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Using Density Functional Theory (DFT) within the Quantum ESPRESSO package, this study meticulously explores the
structural and optoelectronic characteristics of lead-free Cs2InAgCls, Csz2InAgBrs, and Cs2lnAgle double perovskites.
Stability assessments, grounded in Goldschmidt’s tolerance and octahedral factors, confirm that all three compounds adopt
stable cubic structures. Electronic band structure calculations employing both the Generalized Gradient Approximation
(GGA) and the Heyd—Scuseria—Ernzerhof (HSEO06) hybrid exchange-correlation functional reveal direct band gaps of
approximately 3.16, 1.49, and 0.09 eV for CszInAgCls, Cs2InAgBrs, and CszInAgls, respectively. Notably, Cs2InAgCls and
CszInAgBres exhibit significant optical absorption (~105 cm'1) in the visible spectral range, underscoring their potential in

optoelectronic and optical applications.
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1. Introduction

AMX;  organic-inorganic  hybrid  perovskite
compounds, characterized by their direct band gaps of
approximately 1.5 eV and their outstanding electronic and
optical properties, have garnered significant attention from
researchers. These compounds can incorporate CH;NH s
and Cs" cations in the A-site, with M representing a cation
such as Pb", and X constituting a halide anion (I, Br,
CI') [1-4]. Over the past decade, the power conversion
efficiency (PCE) of perovskite photovoltaic cells utilizing
these materials has witnessed a remarkable increase from
3.8% to 25.2% [4-6]. This enhancement underscores the
substantial application potential of perovskite materials in
diverse technologies, including photodetectors, lasers,
photodiodes, and light-emitting diodes (LEDs) [5-10].
Despite the notable achievements of lead-based
perovskites, they face significant challenges. The inherent
instability of these compounds when exposed to moisture,
light, and heat, coupled with the adverse environmental
impacts of lead, poses considerable barriers to their
development. In response, a concerted effort among
researchers aims to identify and develop lead-free
alternatives that exhibit comparable structural and
functional attributes yet offer enhanced durability and
reduced environmental impact [11-15]. In materials
science, an innovative approach to eliminate lead involves
substituting one monovalent B” cation and one trivalent
C" cation for two divalent Pb>" ions, thereby creating
lead-free double perovskite structures. In these novel

configurations, the M'" position's cation maintains an
equivalent total number of valence electrons to those
found in traditional perovskite structures [16]. This
strategic substitution not only paves the way for
eliminating lead—a known environmental and health
hazard—from the structures but also retains the desirable
electronic characteristics of perovskites. The chemical
versatility inherent to these double-perovskite structures
affords the potential to engineer compounds that exhibit
optimal optoelectronic properties coupled with enhanced
stability. These quaternary materials are distinguished by
their appropriate band gaps, commendable stability,
superior light absorption capabilities, and distinctive
properties, making them viable alternatives to lead-based
perovskites [16-17]. Such advancements underscore the
potential for these materials to revolutionize applications
in photovoltaic cells and other optoelectronic devices,
aligning with the ongoing quest for more sustainable and
environmentally friendly alternatives in material science.
In the intricate architecture of quaternary A,B'C X"
double perovskites, a diverse array of elements can occupy
each designated position, introducing a broad spectrum of
potential material properties. Specifically, cations from
group IA (Cs*, Na", K, Rb") can be situated in the A" site,
while group IB (Cu’, Ag", Au") or group ITIIA (In*, TI")
elements can occupy the B” site. Similarly, the C™ site can
host Bi"® or Sb™, and the halide site (X°) can be replaced
with a variety of anions, including F', CI', Br’, or I'.

