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The cubic perovskites CsGeBrs.pl, (n = 0, 1, 2, 3) were investigated using the density functional theory (DFT) for
their structural, electronic, and optical properties. The present DFT calculations are carried out using three
models for exchange-correlation potential, namely PBE, mBJ, and YS-PBEQ. The bandgap decreases in the above
sequence of compounds except CsGeBrl,, which reveals the smallest bandgap. The mBJ approximation has a
larger bandgap than the PBE and smaller than the YS-PBEO. Results of calculations within the YS-PBEO approach
for CsGeBrs and CsGels agree well with QSGW + SO results. The CsGeBrs.,I, compounds are direct bandgap
semiconductors and CBM and VBM are positioned at the R point and determined mainly by Ge s-states and Br(I)
p-states, respectively. Analysis of optical properties shows that the DFT calculations within the PBE model
consistently produce the highest static dielectric function values, while the YS-PBEO method gives the smallest
values. The curves of optical coefficients shift toward lower energies when decreasing the Br atoms in CsGeBrs.
nln. The studied compounds are semitransparent in the infrared and visible regions and show promising potential
for photovoltaic applications, including solar cells.

electronic properties of materials [13-18].

Organic-inorganic hybrids perovskite solar cells have made excep-
tional advancements in power-conversion efficiency (PCE) in the last
decade due to their superior optoelectrical properties [19]. However, a

1. Introduction

Numerous research studies have indicated that perovskites are
promising candidates for usage in photovoltaics and other renewable

energy technologies [1-10]. The name perovskite was originally given
for calcium titanium oxide (CaTiO3). Thereafter any material with a
similar crystal structure and has the chemical formula ABXj is called
perovskite, where A and B are cations whereas X stands for an anion that
ties them together [11-13]. Perovskite structures can be constructed
using a variety of materials by choosing different combinations of A, B,
and X, which allows researchers to fine-tune the physical, optical, and
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major obstacle to their commercialization is the instability induced by
the volatile organic components. To create a chemically stable inorganic
perovskite, the CsPblg compound has demonstrated its ability to pro-
duce efficient solar cell devices, where Cs is used to offset the chemical
volatility associated with the usage of the organic cations in methyl-
ammonium as well as formamidinium lead iodide perovskites [20]. In
this regard, increasing attention has been paid to the inorganic

Received 30 September 2023; Received in revised form 16 December 2023; Accepted 30 December 2023

Available online 30 December 2023
1293-2558/© 2024 Elsevier Masson SAS. All rights reserved.


mailto:ahmad_mufleh@yahoo.com
www.sciencedirect.com/science/journal/12932558
https://www.elsevier.com/locate/ssscie
https://doi.org/10.1016/j.solidstatesciences.2023.107435
https://doi.org/10.1016/j.solidstatesciences.2023.107435
https://doi.org/10.1016/j.solidstatesciences.2023.107435
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solidstatesciences.2023.107435&domain=pdf

A.Y. Al-Reyahi et al.

compounds cesium lead triiodide (CsPbls), and cesium lead tribromide
(CsPbBr3) due to their superior thermal stability, apposite direct
bandgap (about 1.7 and 2.3 eV), and exceptional optoelectronic char-
acteristics like the power conversion efficiency (PCE) of about 20.32 %,
[21-23]. It is worth mentioning that cesium lead trichloride (CsPbCls3)
also reveals very prospective optoelectronic properties [24].

