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In this study, we investigate the lead free double halide perovskite Cs,Telg using first-principles density
functional theory (DFT) calculations to explore its potential as a photocatalyst for water splitting. We employ
multiple exchange—correlation functionals to comprehensively evaluate the material's mechanical, electronic,
and optical properties. The elastic constants, bulk modulus, and hardness indicate that Cs,Telg is mechanically
stable and ductile, with a Vickers hardness value between 0.13-2.28 GPa. The band structure analysis reveals
an indirect bandgap ranging from 1.268 to 2.058 eV, depending on the functional used. Optical property simula-
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DOI: 10.1039/d5ma00043b tions demonstrate significant absorption in the visible range, with the calculated redox potentials suggesting ther-
modynamically favorable conditions for the water splitting mechanism. The findings indicate that Cs,Telg is a

rsc.li/materials-advances promising candidate for photocatalytic applications, including solar energy conversion and hydrogen production.
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1. Introduction

Photocatalytic water splitting has emerged as a pivotal technol-
ogy for sustainable hydrogen production, addressing the need
for clean and renewable energy sources. By harnessing solar
energy to convert water into hydrogen and oxygen, this process
offers a viable solution to reduce dependence on fossil fuels
and mitigate environmental impacts."” The ideal photocatalyst
must possess a suitable band gap (typically between 1.23 and
3.00 eV) for optimal light absorption, and favorable redox
potentials for the hydrogen and oxygen evolution reactions.**
In the cutting-edge world, perovskites are rare minerals found
on earth with a cubic structure that have gained significant
attention as potential candidates in optoelectronics. Among
them, the semiconducting lead halide perovskites, i.e. ABXj,
have a broad range of optoelectronic device applications such
as photovoltaics, solar cells, light-emitting diodes (LEDs), opti-
cal fibres,>® etc. Primarily, the lead-based halide perovskite was
used as an optical material in solar cells with low power
conversion efficiency (PCE), around 3.8%.'° In the years that
followed, the efficiency of lead-based perovskite solar cells was
enhanced, and they became the subject of a significant amount
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of study worldwide. Recently the PCE of perovskite solar cells
has reached a new high of 25.2%."" "¢

Despite so many advantages, the prime disadvantages of
lead-based halide perovskites are their toxicity and instability
under ambient conditions. Therefore, scientists all over the
world are working to develop lead-free perovskite materials
which are less toxic and more stable in the ambient environ-
ment. The divalent non-toxic metals in group IV(A), i.e., Sn and
Ge, were considered suitable alternatives for lead retaining the
ABOj; structure. However, due to the 2+ oxidation state, the Sn-
based perovskite rapidly degrades when exposed to the air.'”
Moreover, Ge-based perovskites showed poor photovoltaic
performance.’® Meanwhile, the substitution of other divalent
elements revealed poor optoelectronic performance due to low
absorption, large carrier effective mass, and high bandgap.'®*°
Recently, it was postulated that two Pb*>* ions might be
exchanged by the combination of one monovalent and one
metallic trivalent ion, or by the combination of one monovalent
and one tetravalent metal to produce perovskites that have the
same overall charge balance. As a result of this unique sub-
stitution, double perovskites with general formula A,B'B"X, can
be synthesized easily. The A site in the formula is usually
occupied by a moderately large cation, the B’ and B” sites are
occupied by either trivalent or monovalent cations, and the
X site is an halogen or oxygen ion. Given their potential to solve
the problems that have plagued lead-based perovskites thus far,
halide double perovskites have recently been a hot topic in the
field of optoelectronics research.?' Recently, some studies have
reported the synthesis process of several inorganic halide
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double perovskites, as well as their characterization. However,
the majority of synthetic materials have either poor optical
characteristics or high bandgap values; therefore, the materials
are not suitable for photovoltaic applications. Eric et al. have
reported bandgaps for Cs,AgBiBrg as 2.19 eV and Cs,AgBiCl, as
2.77 eV, and both materials are stable under exposure to the air;
however, Cs,AgBiBr, is found to degrade over time.”* Zhou et al.
have reported the bandgap for Cs,AgInCl as 3.33 eV with excellent
thermal stability.>® However, they suggested further investigations
to improve the optical properties. Jani et al. have reported a PCE of
14.68% for Cs,TiBr, that can be improved to 18.97% by composi-
tional changes.>* Moreover, other halide double perovskites, for
example, Cs,SnCls, Cs,PdBrg and Cs,PdXs (X = Br, I), have
demonstrated impressive optical performance and stability when
subjected to the ambient environment.”®” Recently, a relatively
new halide double perovskite composition, Cs,Tels, has shown
impressive properties for use in optoelectronics applications.”®
To our best knowledge, there is no extensive study on the
technologically important mechanical properties of Cs,Tel.
Among lead-free alternatives, Cs,Tel, distinguishes itself through
its balanced optoelectronic properties. While Cs,AgBiBr, exhibits a
wider bandgap (~2.2 eV) and stability issues under prolonged
illumination,*” and Cs,TiBrs shows stronger absorption but higher
bandgap (~1.8 eV),* Cs,Telg achieves an optimal indirect band-
gap (~1.5 eV) with enhanced visible-light absorption.>® Notably,
its iodine composition improves environmental stability compared
to bromine-based analogs (e.g:, Cs,SnBr, degrades within hours in
air),”® while maintaining competitive power conversion efficiency
potential (~15-19%).>° These attributes make Cs,Tels a uniquely
viable candidate for stable, visible-light-driven applications.

