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Abstract. This study explores the structural, mechanical, electronic and optical properties of InGeF3

perovskite under varying pressures using density functional theory (DFT) via the Wien2k code. Elastic
constants meet mechanical stability criteria at 0 GPa, with a notable improvement in ductility and hardness
under pressure. Electronic analysis reveals an indirect band gap of 1.51 eV at 0 GPa, narrowing to 0.67 eV at
9 GPa, signaling a transition to metallic behavior. The density of states shows the dominance of halogens in
the valence band, and significant contributions from indium and germanium in the conduction band. Optical
properties, such as absorption and reflectivity, evolve under pressure, with a shift of the absorption spectrum
toward lower energies. These findings demonstrate that pressure not only modifies the electronic structure
of InGeF3 but also enhances its optical performance, making it a potential candidate for photovoltaic
applications.

1 Introduction

Growing energy consumption is encouraging the search
for alternative, more efficient sources of production,
such as solar and wind power [1–4]. Renewable energies
based on solar cells are particularly important, both
economically and environmentally [5–9]. These energies
are clean, emit no polluting gasses and help preserve the
environment [10]. The use of solar concentrators lim-
its soil pollution, reducing its harmful effects and pro-
tecting public health. Due to the growing importance
and wider use of solar cells [4, 11], researchers have
developed techniques to improve their performance,
notably by evaluating their electronic structure, using
photovoltaic technologies, photoluminescence and light-
emitting diodes (LEDs) [12, 13].

Solar cells are mainly made of perovskites, mate-
rials discovered by researchers John et al. [14]. Per-
ovskites have an ABX3-type crystal structure, where
“A” and “B” are metal cations, “A” being larger than
“B”, and “X” is an anion, often an oxide or halogen,
present in a cubic unit cell [15]. Identified as one of
the most promising materials for power generation [16],
perovskites are particularly prized in solar cells due
to their excellent photoelectric properties [17–19]. Sev-
eral researchers have studied these compounds using
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density functional theory (DFT), which enables quan-
tum solids to be analyzed [20–23]. Perovskites are stud-
ied theoretically using generalized gradient approxi-
mation (GGA), GGA-modified Becke–Johnson (GGA-
mBJ), GGA with spin–orbit coupling (GGA + SOC)
and hybrid functional (HF) in the domain of density
functional theory (DFT) [24–26]. Notable among these
is the study of the compound CsXCl3 (X = Sn, Pb) by
Idrissi et al. [27], which revealed that these materials
exhibit both non-magnetic and semiconducting behav-
ior. It was observed that the bandgap of photovoltaic
perovskites varies as a function of lattice parameter
“a0” (Å), with an increase in bandgap as the lattice
parameter increases for CsSnCl3 and CsPbCl3 materi-
als, which the band gap is the energy difference between
the valence band and the conduction band, determining
a material’s electronic and optical behavior. It is crucial
for semiconductors, influencing their conductivity and
applications in devices properties [19]. However, most
of this work remains focused on exploring the funda-
mental properties of these materials.

Efforts are being made to develop and evaluate these
compounds and increase their performance, by intro-
ducing a pressure mechanism as a tool to modify and
improve these properties, and thus the materials will be
made more suitable and efficient in solar cell applica-
tions [28]. In this context, several studies have eval-
uated the properties of the materials and developed
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them, we mention the study of the compound AGeF3

(A = K, Rb) by Md. Safin Alam et al. [29], who
explore that decrease in the bond dimension and lat-
tice parameters under pressure leads to increased inter-
action between atoms, which leads to increased bonding
forces under pressure. Using hydrostatic pressure, sig-
nificant changes in optical absorption and conductiv-
ity are also observed, as reduction of the band, which
contributed to an enhanced conduction. Moreover, the
study of CsSnCl3 element by Md. Majibul et al. [30] also
found that the electron density is affected by increas-
ing the pressure of the states approaching the Fermi
level. Thus, the absorption peak shifts toward lower
photon energies, and hence the absorption coefficient
is improved.

Indium-based perovskites, such as InGeF3, are metal-
halogen materials due to the presence of fluorine, a
member of the halogen family. Although their struc-
tural and optoelectronic properties have been studied
in general, there is as yet no in-depth research into the
modification or doping of these materials. This moti-
vates us to study the effect of pressure to better under-
stand their behavior and optimize their performance. In
this work, we aim to carry out a comprehensive analysis
of the optoelectronic and elastic properties of InGeF3

perovskites, using density functional theory (DFT), a
computational method recognized for its accuracy and
efficiency in predicting material properties. The appli-
cation of pressure makes it possible to study the evolu-
tion of optoelectronic and elastic properties as a func-
tion of induced structural modifications. In this study,
pressures ranging from 0 to 9 GPa will be applied.
Under the influence of pressure, interatomic distances,
bond angles and crystalline symmetry are modified,
thus affecting material properties [31].

