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Abstract

Utilising the density functional theory, the mechanical and electrical charac-
teristics of Cesium Germanium Bromide, CsGeBr; and Cesium Silicon Bro-
mide CsSiBr; compounds were computed. The complicated and unique physi-
cal and chemical properties of these materials include the ideal geometric
property, a limited electronic band structure, a charge density distribution,
and specific van Hove singularities in the electronic density of states. With
the use of the quantum espresso code and pseudo-potentials taken from the
quantum espresso data repository, we have applied density functional theory.
Plane Wave (PW) basis set and Projector Augmented Wave (PAW) pseudo
potentials were used to compute the ground state energy. For the exchange
correlation, where plane wave basis sets are used to expand the electronic
structure wave function, the Generalised Gradient Approximation (GGA) was
employed. For the computation of mechanical behaviour, including the bulk
modulus and elastic constants with their derivatives, Thermo_pw was used as
a post-processing algorithm. The theoretical framework that is being taught
gives a thorough understanding of the many qualities and possible uses for
solar cells and other opto-electronic devices. Both the cubic (high-temperature)
and tetragonal (low-temperature) phases of CsGeBr; were discovered to have
an appropriate gap for solar cells. The edge-sharing monoclinic phase exhi-
bits a greater distortion of the band structure than the cubic phase, which has
a lower total energy and a somewhat bigger electronic gap. Although our es-
timations are less definite because the matching silicon-based compounds
have not yet been created, they nonetheless point to a small gap for cubic
CsGeBr; of about 0.2 - 0.8 V.

Keywords

Electronic, Mechanical Stability, Perovskite
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1. Introduction

Since they can supply energy that cannot be depleted and are effective at turning
heat energy into electricity, solar cells have emerged as the leading energy-use
systems in our daily lives. Between the layers that carry electrons and holes is an
absorber layer, which is one of the unique features of the solar cell. This layer is
essential because it emits electron-hole pairs while absorbing electromagnetic
radiation. However, these components’ mechanical, electrical, and optical cha-
racteristics are also very important. According to [1], they are crucial for defin-
ing the production of light-generated currents and providing the optimal com-
bination of the three different kinds of core components.

Because of their superior photo-electronic properties, inorganic perovskite
compounds like CsXBr; (X = Ge, Si) have garnered increased interest for energy
harvesting applications. Due to its hazardous characteristics, there are several
restrictions that hinder the widespread use of lead [2]. Currently, lead can be re-
placed in solar cells and other opto-electronic applications by the lead-free CsXBr;
(X = Ge, Si) compounds.

The effective mass approximation, the tight-binding model, and first-principles
calculations have all been used to theoretically examine the mechanical and elec-
trical properties of the CsGeBr; and CsSiBr; materials. The best method for de-
termining the ideal geometric, electrical, and mechanical properties of these
compounds has been shown to be first-principles calculation [3]. Depending on
the type of approximations, the gap values of CsGeBr; range from 0.82 to 7.91
eV, making it a direct band gap semiconductor material, according to theoretical
predictions. According to [4] the Perdew-Burke-Ernzerh of (PBE)-sol functional
gave CsGeBr; an energy band gap of 1.46 eV.

When using the hybrid functional (HSE) approximation, the energy gap ac-
curacy may be increased with the typical values of 2.34 eV for CsGeBr;. Because
these electron-hole bound states have a significant impact on the charge separa-
tions, the generation of excitons is necessary for a solar cell to function. Al-
though effective mass models have provided qualitative estimates of the exciton
effects in a wide range of materials, including CsGeBr;, the quantitative investi-
gation of these bound states is somewhat constrained.

Analysing some of the main characteristics of compounds, such as ductility
and brittleness, requires a thorough understanding of their mechanical proper-
ties in the solid form. The elastic constants are used in solid-state physics to an-
ticipate the mechanical characteristics of compounds and to make inferences
about the relationships between mechanical characteristics and the types of
forces that occur in solids. The three independent elastic constants in a cubic
crystal are Cy, Cy2, and Cy. The total energies of a stretched crystal are fixed to a
fourth-order polynomial strain to get these constants [5]. The ability to resist
deformation under pressure is measured using the bulk modulus. The ability to
endure deformation increases as bulk moduli increase [6]. The resistance to shear

deformation brought on by shear pressure is measured by shear modulus.
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CsGeBr; in Figure 1 is perovskite structured and crystallizes in the cubic
Pm3m space group. Cs'* is bonded to twelve Br~ atoms to form CsBr;, cubocta-
hedral. All Cs-Br bond lenghts are 3.91 A and Ge-Br bond lenghts are 2.77 A.
CsSiBr; is a halide perovskite and has a much stronger Jahn-Teller instability
than CsGeBrs.