The physical properties of CsGeBrs and CsGels compounds were
extensively studied experimentally as well as theoretically. In addition,
the compounds’ stability was examined over time under different
ambient conditions. CsGeBrg was synthesized by Tang et al. [25] and
tested using x-ray diffraction and reflection powder second-harmonic
generation method. Their results show that CsGeBrs has a rhombohe-
dral structure with excellent nonlinear optical efficiency. In addition,
they apply ab initio calculations to examine the second-order nonlinear
susceptibilities of CsGeBrs. They concluded that the rhombohedral
CsGeBrj is a potential material to be utilized in infrared nonlinear optics.
Mahmood et al. [26] investigated the mechanical, optical, thermoelec-
tric, and thermodynamic properties of cesium-based bromides for ap-
plications in energy-renewable devices using the most thorough
DFT-based Wien2k code. Their density functional theory (DFT) calcu-
lations demonstrate that the optical properties exhibit a high degree of
sensitivity to variations in the visible band gap and the materials exhibit
high thermoelectric efficiency. The electronic structure of the perovskite
crystal CsGels was analyzed by Tang et al. [27] through the utilization of
first-principles calculations. The obtained results are subsequently
compared with the available experimental data. Their calculations
demonstrate that CsGels possesses a direct-transition energy gap
measuring 0.74 eV. Almishal et al. [7] have studied the lead-free
trigonal CsGels.4Bry mixed-halide perovskite system for optoelec-
tronics using first-principles calculations with the PBE energy exchange
potential. The optical properties of CsGels4Bry exhibited anisotropic
behavior, with a notable negative correlation between the Ge-X bond
length and the bandgap.

In this study, the Br atom in cubic perovskite of CsGeBrs I, (n =0, 1,
2, 3) was replaced by I atom in different ratios to examine the effect of
such replacement on their structural, elastic, electronic, and optical
properties using different exchange-correlation potentials and draw a
comparison between the results of the various exchange-correlation
potentials. Wien2k ab-initio code was utilized to examine the physical
properties of CsGeBrs pI, (n =0, 1, 2, 3). Evaluation of the structural and
electronic properties of the compounds was facilitated by calculating the
lattice parameters (a), atomic positions, density of states (DOS), and
band structures. The elastic properties were examined by evaluating the
elastic constants (Cq1, C12, and Ca4), bulk, shear and Young’s moduli,
Poisson’s ratio, Debye temperature, and elastic sound velocity. Finally,
the optical properties were quantified by calculating the dielectric
constant, refractive index, reflection, and absorption coefficient.

This study aims to analyze the physical properties of CsGeBrs.pI, to
assess their suitability for use in solar cells and optoelectronic devices.
The investigation will be conducted computationally using mainly
Wien2K. Unlike previous studies on some of these compounds as
mentioned, this study will utilize different exchange-correlation poten-
tials such as PBE, mBJ, and YS-PBEO some of which have not been
previously explored. The results obtained from these potentials, partic-
ularly mBJ and YS-PBEO, are expected to closely align with the experi-
mental results. Additionally, our research focuses on analyzing
previously unexplored compounds that possess unique characteristics
and produce exceptional results.

2. Computational details

The wien2k simulation package was used to solve the Kohn-Sham
(KS) equation using Full Potential Linearized Augmented Plane Wave
(FP-LAPW) [28]. The structural, electronic, and optical properties of
CsGeBrgpl, (n = 0, 1, 2, 3) were studied using different
exchange-correlation potentials like the Perdew-Burke-Ernzerhof (PBE),
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Tran-Blaha modified Becke-Johnson (TB-mBJ), and hybrid functionals
(YS-PBE0O). All calculations were carried out using the FP-LAPW
approach. An extensive description of the equations that govern the
various exchange-correlation potential types can be found in the liter-
ature [28-38].

Within the field of electronic structure calculations, various
exchange-correlation potentials are crucial for solving the Kohn-Sham
equation. The Perdew-Burke-Ernzerhof (PBE) functional, which is
extensively employed for its computational efficiency and dependable
performance, effectively accounts for the exchange and correlation in-
teractions in a well-balanced manner. The modified Becke-Johnson
(mBJ) potential is highly effective in enhancing the precision of band
gaps, particularly for semiconductors and insulators. The Yukawa
Screened-PBEO (YS-PBEO) hybrid functional integrates a screening
parameter into the PBEO framework, resulting in improved character-
ization of the electronic properties [28,36,38,39].