2 Calculation methodology

The method used to calculate the properties of the
InGeF3 material is the density functional theory
(DFT), applied in the WIEN2k code [32–37]. The
generalized gradient approximation (GGA-PBE) [38]
was employed to evaluate the optoelectronic structural
characteristics. The GGA method is utilized to assess
the exchange and correlation elements [39]. In the con-
text of GGA [40], the cross-correlation energy of a unit
volume is not only related to the density within this
volume but also to the densities in adjacent volumes.
WIEN2K allows approximations in the description of
electron density according to the GGA scheme, in orga-
nizing the electron space and the fundamental electron
function model (APW). These approximations strike a
balance between accuracy and computational efficiency.
The model is based on the APW, which divides space
into an internal region within the atomic sphere and an
external region where a plane wave is used to describe
electronic states. An approximation here is to limit
the potential description to the interior of the atomic
sphere, neglecting the long-range field effects outside,

which might not fully account for long-range interac-
tions between atoms. The GGA approach enhances the
accuracy of calculations by considering electronic corre-
lations. In DFT, the total energy of the system is used
to compute the electron density, which describes the
distribution of electrons in space. The GGA extends
this by adding corrections to account for spatial fluctu-
ations in electron density and density gradients. These
energy calculations integrate such spatial fluctuations,
improving the description of molecular systems. The
GGA method primarily relies on integrating a function
related to the density gradient, in addition to the elec-
tron density itself. WIEN2K employs a k-point mesh to
integrate electronic properties in the reciprocal space.
Static calculations are performed using 1000 k-points
in the reciprocal space. This number is chosen based
on the size of the primitive cell in real space and the
required precision. The k-points are selected to ensure
adequate precision in integrations, balancing computa-
tional load and result accuracy, while adhering to an
energy convergence limit of 10-5 Ry. The atomic sphere
radii (RMT) and the maximum modulus of the recip-
rocal vector are multiplied (Kmax = 7), ensuring a pre-
cise expansion of wave functions in plane wave series.
The muffin tin radii (RMT) used are (2.50, 2.50, 2.32).
Multiplying these parameters (RMT, Kmax) ensures
that the plane waves used in describing electronic states
are sufficiently accurate near the nuclei, while optimiz-
ing the number of reciprocal vectors in regions where
plane waves are most appropriate. This method deter-
mines the cutoff for reciprocal vector expansion, ensur-
ing high accuracy while minimizing the number of vec-
tors needed.

3 Results and discussion

3.1 Structural properties

The crystalline unit cell of InGeF3 is a cubic structure
belonging to the family of simple inorganic metal halide
perovskites, it is visualized in Fig. 1, which represents
the structures of these elements that contain five atoms
in each unit cell. These materials have a cubic structure
that is part of space group #221 (Pm3m) where the In
cation is located at coordinates (0, 0, 0) and the Ge
metal atom takes position (0.5, 0.5, 0.5), while the F
anion is located at coordinates (0.5, 0, 0.5), (0.5, 0.5,
0) and (0, 0.5, 0.5) in Wyckoff coordinates [41].

Optimization of the lattice parameters is a process
that stabilizes the overall system, and lies in the micro-
scopic adjustment of the cell size of the nanomateri-
als studied, and their volume is related to the total
energy E. From the regression of volume values against
pressure, which are represented by Murnaghan’s equa-
tion [42], we can find the minimum energy E0 to which
the volume V0 corresponds. These are two modules
that can be extracted from the values of the com-
pressibility coefficient B and its derivative B’, using
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Fig. 1 Structure of crystalline InGeF3

Birch–Mornaghan’s Eq. (1) (EOS) [43], these values are
presented in Table 1.

E = E0 +
B0

B0
′ (V − V0) − B0V0

B0
′(1 − B0

′)

[(
V

V0

)1−B0
′

− 1

]

(1)

This method consists of reducing the total energy
value E while optimizing the size of the cells to obtain
two optimized parameters B and B’ at zero pressure
are illustrated in Fig. 2. As two parameters, the for-
mer contributes to the force amplification, while the
latter contributes to recover the thermoplastic aspects
and measures the crystal rigidity of the material [44].
Table 1 summarizes the values of the optimized param-
eters obtained E, V, B and B’, during the optimization
process.

