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ABSTRACT

All-inorganic cubic cesium germanium bromide (CsGeBr3) and cesium tin bromide (CsSnBr3) perovskites have attracted much attention
because of their outstanding optoelectronic properties that lead to many modern technological applications. During their evolution process, it
can be helpful to decipher the pressure dependence of structural, optical, electronic, and mechanical properties of CsXBrs; (X = Ge/Sn) based
on ab initio simulations. The lattice parameter and unit cell volume have been decreased by applying pressure. This study reveals that the
absorption peak of CsXBr3 (X = Ge/Sn) perovskites is radically changed toward the lower photon energy region with the applied pressure. In
addition, the conductivity, reflectivity, and dielectric constant have an increasing tendency under pressure. The study of electronic properties
suggested that CsXBr3 (X = Ge/Sn) perovskites have a direct energy bandgap. It is also found through the study of mechanical properties that
CsXBr;3 (X = Ge/Sn) perovskites are ductile under ambient conditions and their ductility has been significantly improved with pressure. The
analysis of bulk modulus, shear modulus, and Young’s modulus reveals that hardness of CsXBr3; (X = Ge/Sn) perovskites has been enhanced
under external pressure. These outcomes suggest that pressure has a significant effect on the physical properties of CsXBr; (X = Ge/Sn)
perovskites that might be promising for photonic applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0057287

I. INTRODUCTION

Pressure plays a vital role in tuning the physical properties of
materials.!® For instance, recently, room temperature superconduc-
tors have been discovered at higher pressure.” Pressure treated phase
transitions are often reversible if the external condition remains
exactly the same in the cycle.'’"'* For that reason, pressure-driven
paths that may get novel conditions with good ambient equilib-
rium are very crucial. High pressure studies sometimes offer fun-
damental insight into the optoelectronic properties of perovskite
materials.'°>” Being an advanced class of substances that have
exhibited great potential in optoelectronic technologies, usually uti-
lized in solar cells and thin-film transistors, the rapidly growing

all-inorganic lead-free perovskites have an extremely versatile crys-
tal structure.”” ** The growing worldwide demand for electricity and
continuing reductions in fossil fuel-based energy sources forecast
the increased use of renewable energy resources. Solar power, one
of the potential renewable sources of electricity, has become the
most promising source, since it could be transformed into electric
energy and reach nearly every area of the Earth.”®”’ Lately, lead-
based halide perovskites reveal outstanding optoelectronic proper-
ties, but out of the perspective of environmental issues, their lead
content is deemed to be problematic.”®”” To address the toxicity
problem, the study of lead-free perovskite materials is becoming
livelier, such as bismuth halide perovskites, germanium halide per-
ovskites, copper halide perovskites, and tin halide perovskites.’’~*’
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Specifically, germanium and tin halide perovskites are attracting
much attention as they have attained relatively high solar cell effi-
ciencies.’”"*> The excellent optoelectronic characteristics of per-
ovskite absorbers, such as powerful light absorption and cheap pro-
duction, have encouraged perovskite solar cells to eventually turn
into one of the very promising photovoltaic technologies toward
rapid commercialization.**~*’

Many researchers have explored lead-free halide perovskites.
Lately, Roknuzzaman et al. investigated the structural, mechanical,
and electronic properties of CsGeBrs and CsSnBrs perovskites.*’
According to the present information, no literature can be found
on pressure treated cubic CsXBr; (X = Ge/Sn) perovskites. Hence,
we decide to explore the detailed physical properties of non-toxic
perovskites CsXBr; (X = Ge/Sn) under pressure by the ab ini-
tio approach. It is nevertheless obvious that non-toxic perovskites,
alternate to lead-based perovskites, are essential for their market
approval.

