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A (GGA+PBE) investigation of MGeBr3; (M = Rb, Cs, Fr) bromide perovskites:
structural, electronic, and optical characteristics
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First-principles DFT calculations by utilizing FP-LAPW under GGA+PBE method are
performed to investigate the structural, electronic and optical characteristics of bromide
perovskites MGeBr; (M = Rb, Cs, Fr). It is found that the cubic structure (Pm-3m) and
optimized lattice constants are in good agreement with the previous data. Our GGA+PBE
results reveal that MGeBr; show nonmagnetic semiconductor behavior with direct band-
gap (E; = 0.925 eV (M = Rb), 0.898 eV (M = Cs), 0.952 eV (M = Fr)) along the L-L
symmetry direction. Formation energy, octahedral ration and tolerance factor for MGeBr3
have also been calculated. The 2-D charge densities confirm that the chemical bonds
(Ge?**-Br) and (M*—Br") follow the covalent and ionic bonding types. Moreover, we have
calculated and discussed the optical parameters, dielectric constants, absorption,
conductivity and refractivity. The calculated electronic and optical properties show the
narrow band-gap, high absorption and semiconductor nature making these inorganic
materials suitable for optoelectronics applications.
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1. Introduction

Various compounds of halide perovskite family have amazing structural, electronic,
thermoelectric and optical characteristics that have made them a hot playground for theoretical and
experimental research. For example, they are characterized by their: (i) structural and mechanical
stability, (ii) chemical stability at high temperatures, (iii) semiconductor electric conductivity, (iv)
tunable energy band-gap (E,), (v) charge transport through n-type or p-type, (vi) high ability for
optical absorption of light in a wide spectrum range, (vii) wide range of optical emission [1-5].
Moreover, the spectacular thermoelectric properties of such compounds have extensively studied
in recent years, due to their suitability for the operation of smart thermoelectric devices [2,3,6].
They fit some applications in this field, such as solar cells, light emitting diodes (LEDs),
photovoltaics (PV), and other optoelectronic devices [1-5]. Figure of merit (ZT) ratio is a vital
quantity in understanding and evaluating the thermoelectric properties of these compounds. If the
ZT value is close to unity (ZT = 1.0), the thermoelectric device works well and gives high thermal
efficiency [6-8]. Also, one of the most important conditions that must be met these compounds is
the high ratio of power conversion efficiency (PCE), which gives a decisive indicator of the
possibility of using them in solar cell potentials. Therefore, scientific research has been heavily
pursued on many compounds belong to halide perovskite family to produce reliable, extremely
efficient (PCE > 25%), and commercially feasible solar cells [5]. This material science has
advanced thanks to recent research studies on the halide perovskites and related compounds for
solar cells devices and other optoelectronic applications [1,4]. To increase the PCE of perovskite
solar cells, numerous theoretical and experimental research have been done on halide perovskite
materials [9-14]. It is worth noting that the negative effect of weather factors on the stability and
half-life of solar cells is very important issue and must be taken into account. In-depth studies have

* Corresponding author: ohsalmi@uqu.edu.sa
https://doi.org/10.15251/DJNB.2024.191.25


https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures
https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures?id=616amp;catid=8
https://doi.org/10.15251/DJNB.2024.191.25

26

also carried out on additional issues that reduce the commercial expansion of perovskite solar
cells, such as low mechanical stability and the toxicity of some element like lead [15-19]. The
capability of halide perovskites to absorb light within the UV-VL range should be taken into
account when evaluating their applicability in perovskite solar cells technology [1,4,9,11].