Hydrostatic pressure strongly affects the structural
properties and also directly changes the electronic prop-
erties of InGeF3. As the pressure increases, in the
range of 0–9 GPa, it remains to determine the spe-
cific pressure associated with the modification of the
energy band of the material. In this study, we ana-
lyzed a change in the behavior of a semiconductor mate-
rial, focusing on an exceptional pressure not exceeding
9 GPa. This restriction aims to gradually reduce the

Fig. 2 Variation of total energy as a function of volume for
InGeF3

energy gap in order to preserve the semiconductor char-
acter of the material. The lattice constant gradually
decreases, leading to a decrease in the cell volume, and
this pressure brings the atoms closer together, thereby
strengthening the chemical bonds. This phenomenon
increases the interatomic forces, which increases the
strength and hardness of the crystals. In addition,
the increased overlap of atomic orbitals under pres-
sure reduces the energy gap between the valence band
and the conduction band, thereby reducing the band
gap width. This research on the effect of the param-
eters and the gap energy as a function of pressure is
consistent with the results of other studies reported in
the literature [46]. Table 2 shows the variation of the
lattice parameters and the band energy as a function
of pressure. These improvements expand the potential
applications of InGeF3 in demanding industries, such as
aerospace, petrochemicals or advanced devices based on
this technology.

To analyze the stability of crystal structures and the
distortions that can occur, we use the Goldschmidt
tolerance factor, a key tool in crystallography [47].
This factor is used to assess the effects of size differ-
ences between the cations present in the crystal lat-
tice. More precisely, it estimates the geometric compat-
ibility between the constituent ions and their arrange-
ment in the crystal structure. The tolerance factor is
calculated from the ionic radii RIn, RGeandRF , which
respectively represent the radii of atoms A, B and F

Table 1 Calculated optimized parameters a0, V, E, B and B’, τG and ΔHf of InGeF3

Parameter Lattice parameter
a0 (Å)

Volume
minimum
V ([a.u]3)

Energy
minimum E
(Ry)

Bulk
modulus
B (GPa)

Pressure
derivative
B’

Goldschmidt
tolerance
factor
τG

Formation
energy ΔHf

eV/atom
Optimized Ohter

work

Values 4.48 4.47
[45]

614.0330 − 16,564.3168 55.9494 5.2012 0.93 − 2.1
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Table 2 Lattice parameter and gap energy of InGeF3

Pressure GPa Lattice parameter a0 (Å) Gap energy
(eV)

0 4.48 1.51

3 4.39 1.19

6 4.32 0.91

9 4.26 0.67

in the crystal lattice, according to the following expres-
sion:

τG =
RA + RF√
2(Rb + RF )

(2)

For perovskites, an ideal cubic structure is associated
with a τG value between 0.75 and 1. A value close to
1 is indicative of a stable, symmetrical cubic structure.
In the case of InGeF3, the estimated value of τG is 0.93,
as shown in the data (Table 1). This suggests that this
compound possesses a stable structure close to the cubic
ideal, characterized by relatively high symmetry and
good geometric compatibility of cations and anions in
the lattice.

In parallel, the thermodynamic stability of the com-
pound is studied using its formation energy ΔHf

[48–50]. This parameter verifies whether the forma-
tion of the compound from its constituent elements
in their standard state is thermodynamically favorable.
The energy of formation corresponds to the change in
energy involved when the elements react to form the
compound. A negative value of ΔHf indicates that the
process is exothermic, i.e., it releases energy, reflecting
an increased stability of the compound relative to its
initial reactants. In other words, a compound with a
negative formation energy is thermodynamically stable
as it is in a lower energy state than its constituents
[51–53].

The expression for the energy of formation is given
by [54]:

ΔHf = Etot − μA − μB − 3μX , (3)

where Etot represents the total energy of the InGeF3

compound, and μGe, are the chemical potentials of the
elements In, Ge and F respectively. According to the
results presented in the Table 1, InGeF3 has a negative
energy of formation, providing strong evidence of its
thermodynamic stability. This stability, combined with
the favorable value of the tolerance factor, confirms that
InGeF3 is a stable crystalline compound, suitable for
potential applications requiring robust perovskite struc-
tures.

3.2 Mechanical properties

Elastic constants of solids are parameters that describe
the behaviors of mechanical properties. Cubic crystals

such as the studied sample InGeF3 are distinguished
by three independent elastic constants Cij: (C11, C12

and C44) [55]. These coefficients can be used to iden-
tify the internal forces present in solid materials as well
as their mechanical stability, and also they clarify and
determine the relationship between the mechanical and
dynamic properties of crystals [56]. To achieve mechan-
ical stability of materials, elastic coefficients must meet
the Born criteria given by [57].

C11 + 2C12 > 0, C11 − C12 > 0,
C11 > 0andC11 > B > C12. (4)

Analysis of Table 3 clearly shows the crystalline sta-
bility of InGeF3 since the three elastic constants C11,
C12 and C44 satisfy the mechanical stability criteria,
thus confirming the stability of the material studied.
The values of the elastic constants at zero pressure
are in agreement with previous theoretical results [45].
Here, we focus on the analysis of mechanical proper-
ties at applied pressures ranging from 0 to 9 GPa.
The study reveals that mechanical constants increase
progressively with increasing pressure, indicating that
pressure enhances the ductility of the material. Observ-
ing the variations in coefficients under pressure, it
appears that C11 and C12 increase rapidly compared to
C44. This increase in C11 and C12 is due to elastic length
reinforcement under hydrostatic pressure, while C44,
which is related to shape flexibility, regulates the rela-
tionship between deformation and sample shape [58].