Il. COMPUTATIONAL METHODS

The first-principles calculation based on density functional
theory (DFT) and the plane wave pseudo-potential procedure
implemented by the Cambridge Sequential Total Energy Pack-
age (CASTEP) code are all utilized in this calculation.’’>> The
interaction among ions and electrons is described by the ultra-
soft pseudo-potential, whereas the exchange correlation func-
tional in between electrons is treated as Perdew-Burke-Ernzerhof
(PBE) in generalized gradient approximation (GGA).”*"* The BFGS
(Broyden-Fletcher-Goldfarb-Shanno) technique is utilized to opti-
mize the structure.”> 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 employ-
ing the finite strain theory that was used in the CASTEP mod-
ule. For the optimum value, the maximum strain amplitude was
selected as 0.003. The convergence threshold of total energy is fixed
as 5 x 107° eV/atom, the convergence threshold of the maximum
forces between atoms is fixed as 0.01 eV/A, the convergence thresh-
old of maximum displacement of atoms is fixed as 5 x 1074 A,
and the convergence threshold of crystal internal stress is fixed as
0.02 GPa.

lll. RESULTS AND DISCUSSION
A. Structural properties

At room temperature, the family of non-toxic Ge/Sn-based
halide perovskites CsXBr3 (X = Ge/Sn) belongs to the cubic structure
system having space group Pm3m (no. 221) as shown in Fig. 1.7
The unit cell of these crystals has five atoms with one formula unit.
In a unit cell of cubic CsXBrs (X = Ge/Sn), one type of Cs atom
sits at 1a (0, 0, 0), the other Ge/Sn atoms occupy 1b (0.5, 0.5, 0.5),
and Br atoms sit at 3¢ (0, 0.5, 0.5).*’ The pressure-dependent lattice
constants and volumes of the Ge/Sn-based halide along with other
available experimental and theoretical data are shown in Table I.
From the table, it is clear that our calculated results are consis-
tent with experimental as well as previous theoretical results. In this
study, the ab initio-based DFT simulation has been carried out at
various applied pressures from 0 to 6 GPa with a step of 2 GPa.

scitation.org/journal/adv

FIG. 1. The constructed cubic crystal structure of (a) CsGeBrz and (b) CsSnBrs.

The effect of applied pressures on lattice parameters and cell vol-
umes is shown in Fig. 2. When the pressure increases, the lattice
parameters and cell volumes are found to be decreased as shown in
Fig. 2.

B. Optical properties

The analysis of the optical properties of CsXBr; (X = Ge/Sn)
is quite significant because of their potential to be used in optoelec-
tronics. For this reason, we studied the optical absorption, conduc-
tivity, reflectivity, and the real and imaginary parts of the dielectric
function of these materials at different applied pressures up to 6 GPa.
The performance of solar cells is determined by various optical prop-
erties, one of the crucial properties of which is the absorption coef-
ficient. The variation of optical absorption of CsXBr3 (X = Ge/Sn)
perovskites with pressure can be seen in Fig. 3. It is clear that the
optical absorption edge of cubic CsXBr3; (X = Ge/Sn) perovskites is
shifted to the low energy region with applied pressure within the vis-
ible ranges. In Fig. 3(a) as compared to Fig. 3(b), absorption edges
are remarkably enhanced under pressure within visible ranges. In
addition, it is observed that the pressure-dependent absorption coef-
ficient of the Ge-based compound shows maximum intensity in the
ultraviolet region relative to Sn-based compounds. The width of the

TABLE |. The computed and the available experimental and theoretical values of
lattice constant a and the evaluated unit cell volume V of CsXBrz (X = Ge/Sn) at
different pressures.
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a(A)
Pressure This Other
(GPa) Phase work  works  Experimental V (A%)
43
CsGeBr; 5587 5587 2636 174.4
5.362
0 5.804"
CsSnBr;  5.881  5.882% 5.800% 203.4
) CsGeBr;  5.451 162.0
CsSnBr3 5.720 187.1
4 CsGeBr;  5.350 153.1
CsSnBrs  5.603 175.9
6 CsGeBr;  5.268 146.2
CsSnBr3 5.510 167.3
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FIG. 2. The pressure-dependent (a) lat-
tice parameter and (b) unit cell volume of
cubic CsXBrs (X = Ge/Sn) perovskites.