This study employs first-principles density functional theory
(DFT) calculations to systematically investigate the structural,
mechanical, electronic, and optical properties of Cs,Tels. Our
primary objectives are to evaluate its mechanical stability and
ductility for potential use in thin-film technologies, determine
its electronic band structure and bandgap to assess its suit-
ability for visible-light absorption, analyze its optical properties
to gauge its efficiency in solar energy conversion, and examine
its redox potentials to determine its feasibility for photocataly-
tic water splitting. Through this comprehensive analysis, we
aim to establish Cs,Tels as a viable, environmentally friendly
material for clean energy applications, particularly in photo-
catalysis and photovoltaics.
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2. Computational details

The full-potential linearized augmented plane wave method>"*?

based on DFT,* as available in the WIEN2k package,** is used for
all the calculations. In order to improve the results of the
electronic properties, the GGA-mBJ] method was used in the
calculations.”® The maximum allowable value of the G para-
meter, which is the highest vector magnitude in a Fourier expan-
sion, is set to 14. The cut-off energy, which was set at —6 Ry, was
chosen so that valence states could be distinguished from core
states. The charge convergence of 0.0001e is used within a self-
consistency cycle. For the Brillouin zone sampling, a special
k-point mesh of 8 x 8 x 8 in the Monkhorst-Pack scheme is
used. K-Point convergence tests were performed and revealed very
small energy variations (0.0002 Ry) between 8 x 8 x 8 and 12 x
12 x 12 meshes for both PBE and GGA-PBEsol. The cut-off energy
convergence was set at —6 Ry by checking its very small variation
(<0.000006) Ry between —5 Ry and —8 Ry. The elastic constants
were calculated using the finite-strain energy method within
the WIEN2k code,*® where a series of small deformations were
applied to the equilibrium lattice, and the resulting energy-strain
curves were fitted to determine the elastic tensor. Atomic posi-
tions were fully relaxed for each strain state to ensure equilibrium
conditions. The methodology follows the approach implemented
in the Elastic package®” and aligns with previous first-principles
studies on similar systems.*®*° The elastic constants were calcu-
lated using the finite-strain energy method® within the WIEN2k
code,** where a series of small deformations were applied to the
equilibrium lattice, and the resulting energy-strain curves were
fitted to determine the elastic tensor. Atomic positions were fully
relaxed for each strain state to ensure equilibrium conditions. The
mechanical properties were calculated using the CASTEP code.*'
The residual force 0.03 eV A™" was included as a supreme value.
Optical properties were derived from the dielectric tensor ¢(w),
covering photon energies up to 14 eV.