The maximum value of the reciprocal lattice vectors (Kpay) is set to
(8.0), and the smallest radius of the Muffin-Tin (MT) spheres (Ryr) is
equal to 2.5 a. u. The selected k-point mesh is 15 x 15 x 15 which in-
cludes the Brillouin region. Atomic electronic configurations have been
divided into two distinct types: core electrons and valence electrons. The
valence electron for Cs is the 6s' electron, for Ge it is the 4szp2 electron,
and for both Br and I it is the 3 d'° 4s? 4p® electron. To separate the core
and valence states, a cut-off energy of —6 Ry was used to generate the
free atomic density. The atomic force cutoff in structural optimization is
1.0 mRy/Bohr. Core/valence energy = (—6.0 Ry) and nn = 2 indicate a
difference in energy of —6.0 Ry, where nn denotes nearest neighbor
distance. Furthermore, the highest charge density in the Fourier series is
Gmax = 14 (a.u.)"L. The iterative procedure is repeated until the calcu-
lated total energy and charge are less than (0.0001 Ry) and (0.0001 e),
respectively. Spin-orbit calculations were neglected due to the weak
spin-orbit coupling of the Ge atom compared to the Pb or Sn atoms.
Scalar relativistic approximation was used for valence electrons,
whereas fully relativistic effects were taken into account for in the case
of core electrons.

The Birch-Murnaghan equation of state was used to calculate the
optimized structural parameters for the compounds, which include the
lattice constant (a), bulk modulus (By), ground state energy (Eg), and
unite cell volume (Vo) [1,29,30,40]. The electronic properties, such as
the band structure and Density of States (DOS), were calculated using
the optimized structural parameters [28]. Bandgap was determined
using the above-mentioned exchange-correlation potentials. The optical
properties of the compounds were also investigated using PBE, mBJ, and
hybrid functionals exchange-correlation potential (YS-PBEO) to gain
valuable information about their structure. We have also examined the
optical properties of CsGels,Br,, by calculating the absorption coeffi-
cient a(w), reflectivity R(w), refractive index n(w), and the real and
imaginary parts of the complex dielectric function. The equations that
govern the optical properties are fully described and explained else-
where [1,29-31,41].

3. Results and discussion
3.1. Structural properties and dynamic stability

The present section focuses on investigating the structural properties
and dynamic stability of the cubic perovskite CsGeBrs.pI, (n =0, 1, 2, 3)
within the Pm3 m (#221) space group. The unit cells for these structures
are illustrated in Fig. 1, where the alternatives a, b, ¢, and d correspond
to the different values of n (i.e., the number of iodine atoms). The
geometric calculations were conducted during the stage of volume
optimization, which involve the determination of the minimum volume
that corresponds to the minimum energy. The Birch-Murnaghan equa-
tion of state is used to calculate the optimized structural parameters. The
calculated parameters are listed in Table 1 together with previous
theoretical [42] and experimental [6] values. Table 1 shows that our
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Fig. 1. The unit cell of CsGeBr3,I, (n = 0, 1, 2, 3), where a, b, ¢, d refer ton = 0, 1, 2, 3 respectively.

@Cs QI

Solid State Sciences 148 (2024) 107435

@ Br

Table 1
Lattice constant a (&), optimum volume V, (A3), bulk modulus B (GPa), and minimum energy Eq (Ry) for Pm-3m (#221) CsGeBr3.,I, (n = 0, 1, 2, 3).
Compound Space group a(A) Vo (A%) B (GPa) EO (Ry) Eform (€V/atom) Econ (€V/atom)
CsGeBr3 Pm-3m (#221) This Work 5.603 1187.25 21.94 —35419.02 —0.984 2.472
Theoretical 5.407 [47]
Experimental 5.69 [6]
CsGeBr,l This Work 5.753 1284.84 20.61 —44443.80 —-0.702 2.211
CsGeBrly This Work 5.874 1367.48 20.14 —53468.59 -0.617 1.973
CsGels This Work 5.991 1451.36 16.60 —62493.39 —0.586 1.757
Theoretical 5.783 [47]
Experimental 6.05 [6]