Halide perovskites family contains two classes of crystal structures, namely single and
double perovskites. Recently, numerous research studies have been done on the cubic perovskite
materials, which is the most regular and ideal crystal structure in material science. Based on anion
atom X, perovskites are classified into two main types of compounds: (i) perovskite oxides
(MBO:3) and (ii) halide perovskites (MBX3). Halide perovskite MBX; materials have found
enormous attention in many research fields such as solid state physics, materials science and
materials engineering due to their diverse and unique characteristics. Very recently, numerous
theoretical and experimental researches have been conducted to study the physical properties of
some compounds of metal halide perovskites MBX3 where (M = alkali metal, B = general metal,
and X = halogen element). These MBX; perovskites are characterized by a simple chemical
composition and their ideal compounds crystallize in a cubic structure with space group of Pm-3m
(No. 221). The structure of halide perovskites MBX; can be illustrated as M'* and X'~ ions shaping
a cubic closed-packed (CCP) lattice, where the large B*" ions residing in the octahedral cavities
that form by the halogen ions X'* (M'* X'). Therefore, the crystal structures consist of 3D net
from by the 6-fold corner sharing octahedral MXs~MXs and B>* cations sit in the middle of the 12-
fold polyhedral [7,11]. Accordingly, the atomic positions in the unit cell of cubic halide
perovskites MBX3 are: M at (0.0, 0.0, 0.0), B at (0.5, 0.5, 0.5), and X at (0.0, 0.5, 0.5), (0.5, 0.0,
0.5) and (0.5, 0.5, 0.0). Here, the halogen anions are located at the face centered cubic positions,
while the M and B cations sit in the corners and middle of the unit cell for MBX3, respectively.
Several metallic M and B atoms can be suitable to yield stable crystal structure of halide
perovskites, if they give a tolerance factor (T¥) of about (Tr = 0.7 — 1.0) [7,11,20,21].

The primary physical chemical properties of some bromide perovskites MBBr; have
studied by many researchers using different theoretical and experimental techniques. For example,
the structural, magnetic, electronic and optical properties of cesium based tin bromide perovskite
CsSnBr; found widely interest in many DFT studies [6,10,11,16,19,20,22,23]. Some authors
investigated the main properties of Pb-based compound CsPbBr; using DFT methods [9,11,24].
Similarly, cesium based germanium bromide perovskite CsGeBr; have studied by few researchers
using the first-principle DFT methods [6,10,11,19,23]. While, bromide perovskites MBBr;3
compounds with (M = Na, K, Rb, Fr; B = Ge, Sn) found less attention [14,18,23]. In the present
study, we have investigated the crystal structure, optical and electronic properties of three alkali
metal compounds of bromide perovskites MGeBr; (M = Rb, Cs, Fr) by using the FP-LAPW
method. The motivation of this study is to improve the FP-LAPW calculations and to provide
some additional information to the characteristics of MGeBr3 perovskites using the (GGA+PBE)
approximation. The current FP-LAPW calculations were carried out by utilizing the PBE
functional based on the generalized gradient approximation (GGA), to well describe the physical
chemical properties of MGeBr; compounds. This study provides a notable contribution in halide
perovskites field. Here, we show that the type of M site affects the structural, optical and electronic
properties of germanium bromide perovskite MGeBrs. Also, we investigate the structural stability
of these crystals and the results confirm that MGeBr; perovskites show a stable structure. Findings
show that these materials exhibit unique physical characteristics such as structural stability,
semiconductors nature, high optical absorption and other features. These properties make bromide
perovskites MGeBr; (M = Rb, Cs, Fr) suitable inorganic materials for a variety of modern
applications like photovoltaics solar-cells, photosensors, photodiodes, photodetectors, and other
optoelectronics devices.

2. Computational methodology
The structural, electronic and optical characteristics of bromide perovskites MGeBr; (M =

Rb, Cs, Fr) are calculated using the first-principles density functional theory (DFT) [25], as
implemented in the WIEN2k code [26]. The useful method of full potential (FP) linearized
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augmented plane wave (LAPW) is exploited in these calculations. We applied the Perdew-Burke-
Ernzerhof (PBE) functional [27], in the frame of Generalized Gradient Approximation (GGA) [28]
to evaluate the structural and optoelectronic properties of these materials. Non spin-polarized
version of the PBE+GGA calculations is performed to obtain the appropriate results of the
physical chemical properties of MGeBr; compounds. In PF-LAPW scheme, the unit cell of three
perovskites MGeBr3; encloses two chief regions; (i) the first of which is a spherical region, muffin-
tin (MT), and it is definite by (r < Rmr) where Ryt is the muffin-tin radius. The potential in MT
region is expected to be spherically symmetric. In all GGA+PBE calculations, the values of Rur
for the individual atoms in (M*Ge?'Bry) crystals are set as [Ryr (M") = 2.2 a.u., Rur (Ge*") = 2.0
a.u., and Ryr (Br) = 1.8 a.u.]. In atomic MT region, the solution of Schrédinger equation is given
by the radial function times a spherical harmonic, while in the interstitial region (IR), the potential
is considered to be constant and the Schrédinger equation is solved by plane wave (PW) functions.