3. Results and discussion

3.1. Structural properties

The ternary halide double perovskite Cs,Tels possesses a face-
centred cubic crystal with space group Fm3m (no. 225).*?
The crystal geometry of Cs,Tel, is illustrated in Fig. 1, which
can be expressed by the A,BX¢ formula. This can be defined as a

Fig. 1
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(a) Reorientation of the unit cell reveals the isolated polyhedral units and (b) crystal structure of the double perovskite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated lattice parameter a (A) and cell volume V (A%) under
the PBE and PBEsol method

a (&) v (&%)
Methods This study Cal. Expt. This study
GGA-PBE 11.96 11.66>° 11.71%° 429.65
GGA-PBEsol 11.70 — 401.18

[BX,] cluster with B-deficient ABX; perovskites. In addition,
vacant or unfilled sites between two [BXs] are occupied with
A-site atoms. Each [BX,] unit in the A,BX; structure is isolated
from others, establishing a 12-fold coordination environment
of discrete X-anions. Moreover, A(Cs)-cations are encircled by
twelve and B(Te) atoms by six halogen ions. The A-site atoms
are placed at the 8¢ Wyckoff site with (0.25, 0.25, 0.25) fractional
coordinates, B-site cations are positioned at the 4a Wyckoff site
with (0, 0, 0) coordinates, and finally, X-anions lie at the 24e
Wyckoff site with (0.2498, 0, 0) fractional coordinates.

However, we have simulated the lattice parameters under
two different methods, which are GGA-PBE and GGA-PBEsol
functions. Table 1 illustrates the simulated lattice parameters
in comparison to the experimental results. The lattice constants
are determined to be quite close to the experimental value.
Exploring Table 1, it is obvious that the GGA-PBEsol method
gives more precise lattice parameter values compared with
practical work than the GGA-PBE method.

3.2. Mechanical properties

To project the stability of the Cs,Tels double perovskite, three
related elastic constants for a cubic crystal, namely C;4, Cy,,
and Cy4, have been investigated precisely using the finite strain
theory®® within the CASTEP code. In general, the calculated
elastic constants should satisfy the following Born stability
requirement to be mechanically stable.*® Thus, for a cubic
phase, the Born stability criteria are specified as follows:

Ci1 +2C1, >0, Cua >0, Cyy—Cay >0

Subsequently, the values of the three corresponding elastic
constants are listed in Table 2 for both the PBE and PBEsol
functional. The Cs,Tels satisfies the above-Born stability cri-
teria, ie. three single elastic constants fulfil these criteria,
demonstrating that it is mechanically stable. It is ubiquitously
known that Cauchy pressure typically demonstrates the differ-
ence between Cj, and Cy4, and its positive and negative value
indicates the ductile and brittle nature. Herein, we found only a
negative value of Cauchy pressure, signifying the brittle nature
of Cs,Tel.

However, using the Voigt-Reuss-Hill (VRH) equating meth-
odology, the polycrystalline elastic moduli of Cs,Tels, and the

Table 2 Calculated single elastic constant of double perovskite Cs,Telg
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Poisson’s ratio, have been computed.** Any cubic crystal’s Voigt
and Reuss constraints on B and G have been determined using
these formulas:**

2
B. = By — Ci +2C (1)
3
G, = (Ci1 — Ci2 +3Cy4) 2
5
. 5Cu(Cn — Ch2) 3)

- [4Ca4s + 3(C1i — C12)]

The arithmetic mean (AM) value of Voigt and Reuss in terms
of Hill approximation was determined as follows:

B=1(Be+ B @
G =5(Gy +Gr) @

The use of Hill’s bulk modulus (B) and shear modulus (G)
yields Young’s modulus (E) and Poisson’s ratio (v), respectively:

9GB

“3B+G (©)
_ 3B-2G :
YT 26B+6) ?)