computed values for the equilibrium lattice parameter for CsGeBrs and
CsGels reasonably fit with the values obtained from previous theoretical
[42] and experimental [6] works. To the best of our knowledge there are
no experimental or theoretical values for CsGeBral and CsGeBrly to
compare with. The lattice parameter ‘a’ shows a systematic increase
from 5.603 (for n = 0) to 5.991 (for n = 3). The replacement of bromine
by iodine leads to an increase in the lattice parameters and volume,
which can be attributed to the larger ionic size of iodine [43]. In addi-
tion, such replacement results in a decrease in both the bulk modulus
and the minimum energy. The inverse correlation between the bulk
modulus and the unit cell volume confirms the observed results [1].

To analyze the dynamic stability, the phonon frequency modes at the
I' point [44] have been calculated using a finite differences methodology
using VASP code [1,44]. It has been observed that the vibrational fre-
quencies of the lowest energy structures of CsGeBrs.,I, (n =0, 1, 2, 3), as
depicted in Fig. 2, exhibit solely positive values without any presence of
imaginary components. Hence, it can be inferred that all structures are
stable.

The evaluation of the compounds’ stability was conducted by
calculating the cohesive energy (E.on) and the formation energy (Eform)-
A positive E¢op value indicates thermodynamic stability, while a nega-
tive Eform value signifies chemical stability. The cohesive energy was
calculated using the formula: Econ = (Ecs + Epp + (3-n)Ep; + nE; - Eqo)/

total number of atoms, where E, represents the total bulk energy of
CsPbBrs I, (n = 0,1,2,3) compounds, while Ecs, Epp, Eg;, and E; denote
the total energies of isolated Cs, Pb, Br, and I atoms, respectively. On the
other hand, the formation energy (Eform) for CsPbBrs.,I;, compounds was
calculated using the formula: (Eot - (Ecs + Epp + (3-n)Ep; + nEp))/total
number of atoms. The calculated values for both E.on and Egym are
summarized in Table 1. Thermodynamic stability was demonstrated by
the obtained positive cohesive energies for CsPbBrs I, (n = 0,1,2,3):
2.472, 2.211, 1.973, and 1.757 eV/atom. Likewise, the chemical sta-
bility of these compounds was confirmed by the negative formation
energy values of —0.984, —0.702, —0.617, and —0.586 eV/atom for
CsPbBrs.l, (n = 0,1,2,3) [33,45,46].

3.2. Electronic properties

Table 2 presents our theoretically calculated bandgap values for
CsGeBrs.pl, (n = 0, 1, 2, 3) using PBE, mBJ, and YS-PBEO exchange-
correlation potentials together with some available theoretical and
experimental optical bandgap values that were previously published by
other research groups. From Table 2, we note that our YS-PBEO results

Table 2
The bandgap in eV for CsGeBr3., (n = 0, 1, 2, 3) using PBE, mBJ, and YS-PBEQ
exchange-correlation potentials together with the previously published data.

= 1050 Compound  Bandgap (eV)
B Prev./Theo [48]. Expt PBE mBJ  YS-
g 75 [501. PBEO
=3 CsGeBrs 0.867%, 1.948", 1.800°, 2.32 0.742 1.040 1.497
£ 50 0.710¢
E CsGeBryl 0.565 0.851  1.266
‘é 25 4 = CsGeBrl, 0.476 0.744 1.148
__E CsGels 0.746%, 1.404", 1.199°, 1.53 0.595 0.756 1.267
> . 0.465"
g’ T =T =T T "
CsGeBr, CsGeBr,l CsGeBrl, CsGel, LDA.
b QSGW.
Fig. 2. The vibrational frequencies (3N-6) of the lowest energy for CsGeBr3- ¢ QSGW + SO.

nln (n = 0, 1, 2, 3) structures.