2. Methodology

The cubic structure of space group Pmm is present in the bulk perovskites of
CsGeBr; and CsSiBrs, and their corresponding lattice constants are 5.734 and
5.441. DFT computations were used with the Quantum Espresso programme to
compare and analyse the mechanical and electrical properties [7]. The mechani-
cal properties were examined using ultrasoft pseudopotentials for the excellent
comparison with experimental data, while the valence shell and ion core elec-
trostatic interactions of the atoms were calculated using the Generalised Gra-
dient Approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) with norm-
conserving pseudopotentials treatment. In order to perform the numerical
computations, we initially chose the cubic structure as a phase. The Quantum
Espresso database was used to derive the pseudopotentials. In the iterative solu-
tion of the Kohn-Sham equations [8]-[14], the total energy convergence was
fixed at 2 x 107 Ry. We fixed the plane wave energy cutoff of these systems at
550 eV, the Monkhorst-Pack scheme is utilized for the structural relaxations,
and also the k-point grid is set as 12 x 12 x 12. The obtained elastic constants
were computed by employing the finite strain theory that was used in the Quan-
tum espresso code. For the optimum value, the maximum strain amplitude was
selected as 0.002. The convergence threshold of crystal internal stress is fixed as
0.02 Gpa. Optimised cell dimensions were fitted using the second-order Mur-
naghan fitting process. The kinetic energy cut-off values and the k-points were
correctly optimised for convergence at the ground state energy. The Monkhost

scheme [15] served as the foundation for the Brillouin sampling.

3. Results

3.1. Mechanical Properties

The two phases of CsGeBr; (cubic and tetragonal) were typically chosen as the
highest temperature phases of the cubic structure to carry out the numerical
computations for high-temperature device applications.

The perovskite structure is composed of corner sharing tetragonal and A-site
cations in the middle of four neighbouring tetrahedra, as shown in Figure 2. The
versatile perovskite structure can incorporate a large array of elements, making it
possible to align its physical properties through substitutional alloying. In this
perovskite, the Murnaghan Equation of State (EoS)was used to obtain the equi-
librium volume, the bulk modulus and its derivatives. From thermodynamics
definition, an EoS relates the volume, temperature and pressure of a material in

a thermodynamic equilibrium [16] [17]. The relationship between the pressure
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(a) (b)

b

Figure 2. The perovskite structure, tetragonal Phase of CsGeBrs; showing position and
alignment of atoms.

and volume of a material with fixed number of particles is given by Equation (1)
[17].

7 5 2
P =158, (V—"T—(V—"T 1+0.75(B, - 4) {V—°}3 -1 1)
\ Vv Vv
To find the energy with respect to the volume, Equation (4.1) is integrated
leading to Equation (2).
3 2 2 2

2
wV.B, (V) vV, ) VAE
E(V)=E,+—2odl| 2| 1| Bl +|| 2| -1| |6-4/ = 2
(V)= 16 (Vj ° (VJ (V) @
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In Quantum Espresso, the energy/volume data computed were fitted using the
Murnaghan equation. This fitting was done after the lattice constant conver-
gence was carried out from which the energies of different volumes were ob-
tained as in Figure 3; This figure shows that the minimum energy is —2930.41
eV for CsGeBr; cubic structure showing that it is the most stable of the perovs-
kites under study.

The volume vs energy curves are shown in Figure 3. Y1, Y2 and Y3 helps us
to derive an equillibrium latice constant and the bulk modulus for the cubic and
tetragonal phases of CsGeBr; and CsSiBrs. The volume here is a representative of
of the unit cell area. The minimum free energy for the cubic phase of CsSiBr and
CsGeBr; is —2950 Ry —1900 Ry and —3200 Ry for the tetragonal phase of CsSiBr;.
This infers that the cubic phase is more stable than the tetragonal and monoc-
linic phases. This values are significant in obtaining the corresponding bulk
modulus. This work used the Murnaghan (EoS) to get the equilibrium bulk
modulus and its pressure derivative. It gauges a material’s resistance to com-
pression. According to [18], the volume and bulk modulus of materials are in-
versely connected. Equation (1) provides the bulk modulus (3).