The ground state energy convergence to (0.0001 Ry) was achieved using the total number
of (k-points = 2000) in the first Brillouin zone (BZ) with a cutoff value (RmrKmax = 7.0), where
R corresponds to smallest MT radius and Knmax is the largest reciprocal lattice vector [11,15]. We
set the electronic configurations of the individual atoms M (M = Rb, Cs, Fr), Ge, and Br in their
bromide perovskite MGeBr; as follow: Rb [Kr] 5s!, Cs [Xe] 6s', Fr [Rn] 7s!, Ge [Ar] 45 3d'® 4p?,
and Br [Ar] 4s? 3d"° 4p°, respectively. The structural optimizations of MGeBr; were carried out as
a first stage, where the unit cell energy has been varied with respect to its unit cell volume.

3. Results and discussion

In this section, we show the calculations results and discussion of main physical and
chemical properties of the investigated materials in present study.

3.1. Structural properties

3.1.1. Structural parameters

The family of Ge-based bromide perovskites MGeBr; (M = Rb, Cs, Fr) belong to the cubic
structure symmetry having space group of Pm-3m number 221. As shown in Fig. 1, the unit cell of
these crystal structures consists of five atoms with formula unit (Z = 1). In this unit cell of cubic
MGeBr3, one type of alkali atom M = Rb, Cs, Fr occupies 1a (0, 0, 0) positions, the second Ge
atoms sits at 1b (%2,'2,"2), and halogen atoms Br sit at 3¢ positions with (0, /2, 12), (2,0, 2) and ('%,
Y4, 0). Table 1 shows the data that used in the WIEN2k.

Table 1. The atomic sites, Wyckoff positions, and coordinates (x, y, z) in the cubic unit cell (Pm-3m; Z
= 2), shown in Fig. 1, of perovskites MGeBrs; (M'" = Rb, Cs, Fr).

Site Radius (A) Wyckoff Site Atomic coordinates
position symmetry | x y z
M*-cation | Rb(1.87); Cs(1.92); | 1a m-3m 0 0 0

Fr(1.94)

Ge?*'~cation | 0.87 b m-3m Y5 Vs Y
Br-anion 1.82 3c 4/mm.m 0 Vs Y2
Y5 0 Y
Y5 Vs 0
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Fig. 1. Crystal structure of RbGeBrs, CsGeBrs; and FrGeBrs.

The study and finding the equilibrium state are carried out by tracing the variation of the
total energy according to change in the volume of the unit cell. To begin with the detailed
investigation of the main physical properties of perovskites MGeBrs (M = Rb, Cs, Fr), we first
performed calculations of the structural optimization for these systems using GGA+PBE
functional. Fig. 2 plots the variation of total energy as a function of the volume per unit cell of
bromide perovskites RbGeBrs, CsGeBrs and FrGeBrs. Then, we fitted the optimization of total
energy versus volume by the Murnaghan equation of state [29].

3 B B Vo\2P
E=Et g (V=Y + = [V(V) —Vo] 1)
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Fig. 2. Calculated total energy as a function of volume for RbGeBrs, CsGeBrs; and FrGeBrs.
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From the curves in Fig. 2(a,b,c), we find the minimum energy, i.e. the ground state energy
(Ey) of MGeBr; perovskites which corresponds to the optimum volume, i.e. the equilibrium
volume (V). Table 2 reports the values of these V, and E, plus optimized structural parameters,
lattice constants (a,), bulk modulus (B) and its pressure derivatives (Bp). The obtained parameters
indicate that all MGeBrs; compounds show minimum energy in the cubic crystal structure.