4 QSGW + SO at LDA lattice parameter.
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(for both CsGeBr3 and CsGels) are very close to the QSGW + SO results
[47]. It should be mentioned here that QSGW is one of the most accurate
methods for bandgap estimation. It is worth mentioning here that the
best agreement between the experimental findings and the DFT calcu-
lations in perovskite containing Si, Ge, Sn, and Pb [47] is observed when
the DFT calculations are carried out including the spin-orbit coupling.
However, according to Huang and Lambrecht [47], the spin-orbit
splitting decreases for lighter elements (i.e., lower atomic number).
They found that the bandgap for CsGeBrs and CsGels decreased from
1.948 eV to 1.404 e€V-1.800 eV and 1.199 eV, respectively when SO
coupling was included in the calculations. Furthermore, the use of the
mBJ and YS-PBEO functionals probably is quite sufficient for the
comparative study of changes in the electronic structure when
substituting bromine atoms by iodine atoms in cubic CsGeBrs.pl, (n =0,
1, 2, 3) compounds. However, recent achievements in DFT computations
indicate that the best agreement of the experiments and theory in
semiconducting compounds consisting of Cs/Ge/Br/I atoms, like in the
present case, is observed when the DFT calculations are carried out
using, in particular, TB-mBJ functional and including also the spin-orbit
coupling effect and the Hubbard correction parameter U for strongly
correlated electrons. Certainly, such DFT calculations are timely rather
expensive [48,49]. Note that CsGeBrs exhibits a wider bandgap as
compared  with  other compounds irrespective of the
exchange-correlation potential used to estimate the bandgap. This result
agrees with the result obtained by Huang and Lambrecht [2], where the
bandgap increases with increasing the halogen electronegativity. The
bandgap of CsGeBryl is comparatively smaller than that of CsGeBrs,
while still being larger than the bandgap of the remaining two com-
pounds. The compound CsGeBrl, was ultimately found to possess the
smallest bandgap.

Our choice of modified Becke-Johnson (mBJ) to represent the results
in this study is based on its intermediate nature between PBE and YS-
PBEO, as illustrated in Fig. 3. Nevertheless, the variations among these
energy exchange potentials are minimal, with the primary distinctions
lying in the bandgap and sometimes in the peak height. Fig. 4 illustrates
the band structure and the total density of states (T-DOS) for CsGeBrs I,
(n = 0, 1, 2, 3) compounds, employing the mBJ potential. The band
structures of the four compounds are quite similar. Huang and Lam-
brecht [2] reported that the band structure of CsGeX3 has unique fea-
tures called orbital inverted, where the valence band maximum (VBM)
occurs at R (k-point) and consists of anti-bonding states between Ge
s-states and halogen (Br or I) p-states. The non-degenerate dispersing
VBM leads to Ge s-state characters. At the conduction band minimum
(CBM), the threefold degeneracy of Ge p-states occurs. The corre-
sponding values of the bandgaps are presented in Table 2. The analysis
of the band structure indicates that the compounds exhibit direct
bandgap along the R path, which indicates a high degree of consistency
between our results and those reported in previous studies [27].

18
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Fig. 5 illustrates the partial density of states (PDOS) for CsGeBrs I
using the mBJ exchange-correlation potential. The primary contribution
in the negative energy region is attributed to Br and I ions, whereas Ge
ions contribute more to the positive energy region. On the other hand,
the contribution of Cs to the total density of states (TDOS) is minimal.

The primary contribution pertaining to the distribution of states in
the DOS for each atom in CsGeBrs I, is illustrated in Fig. 6. In all
investigated compounds the contribution of Cs’s came from its d state,
whereas Ge’s contribution was observed from its p state. The p state was
observed to be the source of contribution for both Br and I ions in all
compounds. Moreover, in CsGeBrz and CsGeBrsl, Br contributes through
the py + py orbitals, while in CsGeBrly, it contributes through the p,
orbital. Iodide, on the other hand, contributes through the py orbital in
CsGeBryl, and through the py + py orbitals in CsGeBrl; and CsGels.