Recent advancements have led to the successful
synthesis of Cs,AgBiCls and Cs,AgBiBrg semiconductors,
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which demonstrate remarkable stability when exposed to
air and light. Such robustness makes them attractive as
potential solar absorber materials. Nevertheless, the major
drawback of Cs,AgBiCly and Cs,AgBiBrs is their
relatively large and indirect band gaps—generally
exceeding 2 eV—significantly reducing their overall
photovoltaic efficiency compared to conventional lead-
based perovskites [17-21]. In an effort to mitigate this
limitation, alternative double perovskites containing
indium have been explored. For example, Cs,InSbCly is
theorized to have a direct band gap ranging between 1.02
and 1.47 eV, while Cs,InBiClg has been predicted to
exhibit a direct gap of about 0.91 to 1.68 eV. Such values
are notably closer to the optimal range for solar
absorption, potentially rivaling or even surpassing the
performance of the well-known lead-based perovskite

CH;NH;Pbl;. However, despite these promising
theoretical predictions and their enticing band-gap
characteristics, experimental realization of these

compounds remains elusive, leaving a gap between
theoretical promise and practical application [22-23]. This
gap between theoretical potential and practical
achievement underscores the ongoing challenges and
opportunities within the field of material science,
particularly in the development of lead-free, high-
efficiency photovoltaic materials. The scholarly literature
highlights that the distinctive optical and electronic
properties of lead-based perovskite compounds are
predominantly attributed to the unique 6s°p’ electron
configuration of lead (Pb). In the quest for alternative
compositions, one promising strategy involves the
substitution of Pb atoms with smaller inorganic cations,
specifically targeting positions C and B*. Among these
alternatives, the combination of indium (In) and silver
(Ag) emerges as a compelling choice, facilitating the
development of inorganic halide double perovskites that
exhibit commendable stability. A notable exemplar of this
innovative approach is Cs,InAgClg, which is distinguished
by a direct band gap of approximately 3.3 eV [23-26]. This
material has garnered attention for its potential
sensitization properties. The exploration of such
alternatives not only helps circumvent environmental and
health concerns associated with lead but also expands the
repertoire of materials with tailored optical and electronic
characteristics. The synthesis and characterization of
compounds like Cs,InAgCls underscore the evolving
landscape of perovskite research, emphasizing the pursuit
of materials that balance performance with environmental
stewardship.

This research paper presents a thorough Density
Functional Theory (DFT) investigation, using the
Quantum ESPRESSO package, of the structural,
electronic, and optical properties of indium-based, lead-
free halide double perovskites— Cs,InAgCly, Cs,InAgBrg,
and Cs,InAgls. Distinguishing itself from existing
literature, the study meticulously assesses the stability,
electronic band structures, and optical properties of these
compounds, revealing their direct band gaps and high
absorption coefficients in the visible light spectrum.
Unlike traditional AMXj; perovskite compounds, which are

hampered by toxicity and instability, the analyzed
CsyInAgXs (X = Cl, Br, I) series offers a promising lead-
free alternative with favorable band gaps, enhanced
stability, strong light absorption and reduced
environmental impact, aligning with the quest for
sustainable material solutions in optoelectronics.

The novelty of this work lies in:

(i) Demonstrating an innovative approach to
eliminating lead by substituting a monovalent and a
trivalent cation with two divalent ions, thereby preserving
desirable perovskite features while avoiding lead’s
detrimental effects;

(i1) Providing a detailed analysis of structural
parameters and direct band-gap behavior for each halide
variant;

(iii)) Employing both the Generalized Gradient
Approximation—Perdew—Burke—-Ernzerhof = (GGA-PBE)
and the Heyd-Scuseria—Ernzerhof (HSE06) exchange-
correlation functionals to obtain more accurate band-gap
predictions;

(iv) Demonstrating significant optical absorption in
the visible range, highlighting these materials’ promise for
photovoltaic and optoelectronic applications.

The meticulous analysis and direct comparison with
previously published reports affirm the reliability of our
DFT approach and establish a solid framework for future
experimental validations. By thoroughly examining the
CsyInAgX; series, this research advances the development
of lead-free, high-efficiency photovoltaic materials.