FIG. 3. The light absorption spectra of (a)
CsGeBr; and (b) CsSnBrj at hydrostatic
pressures.

FIG. 4. The computed pressure-
dependent conductivity of the (a)
CsGeBr; and (b) CsSnBrs; pressure-
dependent reflectivity of (c) CsGeBrs
and (d) CsSnBrs.
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absorption peak in Fig. 3(a) is higher than in Fig. 3(b) in the UV
region. Another name of photoconductivity is optical conductiv-
ity.”>" The pressure-dependent real part of optical conductivity is
shown in Figs. 4(a) and 4(b). If the absorption of photons improves,
the rate of photoconductivity tends to increase. As a result, we
observed greater absorption as well as more photoconductivity in
the Ge-based compound relative to the Sn-based compound with
applied pressures.

Reflectivity that determines the surface nature of the perovskite
materials is also another important optical property of the solar
cell.®! Figures 4(b) and 4(c) show the reflectivity spectra for various
applied pressures. Here, all the studied cubic perovskite compounds
show low reflectivity but slightly increased nature with pressure.

The dielectric function of the solar cell is a fundamental
parameter related to the charge-carrier regeneration rate of cer-
tain materials.*>*® The dielectric function gives a clear idea of per-
formance of optoelectronic devices.* In the perovskite solar cells,
higher dielectric constant values cause lower recombination rates.
Figure 5 shows the pressure dependence of the dielectric constant
(real and imaginary parts) of non-toxic CsXBr; (X = Ge/Sn) per-
ovskites. The real part of the dielectric constant is shown in Figs. 5(a)
and 5(b). The values are high at low photon energy and then decrease
rapidly with increase in photon energy. In the visible range, the
pressure-induced sample exhibits a higher dielectric constant. Nor-
mally, the perovskite material with such a higher value of the dielec-
tric constant exhibits a lower bandgap.”® It is also seen in Fig. 6. The
plots of the imaginary part of the dielectric constant with pressure
are depicted in Figs. 5(c) and 5(d). The behavior of the imaginary
part correlated with the optical absorption and material’s bandgap.

scitation.org/journal/adv
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In the visible range, the values of the imaginary part of the
dielectric function are found to be enhanced with applied pressure
and the peaks are shifted to a low photon energy region similar to
optical absorption in Figs. 5(c) and 5(d). In the higher photon energy
region, each imaginary part of the dielectric function decreases to
zero.
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This is because optical absorption in both compounds is very
low in the high photon energy region.

C. Electronic properties

For better insight into the physical properties of materials, the
study of the density of states (DOS) and electrical band structure is
critical. In Fig. 6, we analyze the changes in the bandgap of CsXBr;
(X = Ge/Sn) at various pressures. When no hydrostatic pressure is
applied, the bandgap values of the two compounds (CsGeBrs and
CsSnBr3) are 0.707 and 0.613 eV, respectively, which are very com-
parable to other theoretical results.”’ By using the GGA and PBE, we
have evaluated the electronic bandgap.® Moreover, our estimated
bandgaps for CsXBr; (X = Ge/Sn) are smaller than those found in
the experimental study. The explanation for this has been attributed
to GGA’s well-known limitation.® We found that the elevated
pressure from 0 to 6 GPa leads to the gradual decrease in bandgaps
for both the compounds as shown in Fig. 7.

scitation.org/journal/adv

The direct bandgap vanished at the R-point with applied hydro-
static pressure. At 6 GPa pressure, the electrical bandgap of the
CsGeBr3 perovskite vanished, while the electrical bandgap of the
CsSnBr3 perovskite vanished at 4 GPa. As a result, the valence
band and the conduction band overlap and enhance the optical
conductivity of metal halides.

In order to better describe the electronic band structure, we
looked at density of states (DOS).®” As shown in Fig. 8, we por-
trayed the total density of states (TDOS) and partial density of states
(PDOS) of CsXBr3 (X = Ge/Sn) perovskites at various applied pres-
sures. In the case of CsGeBr3 perovskite under pressure, we see from
Fig. 8 that the Br-4p orbital contributes the most to the valence
band, whereas Cs-5p, Ge-4p, and Ge-4s orbitals play a minor role.
The conduction band, on the other hand, was dominated by the
Br-4s orbital, with slight contributions from the Cs-5p, Ge-4p, and
Ge-4s orbitals.