3.3. Optical properties

The optical characteristics of CsGeBrs,I, (n = 0, 1, 2, 3) were
examined through a comprehensive analysis of several important pa-
rameters including dielectric functions &;(®) and e3(®), absorption a(w),
energy loss function L(w), refractive index n(w), extinction coefficient k
(w), reflectance R(w), and optical conductivity Re(c) and Im(c). Calcu-
lations were carried out using the PBE, mBJ, and YS-PBEQ approaches.
The investigated compounds were exposed to incoming photons with
energy ranging from O to 13.5 eV. The predicted equilibrium lattice
constant was utilized to determine the optical properties of the com-
pounds. Fig. 7 provides a comparative analysis of the calculated optical
parameters for CsGeBrs using the various exchange-correlation poten-
tials. The main point to note from Fig. 7 is that the YS-PBEOQ parame-
terization of exchange-correlation potential has a different behavior
than the other parameterizations, especially at high energy. From the
figure of €1, the static values were decreased from 7.0 to 5.0 to 3.3 when
the exchange-correlation potential parameterization varies from PBE to
mBJ to YS-PBEO, respectively.

3.3.1. Optical complex dielectric function

The optical complex dielectric function [e(®) = &1(®) + i e2(®)] is a
fundamental parameter that characterizes the interaction of the material
with the incident electromagnetic radiation [51]. The real &;(w) and
imaginary e2(w) components of the dielectric function offer valuable
information regarding the material’s capacity to absorb and transmit
light. The real part €;(w) reflects the portion of the dielectric constant
that is associated with energy storage. The measurement of &;(®)
quantifies the extent to which an externally applied electric field can
induce polarization in the material [52]. A larger value of &;(®) is
indicative of increased polarization and enhanced energy storage ca-
pacity. The regulation of a material’s capacitance has a significant
impact on its electrical characteristics, such as the accumulation of
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Fig. 3. The total density of states (TDOS) of CsGeBrs using PBE, mBJ, and YS-PBEO exchange-correlation potentials.
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Fig. 5. mBJ calculations of the total density of states (TDOS) for CsGeBr3 I, (n = 0, 1, 2, 3) and the constituting atoms.

charge and the transmission of electromagnetic waves. The energy loss
or energy dissipation is connected to the imaginary component gx().
The energy dissipation results from several factors, such as conduction,
dielectric relaxation, and resistive losses. When the magnitude of the
complex permittivity, e5(®), is not equal to zero, the material exhibits
absorption characteristics by converting a portion of the energy carried
by the electric field into thermal energy.

The real and imaginary parts of the dielectric function are the key
parameters from which other optical properties can be derived [28].
Fig. 8 displays the variations of &1(®) and e2(®) as a function of the
incident photon energy using the various exchange-correlation
potentials.

The values of the optical parameters at a given energy/energy range
that can be deduced from Fig. 7 are summarized in Tables 3 and 4 (see
the supplementary information). The static dielectric function, denoted
as & (0), represents the real dielectric function at 0 eV. It is worth
mentioning here that the PBE usually produces the highest values for the
static dielectric function. This behavior can be ascribed to the inherent
constraints within the PBE framework to accurately describe the elec-
tronic correlation effects, which results in an underestimation of the
dielectric response. On the other hand, YS-PBEO distinguishes itself by
yielding the lowest values for the static dielectric function. YS-PBEO
method takes into account the integration of a portion of the Hartree-