2. Theoretical background

First-principles  studies using the Quantum
ESPRESSO package in the framework of density-
functional theory (DFT), have been implied to investigate
Cs,InAgX, (X = Cl, Br, I) compounds. We used the Plane-
wave self-consistent field (PWSCF) program to perform
structural, electronic, and optical calculations [27-29]. We
also applied face-centered cubic Fm3m elpasolite unit cell
with rock-salt order for structural optimization. Cs: [Xe]
6s' 6p°, In: [Kr] 4d' 55% 5p', Ag: [Kr] 4d" 5s', CI: [Ne]
3s* 3p° and Br: [Ar] 3d'" 4s® 4p° were chosen as a
configuration of valence electrons for each element in the
applied pseudopotential. To find equilibrium structural
parameters for each compound total energy minimization
was performed. Kinetic energy cutoff of 480 eV for wave
functions and 1920 eV for the charge density were chosen,
respectively. The convergence threshold for self-
consistent-field (SCF) 10® Ry and 10~ Ry for forces was
considered. Spin-orbit coupling (SOC) is also applied for
electronic band structure, but its effect was insignificant.
Structural and optical calculations were performed with
GGA-PBE but for band gap estimation and band structure
calculations, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
function was used. The strategic use of GGA-PBE norm-
conserving pseudopotentials, augmented with the HSE06
exchange-correlation functional, within the PWSCF
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program of Quantum Espresso, is chosen for its balance
between computational efficiency and accuracy in
predicting structural and electronic properties of materials.
This combination enhances the accuracy of band gap
estimations—crucial for optoelectronic applications—
while ensuring the study's findings on the structural,
electronic, and optical characteristics of Cs,InAgX4 double
perovskites are both reliable and comparable to existing
research, facilitating advancements in the development of
lead-free, high-efficiency photovoltaic materials. The
validity of our method is comparable to the reported
experimental and computational results of lattice constant
and band gap values for these compounds. For atomic
positions, lattice parameters, and cell volume optimization
changes in total energies were set to be less than 0.1
meV/atom. In self-consistent structural calculations, we
used a 6 x 6 x 6 Gamma-centered reciprocal space grid
without a shift in k space, and also optical and band
structure studies were performed with a denser 12 x 12 x
12 k-point grid. We also found that these systems with
double perovskite symmetry examined in this study are
non-magnetic.

3. Results and discussion

3.1. Structural analysis

As has been mentioned in the literature, we can
predict the stability of perovskite compounds with two

structural factors in the framework of the idealized solid-
sphere model that has been used extensively. First
Goldschmidt tolerance factor t.y and second octahedral
factor g The appropriate range for t. should be 0.81 —
1.11 and for pes must be within the range 0.44 - 0.90 to
form a stable perovskite structure with cubic symmetry,
according to previous reports [30]. In the current study for
Cs,InAgClg (CIAC), CsyInAgBrg (CIAB), and Cs;InAglg
(CIAI) double-perovskite compounds these parameters
have been defined as below:

tr =R, +RX)/\/5{(Rm+RAg)/2+RX} )

Meff :(Rln +RAg )/2’RX (2)

Res, R, Rag and Ry are the ionic radii of Cs, In, Ag,
and X (Cl, Br, I) ions, respectively, in these relations.
Calculated values for t.g and g are reported in Table 1.
As shown from the reported data the obtained values for
these factors are in the stable range for the examined
compounds.

In Fig. 1, a double perovskite structure is shown. As
we can see from the figure in the unit cell of face-centered
cubic structure with rock-salt order and Fm3m space
group, there is one InCl/Br/ly and one AgCl/Br/lg
octahedron [31-33].