As seen in Fig. 8, the Br-4p orbital contributed the most to
the valence band of another CsSnBr3 perovskite under the same

Energy, E (eV)

N,
=

Energy, E (eV)

FIG. 7. The band structure diagram of

Energy, E (eV)

(a) CsGeBr; and (b) CsSnBr; at various
pressures.
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TABLE II. The calculated values of C; (GPa) and Cauchy pressure C12-Cyy (GPa) of
cubic CsXBrs (X = Ge/Sn) perovskites at various pressures.

scitation.org/journal/adv

TABLE IIl. The calculated mechanical properties of CsXBrs (X = Ge/Sn) at different
pressures.

Pressure Pressure
(GPa) Phase C11 C12 C44 C12—C44 (GPa) Phase B (GPa) G (GPa) E (GPa) (B/G) v
010 CsGeBr; 48.08 10.82 10.07 0.75 0 CsGeBr; 23.24 12.92 32.70 1.799 0.27
CsSnBr3 43.89 6.69 5.21 1.48 CsSnBr3 19.09 8.94 23.19 2.135 0.30
0 CsGeBr; 47.78 10.49 10.07 0.42 0 CsGeBr; 22.92 12.92 32.63 1.774 0.263
CsSnBr3 44.15 6.92 5.25 1.67 CsSnBr3 19.33 8.98 23.33 2152 0.299
) CsGeBr; 66.02 14.37 11.64 2.73 ) CsGeBr; 31.59 16.12 41.32 1.960 0.282
CsSnBr3 62.93 8.89 5.28 3.61 CsSnBr3 26.90 10.88 28.76 2.473  0.322
4 CsGeBr; 82.88 17.96 13.09 4.87 4 CsGeBr; 39.60 19.02 49.18 2.082 0.293
CsSnBr3 82.88 14.00 5.65 8.35 CsSnBr3 36.96 12.83 34.49 2.881 0.344
6 CsGeBr; 99.14 21.64 14.45 7.19 6 CsGeBr; 47.47 21.73 56.56 2.185 0.301
CsSnBr3 99.07 16.73 4.84 11.89 CsSnBr3 44.18 13.43 36.57 3.290 0.362

pressure. The Cs-5p, Sn-5s, and Sn-5p orbitals played minor roles.
The Br-4s orbital dominated in the conduction band, with minimal
contributions from the Cs-5p, Sn-5p, and Cs-6s orbitals.

Figure 9 illustrates the TDOS of CsXBrs; (X = Ge/Sn) per-
ovskites under pressure for a deeper understanding. The DOS at the
Fermi level for CsGeBr3 and CsSnBr; is seen to be zero below 4 GPa
for CsGeBrz and 2 GPa for CsSnBrs. The current research revealed
that the pressure caused a semiconductor to metallic electrical phase
transition in both compounds. The results of this study are in good
agreement with those of recently reported similar-type metal halide
perovskites, confirming the validity of this analysis.”” However, it
should be noted that the GGA process underestimates the bandgap
and the observed semiconductor to metallic phase transition could
be the result of this GGA error. Further research is needed to clarify
this issue precisely.

D. Mechanical properties

The elastic constants of crystalline materials are essential
parameters since they provide substantial information about the
mechanical properties of the material along with the internal forces

iy
=)

in crystals, stability, and stiffness.’® It is also known that elastic con-
stants provide strong indication about the capability of the crystal
to resist external pressure. Since the lattice parameters decrease with
the increase in pressure as shown in Fig. 2, it is quite significant to
investigate the effect of pressure onto the elastic constants of these
non-toxic CsXBr3 (X = Ge/Sn) perovskites. The non-toxic CsXBr;3
(X = Ge/Sn) metal halide perovskites possess three independent elas-
tic constants for the cubic structure, which are Cy1, Ci2, and Cy.
The calculated elastic constants at different pressures are tabulated
in Table I1. For the cubic phase, mechanical stability depends on the
well-known Born stability criteria that are expressed as

C11 > 0, C44 > 0,C11 + 2C12 >0, and C11 - C12 > 0.