Table 2. The structural parameters of optimized unit cell for MGeBrs; (M'* = Rb, Cs, Fr).

MGeBr; a, (A) V, (A B (GPa) By (GPa) E, (Ry)

RbGeBr; 5.5762 173.38 23.496 5.0000 -25801.422
5.853¢
5.530°

CsGeBr; 5.6205 177.55 24.015 5.0000 -35419.042
5.636¢
5.587¢

FrGeBrs3 5.6383 179.24 22.898 5.0000 ~68495.742
5.630° 178.42¢

a Ref. (30); ® Ref. (31); ¢ Ref. (32); ¢ Ref. (33); ¢ Ref. (14)

Table 3 summarizes the optimized atomic distances in the unit cell of three compounds of
cubic bromide perovskites MGeBr; (M = Rb, Cs, Fr). It can see that the calculated lattice constants
and bond distances of FrGeBr; are greater than those for the other two perovskites, which is
mainly due to the radius effect of the alkali atom M = Rb, Cs, Fr. Also, the current results are in
good agreement with available data of similar halide perovskites [11,14,19,23].

Table 3. The optimized atomic distances in the unit cell of MGeBrs (M'* = Rb, Cs, Fr).

MGeBr; M-M" (A) M'-Ge*" (A) Br (A) Br-Br (A) Ge*-Br (A)
RbGeBr; 5.5762 4.8291 3.9430 5.5762 2.7881
CsGeBr; 5.6205 4.8675 3.9743 5.6205 2.8102
FrGeBr; 5.6383 4.8829 3.9869 5.6383 2.8191

3.1.2. Structural stability

Ge-based bromide perovskites MGeBrs own two essential features that decide its
suitability in solar cells applications, i.e. stability and efficiency. To examine the structural
stability and lattice distortion of studied perovskites MGeBr3;, one can compute the values of
octahedral (F) and tolerance () factors. Therefore, these two structural factors are very important
empirical parameters allow evaluating the structure stability and predicting new perovskite
compounds.

Octahedral factor F, which is a crucial stability factor evaluates the fitting of Ge** cations
into their octahedra network [Ge”"Brg], can be estimated by the cation-anion ratio [34,35]:

— RGe
RBr

F (2)

By using the ionic radii of Ge*" and Br™ in the VI-coordinate arrangement, (Rge = 0.870 A)
and (Rp; = 1.820 A) [36], the calculated value of octahedral factor is (F = 0.478). This result
belongs to the range (F = 0.440-0.900) [34,35], which confirms the stable of crystal structure for
all perovskites with MGeBr3 system.

The values of tolerance T for the Ge-based bromide perovskites MGeBr3 are determined
by using the ionic ratio of their major bond distances (M*—Br’) and (Ge*'—Br), as follow [37]:



31

[Ry + Rp,]
T=0707 =M Brl 3
[Roe + Ryl )

Here, we set the ionic radii of M atoms (Rgrp= 1.870 A, Res=1.920 A, Rp= 1.940 A) from
XlI-coordinate arrangement, and (Rge = 0.870 A) and (Rp; = 1.820 A) in the VI-coordinate
arrangement [36]. We found that the tolerance factor of our perovskites MGeBr3 is (t = 0.970; M
= Rb), (t = 0.983; M = Cs) and (t = 0.988; M = Fr). The obtained results match with the cubic
structure symmetry (Pm-3m) of MGeBr; compounds [11,20,33]. Also, they very close to ideal
tolerance factor (7 = 1.0) indicating no structural distortion in the studied crystal structure.

To determine the thermodynamic stability of cubic bromide perovskites MGeBrs; (M = Rb,
Cs, Fr), we have calculated their formation energy (AFg). It represents the difference energy
between the total energy per unit cell of MGeBr; and the sum of energies per atom:

AFg = Eygepry — [Em + Ege + 3Eg,] €))

At equilibrium state, the formation energy per unit cell of MGeBr3 structures is found to
be AFg =-0.56 to -0.84 Ry (-7.62 to -11.43 eV). The negative and small AF; shows that MGeBr;3
is chemically stable and can be synthesis in laboratory by using experimental methods [11].