Fig. 1. Cubic structure of Cs,InAgXs (X = Cl, Br, 1) halide double perovskite compounds with Fm3m space group
(colour online)

The Birch-Murnaghan equation of state was applied to
optimize the lattice constant versus the total energy of the
unit cell using the equation:

o e Vo s rprea Voo
VATB () T4 T @)
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In this relation, E, is minimum energy, B, is the bulk
modulus, and V, is optimal volume. This energy
minimization procedure for structural parameters was done
at ambient pressure. The lattice constant a (A), bulk
modulus B, (GPa), optimized volume V, (A%, and its
pressure derivatives B, are reported in Table 1. The
derivative of the bulk modulus concerning pressure plays
an important role in determining the thermoplastic
parameters of solids at high compression [34].

As can be seen from the data in the table, the values
obtained for the lattice constant of the investigated
structures are in remarkable agreement with the
experimental and computational (DFT) reports of others.
Also, an increase in the lattice constant from CIAC to
CIAI occurs because of the increase in the radius of the
halogen atom. Bulk modulus B, and its pressure
derivatives B, for CIAC, have a big difference with the
other two compounds.

Table 1. The calculated and experimental structural parameters for CIAC, CIAB, and CIAI compounds

Pseudo Reports ;| Bo
Sample ter | Merr |2 (A) Vo (A) B,
type Calculated Exp. (Gpa)
b,c
CIAC PBE-NC |0.88 |0.54 [10.44 | 10.20°, 10.43%10.62" 10.477" 128353 | 126.7 |12.08
CIAB PBE-NC [0.87 |0.51 |11.08 10.74%, 10.94% - 340.12 | 25.5 | 4.44
CIAI PBE-NC [0.86 |0.45 |11.82 11.52° 11.70° - 41374 | 213 | 4.45

*[351, °[24], °[36]

3.2. Electronic band structure

The electronic properties were studied by examining
the density of states and band structure. Calculated band
structures with Fermi energy level set at zero and also
density of states (DOS) of these compounds along the high
symmetry lines in the Brillion-zone are depicted in Fig. 2.
In" ions have the same fully occupied outmost s shells
similar to Pb™ so the band edge structure of these
compounds is quite similar to those of APbX''y
perovskites [36-38]. Also because of the absence of
electronic symmetry reduction, both the valence band
maximum (VBM) and conduction band minimum (CBM)
are located at the zone center at I' point so these
compounds have a direct optical gap. Band gap values
were obtained: 3.16 eV, 1.49 eV, and 0.09 for CIAC,
CIAB, and CIAI structures. Calculated values for band

gaps are reported in Table 1. As shown, the obtained
values for investigated compounds agree with reported
values for these structures in other literature.

Through the study of the partial density of states, the
role of atomic orbitals at the edge of the conduction and
valance bands was investigated. In Fig. 2 (right), these
three compounds' partial atomic density of states (PDOS)
is depicted. These figures show that the anti-bonding state
of CI/Br/I-p orbitals is more prominent at the VBM edge
and due to the higher energy of In-s and Ag-s orbitals, the
CBM is prominently composed of In-s, Ag-s, and also
CI/Br/I-p states. It can be seen that Cs™ ions do not
significantly contribute to the band edges. The effective
mass of electrons is also calculated and reported in Table
2. A lower effective mass is indicative of high electron
mobility, suggesting that electrons can move more freely
and with less resistance through the material.
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Fig. 2. Calculated electronic band structure and density of states (DOS) of CIAC CIAB, and CIAI structures with HSE06
(the Fermi energy is set to be zero in band structure) (left) and partial density of states (PDOS) (vight) (colour online)
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Table 2. Calculated electronic and optical factors for Cs InAgCls (CIAC), CsyInAgBrs (CIAB), and CsyInAgls (CIAL) compounds

Compound E,(eV) | EgeV) . Plasmon Frequency
p (GGA) | HSE06 Reported values | m*/m, € Energy (cV) first €, peak
a b c