Fock exchange, which improves the handling of electron-electron
interaction and leads to a more precise characterization of the dielec-
tric response [28,36]. This observation aligns with the Penn model [53],
which posits that a smaller energy bandgap is associated with &; (0),
while a larger energy bandgap corresponds to a lower value of &; (0).
Additionally, it can be observed that PBE exhibits the most prominent
peak values (see Table 4 in the supplementary information). Electronic
transitions and the material’s intrinsic energy band structure play a key
role in explaining why €;(w) appears in the negative region. The
perturbation of the dielectric response of the material occurs when
electrons undergo transitions from occupied to unoccupied states within
a defined energy range, leading to a reduction in the value of €;(®). The
observed decrease in g7 can be ascribed to the influence of electrons
transitioning from the valence band to the conduction band, which
impacts the polarizability of the material in a way that opposes the
typical dielectric characteristics [30,54]. A comprehensive examination
and comprehension of this distinctive behavior are vital in developing
materials that possess customized optical characteristics that may be
applied in many scientific and technological fields. In contrast to the
other chemicals investigated, CsGeBrl; has the largest value of &; (0) and
the highest peak maximum.

In the subsequent figures, the mBJ method is selected to represent
the calculated optical parameters because of its intermediate outcomes
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between the PBE and YS-PBEO methods. Fig. 9 shows the variations of
e1(w) and ey(w) as a function of the incident energy for the studied
compounds using the mBJ potential. Our results exhibit a significant

level of consistency with the findings of previous studies [26].

3.3.2. Optical conductivity

Optical conductivity measures the electrical conductivity of the

material when it interacts with light. The real component of optical
conductivity possesses significant physical implications, operating as a
crucial metric for assessing the material’s capacity to conduct electrical

current in reaction to incident light. This statement explains the degree
to which electrons can engage in collective oscillations when subjected
to the effects of an external electromagnetic field. The peaks depicted in

Fig.

10a and the maximum peak values (see Table 4 in the
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supplementary information) provide vital insights into the electrical
structure of the material and its transition properties. This phenomenon
denotes a resonance effect in which the electrons of the material
assimilate energy from the incident light, causing them to move to
higher energy levels. In contrast, the imaginary component of optical
conductivity provides insight into the absorption capability of the ma-
terial. A negative value, as illustrated in Fig. 10b, indicates that the
material demonstrates a surplus of energy acquired from the incident
photons, leading to energy depletion inside the system. The observed
phenomenon of negative absorption indicates the presence of stimulated
emission, hence suggesting the material’s potential for applications such
as lasing or photon amplification [55]. The observed pattern exhibits
similarities to the Drude-Lorentz model, a theoretical framework that
characterizes the reaction of unbound electrons to external stimuli. The
comprehension of the real and imaginary parts of the optical conduc-
tivity and their correlation with the Drude-Lorentz model provides
insight into the complex interaction between electrons and photons,
facilitating the interpretation of the fundamental principles that deter-
mine the optical characteristics of the material [56].

3.3.3. The refractive index and extinction coefficient

The refractive index and extinction coefficient provide insights into
the material’s ability to bend and absorb light, respectively [57]. Fig. 11
illustrates the relationship between the real component of the complex
refractive index n(o) and the imaginary component k() as a function of
energy. The refractive index is known as the real component, whereas
the extinction coefficient is commonly referred to as the imaginary part.
The optical property k(w) holds significant importance in several pho-
toelectric applications like solar cells, photodetectors, and spectroscopy
[58-60]. Fig. 11 illustrates an inverse relation between n(w) and the
incident energy whereas the extinction coefficient k(o) shows a direct
relation. Both n(w) and k() show the same general trend for all studied
compounds, with CsGeBrI, displaying the highest values of n(®) and k
(w), especially at the peak maximum, (seeTable 4 in the supplementary
information). Fig. 11 shows that the CsGeBrl, compound exhibits the
largest static refractive index n (0) value between the studied com-
pounds. In general, the material with a high refractive index shows more
polarization because the incident photons interact with more electrons.
Note that n (0) and &; (0) are coupled through the formula n?(0) = g1 (0)
[61].