oP

B:—Va—v (3)

where Bis the bulk modulus, Vthe volume and Pis the pressure. The pressure is

given by Equation (4) below;

—oE
P=——r 4
oV )
Equation (4) then reduces (3) into Equation (5)
-0°E
B=V 5
EvE (5)

The pressure derivative of the bulk modulus is given by

2
B':@:l Vi V—GZE (6)
oP B\ oV oV

The relationship between pressure and volume for CsGeBr; is shown in the

graph below. The position where the two lines meet indicates the minimum vo-
lume of convergence. CsGeBr; gives 1190 (a.u)® and CsSiBr; gives 1115 (a.u)’ in
cubic phases.

The extent of similarity is clear when pressure-volume curves in Figure 4 and
Figure 5 where “pressure” is the scalar hydrostatic pressure on the periodic sys-
tem. As this pressure P = —dZ/dV, the optimal geometries d£/d V' = 0 are now
those intersecting the P = 0 line. The slope of one P- V curve may be used to es-
timate the crossing point of another hence the similarity in the P- V curvature.

Elastic properties are significant in determining the mechanical stability of
compounds in solid states. The properties studied in this work are the elastic
constants, the bulk modulus, Young and shear moduli and the Poisson’s ratio.

The elastic properties were calculated using the thermo_pw within Q.E. The
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Energy-Volume Curve
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Figure 3. Energy vs Volume curve using the quantum espresso method.
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Figure 4. Pressure-volume diagram for the cubic phase of CsGeBrs.
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Figure 5. Pressure-volume diagram for the cubic phase of CsSiBrs.
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elastic constants are denoted by Cj; and varies from one crystal system to the
other. From the Born stability criteria [19], the elastic constants need to meet
certain conditions and be positive for the materials to be considered mechani-
cally stable. In the cubic phase, the necessary conditions are given by Equations
(7) [19] [20] [21] [22].

Cy—Cp >0,

C,+2C, >0, (7)

C,>0

A tetragonal material is regarded mechanically stable if Equations (8) are met
[19] [23];
C,>Cpv,
2C%, <Cy(Cy+Cy), (8)
C,>0

After the calculation of the elastic constants, the moduli are calculated using
the Reuss and Voigt theory and their average obtained from the Hill averaging
scheme [10]. From the Cj’s, and using the Voigt theory, the bulk By and shear
Gy moduli are given by Equations (9) and (10) respectively [23].

1
B, =§[(c1l +Cpy +Cy)+2(Cpy +Cpy +Cyy) | )

1
G, :E[(C“ +Cpy+Cy3) —(Cpp +Cpy +Cyy ) +3(Cpy +Cos +Cog ) | (10)

From the Reuss theory, the bulk Bg and shear Gz moduli are obtained from
the elastic constants using Equations (11) and (12) respectively.
1
B—=(SM+SZZ+S33)+2(SIZ+823+S31) (11)
R
15
== =4(Sy +S5 +S55) —4(S;, + S5+ S5 ) +3(Sus + Sss + Ses ) (12)
R
Sy's are the elastic compliances and are the inverse of the elastic constant’s
matrix. From the Hill averaging scheme, the bulk By and shear G moduli are given

by the averages of the two theories, that is Equation (13) and (14) respectively.

_B/ +Bg
By = (13)
G, =% (14)

From the Pugh method [23] brittleness or ductility of a material can be ob-

tained by checking the relation of g to the critical value of 1.75. If the ratio

B . . . . .
S is more than the value, the material is considered ductile and vice versa.

After calculating the moduli and the elastic constants, the Poison’s ratio and
the young’s modulus are obtained from the shear and bulk moduli using Equa-
tions (15) and (16) respectively [19] [20] [21] [22] [23].
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3B, -2G,

e - I 15
2(3B, +Gy,) (15)
_ 9B,G, (16)

" 3B, +G,

The cubic and tetragonal perovskites satisfy the Born stability criterion hence
they are mechanically stable [20]. The values of elastic constants for the cubic
and tetragonal phases are given in Table 1.