CIAC 212 316 | 2T o4 | oasg 7.93 4.22

CIAB 1.19 149 | 1.33%,1.38" 1.50° | 048 | 3.64 7.42 4.12

CIAI 0 0.09 0.2° - - - -

‘[34],°[24], 351, 23]
3.3. Optical calculations 2 s oe (o)do
sr(oa)=1+—Pj % 5)

The optical properties such as dielectric constants, T Y0 o -0

absorption, reflection, and conductance Coefficients have
a significant role in determining the applicability of these
structures to optoelectronic components such as solar cell
devices. These parameters can describe the properties of
solids at microscopic and macroscopic levels. The
Kramers-Kronig relation connects real and imaginary parts
of the dielectric function. Therefore, through the study of
the imaginary dielectric function with the help of
Ehrenreich and Cohen’s equation, important points about
optical properties are obtained. According to this equation,
the frequency-dependent complex dielectric function has
two parts, real and imaginary, which are given by ¢ (®) =
& (0) + ig (w). This function describes the optical
response of the medium to all photon energies [39]. The
study of the imaginary part of the dielectric function, &;
(0), gives possible excitations between occupied and
unoccupied states, and also the optical response of the
medium can be determined. The imaginary part, & (®),
obtained from the electronic structure calculation in the
long-wavelength region, has been given by [39]:

&(@{%JZ [(iIMG)’ £,(1-6)d(E, -E,-0)dk (4)

In this relation, M represents the dipole Matrix
elements, i and j are the initial and final states, f; is the
Fermi distribution function for the state i, and E; is the
energy of an electron in the state i. From the Kramers -
Kroning relation we can obtain ¢, (®), the real part of the
dielectric function, through the following equation [40]:

In this equation, P is the principal value of the
integral. Fig. 3 shows the energy (frequency) dependence
of the real and imaginary parts of dielectric constants for
all compounds, calculated with GGA-PBE approximation.
Because of the cubic symmetry of compounds, it was
found that the optical dielectric tensor is isotropic.

However, due to the different values of the band gap,
the absorption threshold in the diagrams is different. The
real part (g;) describes the electron behavior in the band
gap of matter. The graphs of ¢ show that the contribution
of electrons in the static dielectric constant, € (0) = g, + &
is appreciably large, where ¢, (high-frequency dielectric
constant or optical dielectric constant) and g, (is due to the
response of lattice vibrations) depict electronic and ionic
contributions, respectively [41, 42].

Static dielectric constant [gy] related to the material
behavior in low frequency or constant electric fields is
changed with the material's band gap as it is clear from
Fig. 3. The calculated values of g, for these compounds are
shown in Table 2. The first peak value of g for CIAC
occurs at 2.76 eV with a magnitude of 3.14 and for CIAB
occurs at 1.46 eV with a magnitude of 4.12. The real part
of dielectric function also explains electromagnetic wave
dispersion when it penetrates a medium. It becomes
negative in specific energy, which corresponds to plasma
frequency. The energy that plasma frequency (the
frequency above which g, (o) becomes negative is likely to
be a Drude-tail and the semiconductor starts to behave like
a metal) occurs, has been reported in Table 2. Obtained
values for CIAC, CIAB, and CIAI are 7.93, 7.42, and 5.86
respectively.
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Fig. 3. The real and imaginary parts of the dielectric function for studied compounds are calculated with GGA-PBE approximation

There is a negative range in the &, (®) spectrum. In this
optical environment, the material loses its dielectric
property and light is full so the semiconductor shows
metallic behavior also the electric field of light can be
screened with electrons around the surface before it gets
into the bulk. For CIAC this negative range is from 7.93 to
10.96 eV, for CIBC is from 7.42 eV to 11.38 eV for CIAB
and 5.84 to 7.92 eV for the CIAI compound.

