristic

In this study, thermoelectric properties were calculated using the BoltzTraP code?®, which applies semiclassical
Boltzmann transport theory under the constant relaxation time approximation (CRTA). The electronic
structure was computed with the modified Becke-Johnson (mBJ) potential to improve the accuracy of band gap
estimation. A dense k-point mesh of 21x21x21 was employed to ensure convergence of transport coefficients
over a temperature range of 300-800 K. The relaxation time () was assumed to be 10714 seconds, consistent
with values commonly used in similar halide double perovskite studies (Smith et al., 2021). Fig. 8 presents
temperature-dependent thermoelectric parameters calculated with the mBJ-GGA approximation, including
Seebeck coefficient, electronic and lattice thermal conductivities, total thermal conductivity, electrical
conductivity, and the figure of merit ZT. The calculated Seebeck coefficient reaches values up to 300 uV/K at
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Fig. 6. Partial density of states (PDOS) for Cs,InAgCl, using mBJ-GGA calculation.

room temperature, indicating promising thermoelectric performance comparable to previously reported
double perovskite materials?’. The positive Seebeck coeflicients (0.68 for Cs,AgInBr, and 0.67 for Cs,AgInCl,
at room temperature) confirm these materials as p-type semiconductors. Thermal transport properties show
complementary temperature dependencies, with electronic thermal conductivity increasing monotonically as
temperature rises, while lattice thermal conductivity displays the opposite trend, decreasing with temperature
elevation. The total thermal conductivity predominantly follows the electronic component’s behavior. Electrical
conductivity demonstrates a positive correlation with temperature, further validating the semiconducting nature
of both double perovskites. Electrical conductivity and electronic thermal conductivity were also evaluated,
showing reasonable agreement with experimental and theoretical data from the literature?®. The thermoelectric
efficiency is quantified by the dimensionless figure of merit ZT = S?0T/k, where S represents the Seebeck
coefficient, o the electrical conductivity, T the absolute temperature, and « the total thermal conductivity.

where; k= K+ K, + kp is the total thermal conductivity, K, and K, are the electronic thermal conductivities
and k, is the lattice thermal conductivity.

Since the lattice thermal conductivity «l plays a crucial role in determining ZT, it is important to estimate it
accurately. One widely used semi-empirical approach to calculate «l is the Slack?® a,nd Berman** model, which
expresses kl as:

M35
k; = A27D
Y2Tn2/3
y is the Griineisen parameter, 6, is the Debye temperature, and # is the number of atoms in the primitive unit
cell. Also, M and &° are the atoms’ average mass in the crystal and the average volume occupied by one atom in
the crystal, respectively. Julian®! provides the following formula for calculating the parameter A.
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Fig. 7. Absorption coeflicient (a), energy loss (b), real (c) and imaginary (d) components of the dielectric
function, refractive index (e), extinction coefficient (f) and real optical conductivity (g) and reflectivity (h) as
functions of photon energy for Cs,InAgX (X =Br, Cl) double perovskites using mBJ-GGA.

Scientific Reports | (2025) 15:20851 | https://doi.org/10.1038/s41598-025-04600-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

9000
0.5
h
8000 | ® ()
7000 0.4
7=.6000
E ~
€ 5000 - s, 031
%4000 g
0.2
3000
2000 01
1000 -
0 T T T T T T 0.0 T T T T T T - |
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Energy(eV) Energy(eV)
Fig. 7. (continued)
A= 2';131#; 10:)8288
Y ¥?
Higher ZT values indicate superior thermoelectric performance. The favorable Seebeck coefficients observed
at room temperature suggest promising thermoelectric applications for these environmentally friendly double
perovskites. The figure of merit (ZT) was estimated by combining these electronic transport properties with lattice
thermal conductivity values reported for similar compounds, suggesting potential for further enhancement via
phonon scattering engineering?2. The relatively flat valence band near the Fermi level contributes to the high
Seebeck coefficient, as discussed in previous works on halide perovskites®. These results highlight the potential
of Cs,InAgX , compounds as efficient thermoelectric materials.
Conclusion B
Cs,AgInCl, and Cs,AgInBr, materials belong to the F'm3m space group and consist of InCl, (InBr,) and AgCl,
(AgBr,) octahedral alternating in a rock-salt face-centered cubic structure. Ag-Cl (Ag-Br), In-Cl (In-Br) and
Ag-In bond lengths reduce the direct band gap of Cs,AgInCl, and Cs,AgInBr, materials to optimal values of
2.61 eV and 1.68 eV, which enable their use in photovoltaic application. The absence of TDOS at the Fermi level
and the contribution of Ag-4d, Cl-3p and Br-4p orbitals in the upper valence band reflect the semiconducting
character of these double perovskites. Cs,AgInCl, and Cs,AgInBr, double perovskites provide interesting optical
characteristics in the ultraviolet light, such as a greater real component of dielectric function 3.5 and 4.2, high
absorption coefficient of 260x10*cm ™" and 220x10* cm™!, lower reflectivity of 0.5, and elevated conductivity of
9000 Q~'em™! and 7000 Q~'em™, then they are effective ultraviolet optical absorbers.
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Fig. 8. Computed Seebeck coeflicient, electronic thermal conductivity, lattice thermal conductivity, total
thermal conductivity, electrical conductivity and the figure of merit ZT as a function of temperature for

Cs,InAgX (X =Br, Cl) using mBJ-GGA approximation.
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