The calculated bulk and shear modulus mainly measure the
elasticity in size and elasticity in shape, respectively. Addition-
ally, shear modulus indicates the plastic deformation under
shear stress and hence suggests the materials hardness.*’
The calculated results of polycrystalline elastic modulus are
recorded in Table 3. It is manifested (see Table 3) that B is
considerably larger than G, i.e. B > G, which designates that G
is desirable to describe the stability of Cs,Tels.*° Besides, a
lower value of G than B reflects a higher resistance to the
volume deformation under external pressure and reveals a
covalent nature in the atomic bonds.”” Most importantly, the
B and G values are relatively lower in the case of the PBE and
PBEsol methods as they are less than 100 GPa,*® revealing a soft
and flexible nature. Therefore, Cs,Tel, is suitable to use in thin
film technology and remarkable for use in optoelectronic
device applications.

It is seen from Table 3 that a lower value of compressibility,
i.e.f (= 1/B), is obtained for the PBE and PBEsol functionals as
they are inversely proportional to the bulk modulus. Conver-
sely, a higher value of machinability index (um = B/C.4) is
determined for Cs,Tels double perovskite, which is similar to
previously reported data.*® Therefore, we can conclude that Cs,Telg
may have a plausible application in materials engineering.*® It can

Table 3 Calculated polycrystalline elastic modulus of Cs,Telg

Functional Ci1 Ciz Cua Cy» — Cy4y  Functional B (GPa) G (GPa) ff (1/GPa) uv E (GPa) B/G v H, (GPa)
PBE 23.68 2.67 6.94 —4.27 PBE 9.67 5.86 0.1034 1.39 14.63 1.65 0.247 0.13
PBEsol 42.59 7.79 10.07 —2.28 PBEsol 19.39 12.55 0.0515 1.93 30.97 1.55 0.234 2.28

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Band gap of various double perovskite materials with different
functionals

Compounds Functionals Nature Band gap, E, (eV) Ref.
Cs,Telg PBE Indirect 1.268 This work
PBE_mB] Indirect 1.718 This work
PBEsol Indirect 1.287 This work
PBEsol_mB] Indirect 1.706 This work
— Indirect 1.50 Expt.?®
PBE Indirect 1.12 Cale.*®
Cs,Ptlg PBE Indirect 0.651 50
Rb,TeBrg — Indirect 2.07 51
Rb,Snlg PBE Indirect 0.12 50
K,TeBrg — Indirect 2.39 51

also be seen (see Table 4) that E discloses a higher value than G and
B, ie. the moduli enhance in the order of G < B < E, which
signifies that Cs,Tels double perovskite allows uniaxial deforma-
tion more easily than volumetric deformation. Moreover, it should
be noted that a lower value E is confirmed by the PBE and PBEsol
methods, signifying a soft and flexible material, which is optimum
for making a high-quality thin film.

To explore the brittleness and ductility of Cs,Tels further, we
computed the Poisson’s ratios and Pugh’s.’*** In general, the
value of ratio B/G = 1.75 determines the ductile and brittle
nature of the materials. Herein, the material can be considered
brittle as the value of B/G is lower than 1.75 with the PBE and
PBEsol functionals. In the case of Poisson’s ratio, Cs,Telg
double perovskite exhibits a brittle nature as the Poisson’s
ratio is less than the critical value of 0.26 in both functions.
Both Pugh’s ratio and Poisson’s ratio indicate the brittleness of
the materials and the same results indicate the reliability of our
calculations.

The structural and elastic properties of Cs,Tels are intrinsi-
cally linked due to its face-centered cubic (FCC) symmetry and
unique bonding environment. The material’s large lattice para-
meter (*a* & 11.70-11.96 A) and isolated [Tels]*~ octahedra
result in low bulk modulus (B = 9.67-19.39 GPa) and shear
modulus (G = 5.86-12.55 GPa), characteristic of soft, brittle
materials.”®*® The negative Cauchy pressure (Cy, — Caq = —4.27
to —2.28 GPa) and low B/G ratio (1.55-1.65) further confirm this
brittle behavior, consistent with other vacancy-ordered double
perovskites.>**? Notably, the PBEsol functional predicts shorter
bond lengths and higher bond overlap population values
compared to PBE, correlating with increased covalency and
greater hardness (2.28 GPa vs. 0.13 GPa).*>* These structure-
property relationships highlight how computational methods
influence mechanical predictions while underscoring Cs,Tels’s
potential for flexible optoelectronic applications.?®*®

The Vickers hardness H,, is calculated here by using the
following empirical formula,*® where k = G/B.