An optical band gap can be obtained by considering
the adjacent slope of the first local maximum (peak) of the

imaginary part (g;) or the threshold energy, from the
energy dependence of the imaginary part of the dielectric
constant [42]. Threshold energy values in the spectra of g;
(o) for CIAC, CIBC, and CIAI are observed at 2.12, 1.14,
and 0.07 eV which is near to the band gap values obtained
with GGA-PBE approximation for each compound. The
first peaks in the g; (o) spectrum are related to the optical
absorption and indicate the transition from the CI/Br-p
states of the VB to the unoccupied Cl/Br-p, s, and Ag-s
states in the CB, which implies in the visible range [43].
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In Fig. 4, investigated compounds' absorption and edge for CIAC and CIAB lies in the visible range of

extinction coefficient spectra are indicated. The absorption spectra and is near the band gap of compounds.
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Fig. 4. Calculated absorption spectra and extinction coefficient spectra for studied compounds

As seen in the charts there is a strong absorption of region represents the optically active area of these
photons (~10° cm™) in the range of 1.5 to 12.0 eV. This compounds. In this range, if the incoming photon energy is
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equal to the electron energy difference between an
occupied level and an unoccupied level, the electrons are
excited and go to the unoccupied level of the conduction
band. The absorption peak of CIAB is higher than CIAC
and CIAIL These halide perovskite structures absorb
almost all light in the visible and ultraviolet regions, which
greatly increases their potential for use in optoelectronic
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industries [42]. But CIAB, because of the appropriate band
gap value (1.49 eV) and the high absorption coefficient in
the visible area (Comparable with CIAC and CIAI) can be
a more suitable option. Also, corresponding diagrams of
refractive index (n) and reflecting index (R) for
investigated structures are depicted in Fig. 5.
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Fig. 5. The obtained refractive index (left) and reflective coefficient spectra (right) for studied compounds

As shown these structures have. So, high dielectric
constants, high absorptions, and low reflectivity of CIAC

and CIAB suggest that they can be used in a wide range of
optoelectronic industries, including photovoltaic cells.
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Also, CIAB can be a more suitable option due to the
appropriate band gap value (1.49) and high absorption
coefficient in the visible areas.

4. Conclusions

The structural and optoelectronic properties of lead-
free halide double-perovskite compounds, specifically
Cs)InAgXs (where X represents Cl, Br, or I), were
meticulously examined using the Plane-Wave Self-
Consistent Field (PWSCF) program within the Quantum
Espresso  package. This investigation employed
Generalized Gradient Approximation-Perdew, Burke, and
Ernzerhof (GGA-PBE) norm-conserving pseudopotentials,
augmented with the Heyd-Scuseria-Ernzerhof (HSEO06)
exchange-correlation functional for the density of states
(DOS) and band structure analyses. The obtained
structural and electronic parameters exhibit concordance
with previously published reports, affirming the reliability
of the computational approach. All three compounds under
scrutiny demonstrated semiconductor behavior, with direct
band gaps located at the Gamma point of the Brillouin
zone. The band gap energies were quantitatively
determined as 3.16 eV for Cs,InAgCls (CIAC), 1.49 eV
for Cs,InAgBrs (CIAB), and a notably lower value of 0.09
eV for CsyInAgls (CIAI). Analysis of the density of states
(DOS) and partial density of states (PDOS) revealed that
the valence band maximum (VBM) edge states are
predominantly composed of Cl/Br-p orbitals, whereas at
the conduction band minimum (CBM) edge, In-s and Ag-s
orbitals are significantly evident, with Cl/Br-p states also
contributing to the CBM. Optical calculations further
elucidated that these compounds exhibit strong absorption
in the visible and ultraviolet regions, with an absorption
coefficient of approximately 10° cm™. Such pronounced
optical absorption capabilities, particularly for CIAC (with
an energy gap Eg of 3.16 eV) and CIAB (Eg of 1.49 eV),
underscore their potential utility in optoelectronics and
optical devices. The findings from this study not only
contribute to the understanding of the fundamental
properties of these lead-free double-perovskite compounds
but also highlight their prospective applications in
developing high-efficiency optoelectronic devices.
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