3.2. Electronic properties

3.2.1. Band structures

Fig. 3(a,b,c) shows the behavior of band structures of studied bromide perovskites
MGeBr; (M = Rb, Cs, Fr), involving the GGA+PBE approximation for nonmagnetic state. The
band structures are calculated along the high cubic symmetry directions within the first Brillouin
zone (BZ). It can be seen that the maximum of the valence bands (VB) concurs with the minimum
of the conduction bands (CB) all along the L-L. symmetry direction, which exposes the
semiconductive feature of these compounds. The calculated values of direct band gap (E;) using
GGA+PBE method for three perovskites are listed in Table 4. The obtained results of band
structures in Fig. 3(a,b,c) reveal that the M = Fr based perovskite shows wider band gap E, than
that show by M = Rb and M = Cs systems. Our calculated results of the band gap for the
semiconductors MGeBr; are slightly higher than the previous DFT data for related halide
perovskites [30-33,38].
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Fig. 3. Calculated band structures for RbGeBrs;, CsGeBrs; and FrGeBrs.

Table 4. The energy band gap of MGeBrs; (M'* = Rb, Cs, Fr).
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3.2.2. Density of states

Further, the total density of states (TDOS) and partial density of states (PDOS) of these
perovskite compounds calculated by the GGA+PBE approximation are shown in Figs. 4, 5 and 6,
respectively. In all figures, we plot the behavior of TDOS for the unit cells of MGeBr; and their

atoms M, Ge and Br (panels (a)).
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Fig. 6. Calculated TDOSs and PDOSs for FrGeBrs.

Besides, the projected PDOSs of s, p, and d orbitals are calculated and illustrated in
(panels (b, c, d)) along with these TDOSs. We can clearly see that all TDOSs of MGeBr; also
show band gap (Eg) near the Fermi level, 0.0 eV, which confirms the semiconductor nature of
these perovskites. And this is also strong evidence that proves our calculations of the band
structures, Fig. 3. The VB of MGeBr; structures is mainly dominated by the halogen Br-4p orbital
plus a small effect comes from metalloid Ge-4s and Ge-4p orbitals. Whereas, the CB is mainly
dominates by the hybridization of metalloid and halogen orbitals through the partial Ge-4p and Br-
4p states. The partial states of alkali atom in M-s, M-p and M-d orbitals appear far away from the
Fermi level in the CB region.

3.2.3. Charge density

In order to take a deep insight and explore the nature of electronic structures of M—Ge—Br
systems, we calculated the 2-D charge density in the (100) plane. Fig. 7 presents the 2-D charge
density of the unit cell for the three compounds of bromide perovskites MGeBrs (M = Rb, Cs, Fr)
using the contour style. These 2D charge density plots allow visualizing the behavior of the
chemical bonds between the compound atoms in its unit cell. Also, they elucidate the mechanism
of charge carries transport through these bonds in MGeBrs crystals. We can see from the 2-D
charge density plots of MGeBr3, and their partial densities of states PDOSs that shown in Figs. 4-
6, there is hybridization between the 4p orbital of cation (Ge*'-4p) and anion (Br -4p).

The hybridization arrangement of these orbitals indicates that the type of chemical
bonding between the cation Ge*" and anion Br (Ge*'— Br") prefers the covalent bond nature. This
observation can be inferred by the dense number of contour lines around each of the cation Ge*"
and anion Br . The center of this covalent bond is in the middle of unit cell of cubic MGeBrs;,
where the cation Ge?' sits in 1b (Y5,%,%) site and six anions Br~ occupy the 3c site with three
positions (0, %2, 2), (12,0, ¥5) and (Y4, 1%, 0).
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Also, there is a second type of chemical bond in MGeBr; crystals; i.e. the ionic bonds
between metallic cations M™ (M = Rb, Cs, Fr), which occupy the corners sites, and the halide
anions Br. Thus, the (M- Br") bonds which show ionic nature emerge as sparse with low density
and semi-isolated contour lines surrounding M" and Br. Accordingly, it is clear from all 2-D
charge density plots, the three ions M*, Ge** and Br~ in bromide perovskite compounds MGeBrs;
show a covalent-ionic mixture in their internal chemical bonding.
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Fig. 7. Calculated charge density for RbGeBrs, CsGeBrs; and FrGeBrs.