H, = 2(KG)***® - 3 (8)

The calculated value of Vickers hardness, such as 0.13 GPa
and 2.28 GPa for the PBE and PBEsol functional, respectively,
indicates that each value is small and hence it reveals the soft
and flexible nature of the material, and hence it is suitable to be

5224 | Mater. Adv,, 2025, 6, 5221-5231
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used in thin films. The Vickers hardness of Cs,Tels (0.13-
2.28 GPa) is notably low compared to other functional materials
but aligns with trends observed in halide perovskites. For
instance, lead-free double perovskites like Cs,Snls and Cs,Ag-
BiBrs exhibit similarly low hardness (0.5-1.5 GPa) due to
their ionic bonding and structural vacancies.”>*® In contrast,
hybrid perovskites (e.g., MAPbI;) show marginally higher values
(~0.3-1.0 GPa) owing to partial covalent contributions from
organic cations,”® while oxide perovskites (e.g., SrTiO,) are
significantly harder (10-20 GPa) because of stronger metal-
oxygen bonds.*> Conventional semiconductors like silicon
(~10 GPa) and GaAs (~7 GPa) also far exceed Cs,Tels in
hardness,”>”” highlighting the soft nature of halide perovs-
kites. These comparisons underscore that Cs,Tels’s low hard-
ness is intrinsic to its chemical class, making it suitable for
flexible optoelectronics but mechanically inferior to oxides or
covalent semiconductors.

3.3. Electronic properties

Electronic properties are very crucial properties for getting
fruitful information from double perovskites. We studied the
electronic properties utilizing GGA along with PBE and GGA
along with PBEsol in the Brillouin zones. For better estimation,
we did further simulation using the GGA-PBE functional along
with mBJ and also added mBJ with GGA-PBEsol. Here, four
different band gaps are found from those calculations. In this
simulation, we calculated the band near the Fermi level as the
semi-conductive theory enforces that the bands are very impor-
tant for finding the physical behavior of the material. The
valence band maximum (VBM) is observed at a different point
from the conduction band minimum (CBM), which indicates
that Cs,Tel, is an indirect band gap semiconductor. For GGA,
along with four different functionals of PBE, PBE-mB]J, PBEsol,
and PBEsol-mBJ, our simulated indirect band gap values are
1.268 eV, 1.718 eV, 1.287 €V, and 1.706 eV, which are depicted
in Fig. 2. In Fig. 2, the total density of states (TDOS) with the
band structure for every type of function is also added. The
experimental band gap of Cs,Tel, is 1.5 eV,”® which is in the
range of our simulated band gap. The calculated band gap with
different functionals is recorded in Table 4. In every function, it
is observed non-zero TDOS at the Fermi level, which clarified
that our material is a semiconductor. The calculated band-
gap of Cs,Tels shows strong dependence on the choice of
exchange-correlation functional, varying from 1.268 eV (GGA-
PBE) to 2.058 eV (PBEsol-mBJ), while the experimental value is
reported as 1.5 eV.>®*° This wide range originates from the
inherent limitations of different DFT functionals in describing
electronic structure - GGA functionals like PBE tend to under-
estimate the bandgaps due to the self-interaction error,
while mB]J corrections incorporate nonlocal potential effects
that typically yield larger, more accurate gaps.*® The functional
dependence is particularly pronounced in halide perovskites
due to their strong spin-orbit coupling and localized electronic
states. Notably, the PBEsol-mB]J result (1.706 eV) agrees most
closely with experiments, suggesting that this approach may better
capture the material’s electronic properties.® Such variations in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculated band structure along with TDOS under five different density functionals.

predicted bandgap have direct consequences for assessing the
material’s suitability for specific applications, as they affect both
optical absorption characteristics and the alignment of the band
edges with the redox potentials.