As shown in Table II, it is evident that all the studied perovskite
phases are mechanically stable at different applied pressures accord-
ing to the above-mentioned stability criteria. Furthermore, the poly-
crystalline mechanical properties at ambient pressure as listed in
Table I1I matched well with other reported results, bearing the accu-
racy of the present calculation.”’ According to Table II, it is seen that
when the pressure increases up to 6 GPa for the CsGeBrs perovskite,

a —>— B/G (CsGeBr))
—=— B/G (CsSnBr))

b

(=2

T
o
=
S
T

=2

N} w
ES [S)
T

4

1%

=N

Pugh's Ratio, B/G

Poisson's Ratio, v
=3 (=]
3 [95)
o0 )

=)
T

Brittleness-Ductility Border Line

S
o
=

—_
(¥}

| Brittleness-Ductility Border Line

—>— v (CsGeBr))
—=— v (CsSnBr,)

FIG. 10. (a) Variation of Pugh’s ratio
and (b) variation of Poisson’s ratio of
the CsXBrs (X = Ge/Sn) perovskite at
different pressures.

2 4 0
Pressure (GPa)

2 4
Pressure (GPa)

AIP Advances 11, 075109 (2021); doi: 10.1063/5.0057287
© Author(s) 2021

11, 075109-7


https://scitation.org/journal/adv

AIP Advances ARTICLE scitation.org/journal/adv

(a) Young’s modulus

3 30 Al
20 20 0
10 "0

W2 0 4| Ao 2B | 0 2 W TR z o
[ IS
R 4o
o )
o o
R 0+ = | 1 = ¥ et =X %
Voure s mochiun i [xy) plare Voung s v2) plane o %

(b) Compressibility

o+ = 41 =

finear compressibility in (xy) plane Tinzar compressibdity n (xz) plane aear compressibdity in (yz) plane o s

(¢) Shear modulus

[

i . | 2

5 :. ; 5 5\
5 "X : s ®| [ ;s 5 ]
-5
o =%
Hio+ = |1 = Wi+~ | T = | Blo+ = | 1=
Shear modulus in (xy) plane Shear modufus m iz plane ) Shear modulus in (y2) plane

(d) Poisson’s ratio

. n1i 3 04 0%
|

e 5[0 4 = |t = ¥ 1 0 X

o1 i

0504030301 | 010203 04 4]
01}

05|04 = | t =
Poisson's ratio m (xy) plane Poisson’s ralio m (xz) plane . Poisson's rabo m (yz) plane

FIG. 11. The 2D and 3D plots of (a) Y, (b) K, (c) G, and (d) v of CsGeBrs at 0 GPa.

AIP Advances 11, 075109 (2021); doi: 10.1063/5.0057287 11, 075109-8
© Author(s) 2021


https://scitation.org/journal/adv

AIP Advances

ARTICLE

(a) Young’s modulus

I

i U

i TS

‘a..

Young's modulus 01 {ry) plane

Young s medutus in (xz) plane

Young's modulus 0 {yz) plane

(b) Compressibilitv

& 15
0 1
5 5
Lok
oW 1w 5 W0 15
=0 + ~ | T = =10 + = | T = {0+ — | T =
lindiair comprasssbility in (xy) plane = hinsar comprassbiity in (kz) plane 1 . Inear comprassiiity in (yz) plana

(c) Shear modulus

10

nt

<

=20 -15 -10

<.
N

Blo+ = | 1= |

4R
-1 -5 10 KJ 10

W0+ =1

L

5]
1

=20 -15 -0 o B XN
=10
-18

=] - e A

Shear modulus = {xy) plana

Shear modulus in [z} plane

Shear modulus in {yz) plane

(d) Poisson’s ratio
a8 o8 o0&
{4 {4 {4
[
04 06 4 i 04 06

L.
8

-0+ = | 1 =

o B o 4=l v

Posson’s rabo in fry] plane

Presson's ratio in {xz) plane

Poisson's rabo m (yz) plane

scitation.org/journal/adv

® ‘o

ob
ot

L]
z

FIG. 12. The 2D and 3D plots of (a) Y, (b) K, (c) G, and (d) v of CsSnBr; at 0 GPa.