3.3. Optical properties

The possibility of utilizing semiconductor materials in various optoelectronic applications
due to their exciting properties, we investigated the optical parameters of bromide perovskites
MGeBr; (M = Rb, Cs, Fr). So, the frequency-dependent (w) optical parameters of these materials
were calculated by means of behavior of their optical dielectric function e(w). This e(w) portrays
the optical properties of MGeBr; structure via a complex function contains two terms, imaginary
&, (w) and real & (w); i.e. e(w) = iey(w) + & (w). Optical parameters of MGeBr; (M = Rb, Cs,
Fr), dielectric constants &, absorption a, conductivity g, refractivity N, are calculated and shown in
Figs. 7, 8 and 9, respectively.
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Fig. 8. Calculated optical parameters for RbGeBrs;.
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Fig. 9. Calculated optical parameters for CsGeBrs.
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Fig. 10. Calculated optical parameters for FrGeBrs.

3.3.1. Dielectric constants

First, the behavior of dielectric constants is described by the results of real & and
imaginary &, terms and illustrated in Figs. 7(a), 8(a) and 9(a). The real dielectric constant &
exhibits the polarization level on the material of MGeBrs crystals. We can see that the start point
of real dielectric constant &; gives the static value &g of about 6.60, 6.53 and 6.60 for MGeBrs;
(M =Rb, Cs, Fr), respectively. Next, the value of &; increases as the photon energy increases to its
highest peak & (), of about 8.06, 8.19 and 8.36, , respectively, at a similar point with an energy of
1.89 eV. Beyond the point with 2.0 eV, the &; spectra decrease sharply with few value fluctuations
until they reach higher energy of 8.0 eV and become flat with &; value of about unity. This
characteristic reveals the transparent behavior of MGeBr; perovskites at high energy [39-41]. We
can also see that the spectra of &; show negative values at an energy more than 10 eV. Which
imply that the incident photons are attenuated in these materials indicating that MGeBr3 behave as
optical conductors in the higher energy values. Second, from the plots of imaginary part &, in Figs.
7(a), 8(a) and 9(a), which illustrate the total absorption of light by the studied materials, we can
see all spectra of MGeBr3 perovskites show similar dielectric behavior. The €, spectra have three
critical values of about 6.48, 4.45 and 3.55 at similar energy points 3.0, 7.50 and 10.2 eV,
respectively.

3.3.2. Absorption

The behavior of optical absorption a for the three compounds of MGeBr3 perovskites is
shown in Figs. 7(b), 8(b) and 9(b), respectively. This parameter depends mainly on the values of
real &; and imaginary &, parts as well as the photons energy w of light. Since there is interaction
between the energetic electrons in MGeBr; structure and the absorbed photons of incident light
[20], we can use these a spectra evaluate the optical response of MGeBr; materials. At zero
energy, the a spectra of MGeBr; reveal that the optical gap values are 1.0, 0.90 and 0.97 eV,
respectively. The results of optical gap closely relate to those obtained from DOSs and band
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structures, Table 4, indicating similar structures of energy band contribution in the optoelectronic
transitions from valence to conduction bands. The calculated results in all three figures confirm
that the a spectra increase with the absorbed energy. We can see that MGeBr; compounds show
high absorption « fits the visible light to ultraviolet (VL-UV) range, which shows the superior
potential of perovskites MGeBr; for optoelectronics devices that operate in this range [39].