3.4. Charge density and bond length

Fig. 3 represents the contour plot of the electronic charge
density of Cs,Tels along the 111 and 011 planes. Electronic
charge density is calculated here to reveal the bonding nature
among the different atoms. A vertical colour line on the right
side represents the scale of low (blue) to high (red) electron
density. The covalent bonds and the ionic bonds mainly define
the charge accumulation and balancing of charges between two
constitutes atoms, respectively.>* The charge density map
represents both types of bonds due to charge accumulation
and balancing charge between Cs, Te, and I. Consequently,
covalent and ionic bonds were observed among the different
atoms.

=\ ’
Q - 2209
- 1917
— 1534
- 1151
Q - 7.689e-1
’ - 38621
- - 36323

The investigated bond overlap population (BOP) is listed in
Table 5. The negative and positive values of BOP indicate the
bonding and antibonding state.’® Furthermore, the large value
of BOP signifies the strong covalent interaction between the
two atoms. Therefore, the Cs-Cs and Te-Cs bonds reveal a
significant covalent interaction. Under the PBEsol, the bond
length decreases (as shown in Fig. 4), but on the other side, an
enhanced BOP value has been observed. Hence, the covalency
of Cs,Telg is increased in PBEsol.

3.5. Redox potentials

A narrow bandgap (~2.0 eV), the low electron-hole (e -h)
recombination rate and suitable redox potentials (RP) are
important for a good photocatalyst. The RP is typically calcu-
lated from the position of the VBM and CBM as compared to
the water oxidation/reduction potential. Herein, the positions
of the VBM and CBM are theoretically calculated using the

2682

Fig. 3 Charge density of Cs,Telg along (a) the 111 plane and (b) the 011 plane.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Mulliken bond overlap population of Cs,Telg

Mulliken bond overlap population

Bond Bond length,  Bond overlap
Functional ~ Bond number n*  d" (A) population, p*
PBE Te-1 6 2.979 —0.47
I-1 12 4.213 —0.26
I-Cs 12 4.280 —0.26
Te-Cs 2 5.241 0.35
I-1 3 5.958 —0.39
Cs-Cs 1 6.052 0.37
PBEsol Te-1 6 2.956 —1.46
I-1 12 4.056 —0.35
I-Cs 12 4.118 —0.68
Te-Cs 2 5.044 0.97
I-1 3 5.736 —-1.31
Cs-Cs 1 5.824 0.73
7 :
6 P = PBE B
r wmmm PBEsol ]
= 5F -
5 | :
) 4 E
— F ]
o -
g 3f ]
Q F .
M 2 .
1F E
le-I I-1 I-Cs Te-Cs  I-I Cs-Cs
Bond
Fig. 4 Calculated bond length of Cs,Tele.
following equations:
1
Ecp =y — Ee — 5k, )
EVB = ECB + Eg (10)

where Ecp resembles the edge potential of the conduction band
CB and Eyp is that of the valence band VB, E. is the energy of
free electrons on the scale of hydrogen (4.5 eV), E, is the
calculated electronic bandgap energy, and y is the electro-
negativity in the Mulliken analysis, and its value is obtained
as 5.087 eV for Cs,Tels. Fig. 5 represents the position of the
VBM and CBM of Cs,Tel, relative to the potential of the normal
hydrogen electrode (NHE) based on eqn (9) and (10). Theore-
tically, holes are created in the VB when the samples are
irradiated with energy equal to or greater than the band gap
energy of the semiconductor photocatalyst. Reduction and
oxidation reactions, respectively, can be triggered by the photo-
generated electrons and holes.