The absorption coefficient a(w) and reflectivity R(w) provide insight
into the proportion of incoming energy that is absorbed and reflected,
respectively, thereby revealing the overall transparency or opacity of the
material [52,57]. The absorption coefficient a(®) is a crucial parameter
that provides significant insights into the interaction between

CsGeBr;,
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electromagnetic radiation and material substances [52,57,62]. The
measurement estimates the amount to which a substance absorbs elec-
tromagnetic radiation when exposed at a particular frequency o.
Fig. 12a depicts a(w) versus energy. In general, as the incident energy
increases, the value of a(®) increases, which means the ability of the
material to absorb the incoming light is enhanced. The reflectivity R(w)
exhibits a similar tendency to a(w) as shown in Fig. 12b. Additionally,
CsGeBr; demonstrates the highest value when employing PBE and mBJ,
while it achieves the maximum value with YS-PBEO. In addition, the
energy-loss spectrum L(m) can capture the specific energy range within
which the material exhibits optimal absorption of incident radiation,
typically corresponding to notable electronic transitions [63]. The
general trend of Fig. 12c is the increase of absorption by increasing the
incident photon energy, with the exception of the energy range 5-7eV
where the absorption has a minimum value. The general trend that
applies to all optical parameters (see Figs. 9-12) is that the curves shift
to lower energy as the number of Br atoms decreases from three to zero.

The examination of the absorption coefficient a(w), reflectivity R(w),
and energy loss function L(w) is very crucial in order to provide valuable
insights into the optical characteristics of the compounds. The reflec-
tivity, R(w), exhibits minimum reflection within the energy range of 5-7
eV and maintains low values in the energy range of 0-3 eV. The
appearance of R(w) within these specific energy intervals indicates a
significant degree of light reflection and limited energy absorption. On

Energy (eV)

Fig. 11. (a) Refractive index and (b) Extinction coefficient as a function of the incident energy using the mBJ potential.
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the other hand, the absorption behavior was found to be restricted
within the energy range 0-3 eV, suggesting a partially transparent state
in the infrared and visible regions of the electromagnetic spectrum.
Additionally, the energy loss function L(w) indicates a minimum within
the energy range 0-3 eV, providing additional evidence for the semi-
transparent characteristics of the materials in this spectral region. Based
on the results shown in Fig. 12 it can be inferred that the studied com-
pounds exhibit some degree of semitransparency in the infrared and
visible regions of the electromagnetic spectrum, thereby indicating their
potential suitability for various optical applications.

4. Conclusions

The present study investigates the structural, electronic, and optical
characteristics of the cubic perovskites CsGeBrs.pl, (n = 0, 1, 2, 3)
through the utilization of the density functional theory (DFT). Various
exchange-correlation potentials, including PBE, mBJ, and YS-PBEO,
were employed during the calculations. The lattice parameter exhibits
an increase when the Br atoms are replaced by I atoms, while the bulk
moduli experience a decrease. The density of states (DOS) analysis re-
veals that the bandgap experiences a decrease when the Br atoms are
substituted by I atoms with the exception of CsGeBrl,, which shows the
lowest bandgap value. The PBE approximation exhibits the lowest
bandgap followed by the mBJ, whereas the YS-PBEO produces the
highest bandgap value. The YS-PBEO results for both CsGeBrs and
CsGelg show excellent agreement with the QSGW + SO results. The
examination of the band structure reveals that the compounds demon-
strate a direct bandgap along the R path from the interaction between Ge
s-states and halogen (Br or I) p-states. The analysis of the optical prop-
erties reveals that the PBE consistently yields the highest values for the
static dielectric function, whereas the YS-PBEO method yields the lowest
ones. The obtained data are consistent with the Penn model. The com-
pound CsGeBrl; demonstrates a higher value of n (0) in comparison with
other compounds. The studied compounds exhibit an increase in the
absorption coefficient as a result of the replacement of Br atoms with I
atoms except for CsGeBrly. Also, the studied compounds demonstrate a
certain level of semitransparency across the infrared and visible regions.
The obtained results suggest that the cubic perovskites CsGeBrsplI, (n =
0, 1, 2, 3) exhibit promising potential as viable options for the forth-
coming photovoltaic applications, including solar cells.
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