3.3.3. Conductivity

In Figs. 7(c), 8(c) and 9(c) we show the results of calculated optical conductivity ¢ for the
studied bromide perovskites MGeBr3, which depends on photons energy and &, part. It clarifies
the optoelectronic conduction due to the incident photons on the crystal structure of MGeBr;
[39,40]. All o spectra start from the zero value at zero energy and then increase to show an
obvious peak at high energies range. The start points of ¢ spectra have energy of about 1.10, 0.95
and 0.98 eV, which are very close to those band gaps found in band structures and DOSs, Figs. 3-
6. Also, the maximum values of o are that for MGeBr3, 4816.77 at 7.66 eV (M = Rb), compared to
another perovskites (M = Cs) and (M = Fr) which they equal to 4964.66 and 5583.54 at the high
energy points of 10.0 eV and 12.6 eV, respectively. Moreover, we can view from the ¢ spectra that
the gradually raise of conductivity occurs in the VL-UV region. Here, the change of M site in
MGeBr; (M = Rb, Cs, Fr) causes an increase in the optical conductivity o and the (M = Fr) state
shows the highest conductivity.

3.3.4. Refraction

As shown in Figs. 7(d), 8(d) and 9(d), the optical refraction N(w) of bromide perovskites
MGeBr; contains only two indexes N(w) = n(w) + ik(w). The real part is called refractivity n
and the imaginary part refers to extinctivity k which are determined using the values of real ; and
imaginary &, dielectric constants [20]. Similar to that notice in conductivity and absorption, the n
spectra start from a static refractivity n, of about 2.56 for these three compounds and decrease past
this point. Then their n index increases to reach its maximum refractivity of 2.93, 2.95 and 2.97,
respectively, at similarly energy point of about 2.0 eV that fits in the visual field of VL range.
Finally, the n spectra decrease at high energies more than 7.5 eV beyond maximum peaks, and at
some energy points, it shows values less than unity. Thus, the MGeBr; materials show
superluminal nature within this energy range [42]. The extinctivity k is a vital criterion that allows
determining the optical fluorescence; large k confirms that MGeBr; have high optical fluorescence
nature and their absorption increases [39]. From the plots in Figs. 7(d), 8(d) and 9(d), it can be
observed that the behavior of all k spectra closely follow their corresponding €, spectra. Besides,
the k spectra contain two maximum peaks of about 1.50 and 1.30 appear in two energy ranges, 2.0
to 3.25 eV and 7.0 to 8.0 eV, which match the VL and UV ranges, respectively. The calculated
results of optical parameters for MGeBr; are in good agreement with those obtained for similar
halide perovskites AGeBr; with (A = Fr, Rb, Cs) [6,11,14,23,31].

4. Conclusions

In this paper, we carried out first-principles calculations in the frame of density functional
theory (DFT) to investigate the structural, electronic and optical characteristics of three
compounds of Ge-based bromide perovskites MGeBr; (M = Rb, Cs, Fr). According to full-
potential linearized augmented plane wave (FP-LAPW) method, the DFT calculations have been
performed by using the generalized gradient approximation (GGA+PBE) in the Wien2k program.

The structural optimization confirms the cubic structure (Pm-3m space group) of MGeBr;3
compounds with lattice constant of (a, = 5.5762 A; M = Rb), (a, = 5.6205 A; M = Cs) and (a, =
5.6383 A; M = Fr). All systems of Ge-based inorganic bromide perovskites MGeBr; give band
structures and densities of states DOSs which reveal their nonmagnetic (NM) and semiconductor
characteristics. MGeBr; show proper values of the direct band-gap along the L-L symmetry
directions of (E; = 0.925 ¢V; M = RbD), (E; = 0.898 eV; M = Cs) and (E, = 0.952 eV; M = Fr).
Based on the results of 2-D electronic charge density, the chemical crystal structure of bromide
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perovskites MGeBr; incorporates mixture of covalent (Ge**—Br’) and ionic (M'—Br) bonding,
which satisfies the essential conditions of structural stability for the (Pm-3m) crystals.

Furthermore, we calculated and discussed the optical characteristics that include the
dielectric function € parts, real &; and imaginary &,, conductivity g, absorption a, refractivity n
and extinctivity k. According to the results of these optical parameters, the crystal structure of all
bromide perovskites MGeBr; shows a wide range of optical absorption a with a high optical
refractivity n close to the visible and ultraviolet ranges. The obtained characteristics in this study,
such as structural stability, direct band-gap, and high absorption and refraction, candidate these
MGeBr; materials to be used as optical harvesters in photovoltaic solar cells and other
optoelectronics devices.
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