AIP Advances 11, 075109 (2021); doi: 10.1063/5.0057287

© Author(s) 2021

11,075109-9


https://scitation.org/journal/adv

AIP Advances ARTICLE

the values of Cy4 remain unaffected. It is also noticed that the values
of Ci; and Cy; enhance quickly with increasing pressure.®” However,
the values of Cy4 in the CsSnBrs perovskite remain nearly constant
up to 4 GPa, and the values of C;; and C;, follow the same trend as
CsGeBrs.

In both perovskites, the elasticity of the length has been
increased with the increase in pressure, which is associated with
two elastic constants C;; and Cy,. The elasticity of shape is associ-
ated with the Cy4 value that defines the deformation in shape and
stiffness. It is evident from Table II that both the compounds have
become much stiffer under external pressure. The Cauchy pressure
(C12-Cu4) is another useful parameter to signify the ductile and brit-
tle features of substances. When the value of Cauchy pressure is
positive (negative), then material indicates ductile (brittle) nature.

It is found from Table II that the values of Cauchy pressure of
the non-toxic CsXBr3 (X = Ge/Sn) perovskites are positive at dif-
ferent pressures and also increase with pressure, implying that duc-
tile nature of those perovskites increases with applied pressure. As
shown in Table III, the listed mechanical properties, such as shear
modulus (G), bulk modulus (B), Young’s modulus (E), Poisson’s
ratio (v), and Pugh’s ratio (B/G) of the non-toxic CsXBr3 (X = Ge/Sn)
perovskite, are determined with the assistance of equations that were
well known as given in the literature.*’

The cubic CsXBrs (X = Ge/Sn) perovskites without external
pressure show soft nature because of their comparatively small val-
ues of B, G, and E. It can be seen from Table III that there is an
increasing tendency of B, G, and E with the applied pressure. It indi-
cates that the hardness of the materials has been improved. Pugh’s
ratio is also a crucial parameter to signify ductile and brittle behavior
of the material. The critical value of Pugh’s ratio is 1.7559.°>"" The
brittle nature of a material is revealed below the critical value and the
ductile nature of a material is exposed above the critical value. It is
seen from Table III that Pugh’s ratio of cubic CsXBr; (X = Ge/Sn)
perovskites without applied pressure is larger than the critical value,
which shows the ductile nature of the materials. Ductility of the crys-
tals increases with applied pressure, which makes these compounds
better for application. Poisson’s ratio (v) is another good standard
that offers a better understanding of the bonding forces and stability
of the crystal system. The value of Poisson’s ratio more than 0.25 and
below 0.5 indicates the occurrence of central force in the crystal.”!
From Table I11, it can be noticed that the values of Poisson’s ratio for
the CsGeBr3 perovskite and CsSnBr3 perovskite are 0.263 and 0.299,
respectively. These values are significantly lower compared to 0.5 but
more than 0.25, implying the occurrence of central forces in both the
perovskites. Poisson’s ratio has been increased with increasing pres-
sure, but the increasing trend is not significant after 4 GPa, which
means that the strong central forces exist in CsXBr3 (X = Ge/Sn).
Poisson’s ratio can be additionally a helpful index of brittleness and
ductility of substances. The critical value of Poisson’s ratio is 0.2614,

scitation.org/journal/adv

TABLE V. Comparison of the key properties of cubic CsXBrs (X = Ge/Sn) perovskites
under pressure.