The shear and moduli in the Voigt and Reuss approximations and their aver-
ages in GPa are shown in the Table 2. The values of By, Gy; Bx, Gz, Brs Gr are
obtained from Equations (9)-(14) respectively. The cubic structures had the
lowest bulk moduli with the germanium compounds having low moduli than
their silicon counterparts. We also noted that the monoclinic structures had in-
consistent figures of both the moduli and elastic constants, showing that they are

highly elastically unstable.
The Pugh criterion [5], which is employed in determining the ductile or brittle

nature of materials was employed, where a material is ductile if g>1.75 and

. . B . T
brittle otherwise. From Table 3, the G ratios obtained implies that the germa-
nium-containing perovskites are ductile while the materials containing silicon

B
are brittle because their E ratios are less than the critical value of 1.75. The

data obtained from the Poisson ratio also agree with these findings. Using the
critical value of the Poisson’s ratio, that is, 0.26, the materials containing germa-
nium in the B site have v >0.26 showing that they are ductile in nature. The
perovskite materials with silicon in the B site have v <0.26 indicating that they
are brittle with the monoclinic structure having the lowest value of 0.074 < 0.26
showing that it is highly brittle; even more than the cubic and tetragonal mate-
rials. From the calculations, the Pugh’s criterion and the Poisson ratio are con-
sistent in identifying the ductility of materials. This implies that germanium pe-
rovskite structures would crack easily especially during materials engineering for

applications.

3.2. Electronic Structure Properties

Figure 6(a) depicts the band structure of CsXBr; in the BQ at ambient pressure
with an FM spin configura tion in the high symmetry direction. X could be ei-
ther Ge or Si. A coloured line denotes the Fermi level (EF), which is set to zero.
The C-2s and Cr-3d states make up the majority of the bands in the energy range
from —15 eV to —12 eV, suggesting that the Cr-3d electrons are itinerant. At
practically every level, overlaps exist on top of the up- and down-spin states.

4. Discussion

This investigation focused on the mechanical and electrical structural characte-

ristics of perovskite-type CsXBr; (X = Ge or Si) compounds in the cubic and
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Table 1. The calculated elastic constants (C;) measured in GPa.

Material Ci G Gs G Cu Gs Gs
Ge Cubic 46.866  10.184 9.624
Si Cubic 47.726  12.325 12.126
Ge Tetragonal ~ 41.246  21.301  10.486  38.908 9.372 9.372
Si Tetragonal 44.894 19.376  11.813  39.597 11.683 11.683

Table 2. The bulk (By, Bz, By) and shear (Gv, Gz, Gx) moduli.

Material By Br Bu Gv Gr Gu
Ge Cubic 22.411 22.411 22.411 13.111 11.883 12.497
Si Cubic 24.126 24.126 24.126 14.356 13.874 14.115

Ge Tetragonal 22.883 22.720 22.802 13.002 11.755 12.378
Si Tetragonal 23.932 23.800 23.866 14.237 13.700 13.969

Table 3. The Poisson’s ratio (v , Young’s modulus E, in GPa, Cauchy pressure and the
B

5"
Material g v E,

Ge Cubic 1.793 0.264 31.604

Si Cubic 1.709 0.255 35.433

Ge Tetragonal 1.842 0.270 31.436

Si Tetragonal 1.708 0.255 35.063

tetragonal phases. The materials demonstrate that they are elastically stable since
the elastic constant values obtained are in agreement with the four Born and
Huang criteria. CsGeBr; is found to have the highest bulk modulus value, whilst
CsSiBr; has the lowest value. According to the conclusions drawn, CsGeBrs’s cu-
bic and tetragonal phases are stiffer than the monoclinic phases and compounds.
Despite the fact that CsGeBr; has a larger Poisson’s ratio than CsSiBr;,it may be
inferred that both substances are brittle. The energy range between 7.0 and 5.0
eV corresponds to the effective energy that is related to these materials” primary
electronic characteristics. In the unit cell of these compounds, some atoms with

several orbitals combine to generate the sub-bands.

5. Conclusion

The application of these materials in solar cell devices is compared by the afore-
mentioned property and phase investigation. For a suitable solar cell applica-
tion, we estimated the mechanical and electrical responses of the two phases of
CsGeBr; and CsSiBrs. The experimental data showed excellent agreement with

the optimised lattice constant and elastic constant. Theoretically, it was discovered
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Figure 6. (a) Band structure for CsGeBr; Cubic Phase; (b) Band structures for CsSiBr; Cubic Phase; (c) Band structures for
CsGeBr; and CsSiBr; tetragonal phases.

that CsGeBr; has the most stable oxidation, making it the most stable photoca-
talyst. CsXBr; (X = Ge and Si) compounds’ electrical and optical characteristics

were calculated using first-principles calculations.
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