In order to achieve water splitting as a whole, the CBM needs
to have lower value than the reduction potential of H' to Hj,
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Fig. 5 The position of the CBM and VBM of Cs,Telg with water redox
potential at pH = 0 for four functions.

assuming 0 eV vs. NHE at pH 0, and the VBM needs to have
larger value than the oxidation potential of H,O to O,. Both of
these conditions must be met for the CBM (1.23 eV vs. NHE).
Therefore, the minimum required photon energy of 1.23 eV is
required to drive the reaction. In the case of the PBE function,
the positive value of VBM potential (1.22 eV vs. NHE) signifies
that O,/H,0 is not plausible owing to the thermodynamic
aspect, while the CBM potential value is —0.047 eV. On the
other hand, the other four functionals (i.e. PBEsol, PBE-mB;j,
PBEsol-mBj) firmly confirm that reduction of H, and evolution
of O, are feasible in the Cs,Tels perovskite material. Thus, we
can say that the splitting of water by Cs,Tels perovskite is
thermodynamically auspicious, and it can be anticipated to be
an effective candidate in the field of photocatalysis.>®

3.6. Optical properties

Herein, we have investigated the most essential optical para-
meters such as absorption coefficient, reflectivity, refractive
index, and dielectric function to justify the excellence of
Cs,Telg in solar cells and other optoelectronic applications.
These parameters are calculated and discussed here up to 14 eV
of photon energy to understand the optical behaviour in visible
light and high photon energy radiation. In the present investi-
gation, we have also considered different functionals for var-
ious optical parameters to show the material response in visible
and other energy regions and find suitable behaviour for solar
cell material and other optoelectronic applications. The absorp-
tion coefficient is basically characterized by the ability to detect
light penetration in the materials when a certain wavelength of
light is shone on the material surface, and the light penetrates
into the material until it is totally consumed.®® It is funda-
mental to demonstrate absorption behaviour as well as solar
energy communication capabilities.

For solar energy conversation capability, absorptive beha-
viour behaves as a significant parameter. The absorption
coefficient of Cs,Tel, is represented in Fig. 6 as a function of
photon energy and wavelength. It is manifest from Fig. 6(a) that
the absorption peak of PBEsol shifted towards the lower photon
energy region as compared to the other functional. The change
in functional shows enhanced absorption and large peaks in
the visible region. A few notched-type peaks between 6 to 10 eV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated absorption coefficient of Cs,Telg as a function of (a) energy and (b) wavelength.

are observed in the absorption in the ultraviolet region, which
further indicates the large absorption.

However, the peak for PBEsol largely shifted towards the
visible region. Here, we also consider absorption as a function
of the wavelength of incident light to clearly understand
the absorptive behaviours in visible light. Consequently, we
observed from Fig. 6(b) that the overall contribution of the
PBEsol functional reveals significant absorption compared to
other functionals in the visible region. As a result, the enhanced
absorption of Cs,Tels in the visible, as well as high-energy
region, obviously represents the greater ability of light absorp-
tion under different functionals. Therefore, the double halide
perovskite Cs,Tel, exhibits greater absorption and is hence
suitable for application in solar cells and other optoelectronic
devices.
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The dielectric function is essential for understanding of
charge-carrier recombination rate and the static value at zero
energy in the real part of the dielectric functions is mainly
responsible in that case. The calculated dielectric function (real
part) is represented in Fig. 7(a), and a separate graph in
Fig. 7(b) reveals the static value, &(0). The large static value
represents the lower charge-carrier recombination rate. As a
result, it increases the efficiency of the material and hence
increases the suitability to use it in optoelectronic applications.
It is manifest from Fig. 7(b) that the PBEsol functional shows a
large static value. Therefore, we conclude that the charge-
recombination rate under the PBEsol functional reduced more
than other functionals and this enhanced the efficiency of
Cs,Telg significantly. On the other hand, a material with a
large value of band gap shows a lower dielectric value.®" In the
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Fig. 7 The calculated dielectric functions (real parts): (a) as a function of energy and (b) static values at 0 eV. Imaginary part of the (c) dielectric functions

and (d) refractive index are also depicted.
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present calculation, the PBE and PBEsol functionals show lower
band gap values (as shown in Fig. 2) and accordingly reveal the
high dielectric value, which is crucial for optoelectronic perfor-
mance. The calculated imaginary part of the dielectric function
is recorded in Fig. 7(c). The imaginary part is related to
electronic band structure and is responsible for signifying the
absorption nature.®® Fig. 7 reveals the large peaks in the visible
region and hence increases the absorption in that region
(as shown in Fig. 6).