Properties CsGeBr3 CsSnBr3
High in visible Medium in visible
Optical absorption High in the High in the
UV region UV region
Photoconductivity High Medium
Dielectric properties High Medium
Ductility Medium High

which signifies ductile and brittle behavior of a material. Accord-
ing to Table III, in both perovskites, Poisson’s ratio without and
with pressure is more than 0.26, which indicates the ductile nature
of the studied compounds. The ratio of B/G and v of the CsXBr3
(X = Ge/Sn) metal halide with applied pressure is shown in Fig. 10.
It is found that the ductility of CsXBr3; (X = Ge/Sn) improves with
increased pressure, and thus, applying pressure can be an efficient
approach in which large ductility is required to fabricate devices of
CsXBr3 (X = Ge/Sn).

Information of anisotropy helps to improve the mechanical
performance of a material for various applications.”>”* In order to
evaluate the anisotropy of Young’s modulus, compressibility, shear
modulus, and Poisson’s ratio of the CsXBr3 (X = Ge/Sn) perovskite,
we have used the ELATE code to plot the 2D and 3D images of
anisotropy as shown in Figs. 11 and 12.7* The spherical (3D) and cir-
cular (2D) nature of the elastic modules reflect the isotropic nature
of the solids, while the divergence from the spherical/circular sym-
metry shows the degree of anisotropy. In all compounds, Young’s
modulus (Y) is found to be anisotropic in xy, yz, and xz planes, but
compressibility (K) is isotropic in xy, yz, and xz planes, as seen in
Figs. 11(a), 11(b) and 12(a), 12(b). Figures 11(c) and 12(c) show
that shear modules have two surfaces for 2D and 3D presentations.
The blue line represents the maximum values for each angle, while
the green line shows the minimum values for the same angle. The
minimum value and the maximum value are overlapped at the hor-
izontal and vertical axis for each compound, which means all com-
pounds are anisotropic. Similarly, anisotropic properties are found
as seen in Figs. 11(d) and 12(d) for CsXBrs (X = Ge/Sn) com-
pounds. The minimum and maximum values of Y, K, G, and v of
the CsXBr3 (X = Ge/Sn) cubic perovskite are included in Table IV,
which shows that both compounds are elastically anisotropic in
nature.

Pressure increases the absorption, photoconductivity, and
dielectric properties of the CsGeBr; compound relative to the
CsSnBr; compound. According to Table V, it is evident that
CsGeBrs; is better suited for solar cell devices than CsSnBrs;.

TABLE V. The minimum and maximum values of Young’s modulus, compressibility, shear modulus, Poisson’s ratio, and the ratio A of CsXBrz (X = Ge/Sn) at 0 GPa.

Ymin Ymax Kmin Kmax Gmin Gmax Vmin Vmax
Phase (GPa)  (GPa) Ay (TPa™')  (TPa™) Ax (GPa)  (GPa) Ag (GPa)  (GPa) A,
CsGeBr; 26.36 44.01 1.67 14.54 14.54 1.00 10.07 18.65 1.85 0.120 0.454 3.79
CsSnBr3 14.44 42.28 2.93 17.24 17.24 1.00 5.25 18.61 3.55 0.055 0.647 11.66
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IV. CONCLUSIONS

We have used density functional theory-based theoretical tools
to analyze the mechanical, electronic, and optical properties of
CsXBrs (Ge/Sn) at various pressures. The calculated results for
both the compounds demonstrate a high degree of consistency with
experimental evidence. When the pressure rises, optical absorp-
tion of both the compounds shifts toward the low energy region
(red shift). The optical absorption in the UV region has also been
enhanced dramatically with pressure. We also found that the pho-
toconductivity and dielectric properties of the CsGeBrs compound
are significantly higher than those of the CsSnBr; compound under
pressure. Pressure has a significant effect on the electronic bandgap
of both the perovskites. As the pressure increases, Poisson’s and
Pugh’s ratios have been increased. However, pressure has more
effect on the ductility of the CsSnBr; perovskite than that of
CsGeBrs. From the above characteristics, it is apparent that CsGeBr;3
would perform better than the CsSnBrs perovskite in solar cells and
other optoelectronic devices.
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