The calculated value of the refractive index by using differ-
ent functionals is represented in Fig. 8(a), and the obtained
results found a similar pattern to the real part of the dielectric
function. The recorded static values of the refractive index, 7(0)
are 2.61, 2.35, 2.65, and 2.37 for the PBE, PBE-mBJ, PBEsol, and
PBEsol-mB]J functionals, respectively. The state values of GaAs
between 3.29 and 3.86,°*°* and 3.88°° for Si are considered
suitable values to use in photovoltaic applications. In the
present calculation, the static values for different functionals
approximately agree with the potential static value. Therefore,
we conclude that Cs,Tel, reveals a suitable nature to use in
photovoltaic applications. On the other hand, we have found
that the present calculation follows the relation 7(0)* ~ &(0),
which indicates the reliability of this investigation.®®

Fig. 7(d) reveals the imaginary part of the refractive index,
which is also known as the extinction coefficient, k(w).
It indicates the absorption of light.*® Consequently, the extinc-
tion coefficient follows the imaginary part of the dielectric
function, ¢(w) as it is responsible for the absorption coeffi-
cient. The extinction coefficient shows it’s initially very low
absorption and in the visible region peak values are starting,
which denotes favourable absorption in the visible and ultra-
violet region as well. The low absorption in the visible region is
mainly responsible for the transparent nature.®® The investi-
gated reflectivity spectra as a function of photon energy are
shown in Fig. 8(b). Reflectivity mainly determines the ability of
the material to reflect the incident light on the material surface.
It is manifest from Fig. 8(b) that the reflectivity in the visible
and UV regions reflects higher values than the IR region, but
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these values are not considered high enough, and hence the
material shows high absorption (Fig. 6) in the visible and UV
region. As a result, the high absorptive and low reflectance
nature of Cs,Tels in the visible, as well as ultraviolet region
denotes the promising candidate for optoelectronic applica-
tions. The static dielectric constant (&,(0)) and refractive index
(n(0)) of Cs,Telg (64(0) ~ 4.5-6.5, n(0) ~ 2.35-2.65) are compar-
able to other lead-free halide perovskites. For instance, Cs,Ag-
BiBrg exhibits similar values (¢(0) ~ 5.2, n(0) ~ 2.4),> while
Cs,Snls shows slightly higher dielectric response (¢,(0) ~ 7.1)
due to its more covalent bonding character.”® The lower &,(0) of
Cs,Tel, relative to Cs,Snlg suggests weaker screening of charge
carriers, which may influence the exciton binding energies and
charge recombination rates. However, its optical constants
remain competitive with other vacancy-ordered double perovs-
kites like Cs,PdBrg (n(0) ~ 2.3),>® underscoring its potential for
optoelectronic applications. These comparisons highlight the
role of structural vacancies and halide composition in tuning
the dielectric properties across this material class.

3.7. Conclusion

This study comprehensively investigated the lead-free double
halide perovskite Cs,Tels using density functional theory
(DFT) to evaluate its potential for clean and renewable energy
applications, particularly photocatalytic water splitting. The
mechanical properties confirmed the material’s stability and
ductility, supported by elastic constants, bulk modulus, and
Vickers hardness values. Electronic band structure analysis
revealed an indirect bandgap ranging from 1.268 to 2.058 eV,
suitable for visible-light absorption, while optical property
simulations demonstrated significant absorption in the visible
range. The calculated redox potentials indicated thermodyna-
mically favorable conditions for water splitting, highlighting
Cs,Telg’s potential for hydrogen production.

Overall, Cs,Tels emerges as a promising, environmentally
friendly candidate for solar energy conversion and photocata-
Iytic applications. Its favorable optoelectronic and mechanical
properties, combined with its lead-free composition, position it

— PBE
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The simulated optical parameters of the double perovskite as a function of photon energy (eV). (a) Refractive index and (b) reflectivity.
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as a viable material for sustainable energy technologies. Further
experimental validation could advance its practical implementa-
tion in renewable energy systems.
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