Cauchy pressure, defined as Cp = C12–C44 [59], is
used to assess the brittleness and ductility of materials.
This parameter is widely used to analyze soft and brittle
materials. A negative Cauchy pressure indicates brit-
tleness, while a positive pressure reflects ductility (see
Table 3). In the case of InGeF3 perovskite, Cauchy pres-
sure remains positive for all pressures studied, and its
values increase with increasing pressure. This suggests
that the hardness of perovskite improves with pressure,
enhancing its mechanical performance.

The mechanical properties of a material and the
nature of its stiffness are assessed through the study
of its elastic parameters, namely the shear modulus G,
bulk modulus B, and Young’s modulus E. These param-
eters are fundamental in describing the relationship
between the forces applied to solid materials and their
resulting deformations [38]. Using the calculated elas-
tic constants (C ij), these moduli are derived through
established mathematical expressions. The calculations
are based on the Voigt–Reuss–Hill approximation rep-
resented by the following formulas [60–64]:

B =
C11 + 2C12

3
, (5)

G =
GV + GR

2
, (6)

E =
9BG

3B + G
, (7)
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Table 3 Calculated elastic constants Cij of InGeF3

Elastic coefficients Cij C11 C12 C44 Cp

Pressure 0 GPa 93.21 44,87 22.91 21.96

Pressure 3 GPa 138.54 57.33 25.58 31.75

Pressure 6 GPa 175.76 70.73 28.61 42.12

Pressure 9 GPa 199.64 82.14 31.33 50.81

ν =
(3B − 2G)
3(2B + G)

, (8)

GV =
C11 − 2C12 + 3C44

5
, (9)

GR =
5(C11 − C12)C44

4C44+3(C11 − C12)
. (10)

From the data in the Table 4, it can be seen that the
parameters B, G, and E are sensitive to the effect of
pressure. As the pressure increases from 0 to 9 GPa, the
strength properties of the material change significantly.
The bulk modulus (B) and the shear modulus (G)
increase from 60.23 GPa and 23.40 GPa to 121.31 GPa
and 40.37 GPa, respectively, indicating improved com-
pressive strength under high pressure and “increased
shear toughness.” Similarly, the elastic modulus (E)
increases from 62.23 GPa to 109.02 GPa for pressures
from 0 to 9 GPa, indicating an overall improvement in
the elastic properties of the material. It has also been
reported in other works [45], which explore the fact
that the parameters B, G and E in the absence of pres-
sure have values of 58.94, 13.67 and 36.87, respectively.
Based on the moduli B, G and E, two ratios can be
determined: Pugh (B/G) [65], and Poisson’s ratio (ν),
both considered as criteria that describe the proposed
mechanical behavior of crystals. B/G and v are identi-
fied the brittleness and toughness of materials according
to their critical values 1.75, and 0.26 [66], respectively,
whereas brittleness is indicated by a low value, ductility
is linked to a high B/G ratio. Roughly 1.75 is the crucial
number that divides materials into ductile and brittle
categories; that is, (brittle < 1.75 < ductile) [60]. In
addition, when Poisson’s ratio is greater than 0.26, the
material is ductile, and a larger value corresponds to
a higher ductility [66]. The B/G ratio, which increases
from 2.60 to 3.00 at a pressure of 9 GPa, indicates the
tendency of the material to become softer with increas-
ing pressure. The Poisson’s ratio (ν) also increases from
0.311 to 0.334, still at pressure 0 to 9 GPa, reflect-
ing an increased capacity to resist volumetric deforma-
tions and a more elastic behavior under high pressure.
All these parameters show that the application of pres-
sure improves the hardness and elastic properties of the
material.

3.3 Electronic properties

The electronic properties are affected by the structural
modification of crystalline due to impact of P, where the

impact of P on parameter dimensions and cell size. The
investigation of electronic structures allows the analy-
sis of the distribution of valence and conduction bands,
as well as the position of the Fermi level, and the dif-
ferent electronic states of solids (insulator, conductor,
semiconductor, semimetal and half-metal) can also be
distinguished [59]. The band structure of InGeF3 per-
ovskite was analyzed at pressures ranging from 0 to
9 GPa. At 0 GPa pressure, the band gap energy of
InGeF3 consists of an average value of 1.51 eV, indi-
cating that it is a semiconductor material, and it is
observed at the symmetry points “L” and “W” of the
barylon region, indicating that this crystal gap is indi-
rect, these results are in agreement with other stud-
ies [45], as shown in Fig. 3a. It should be emphasized
that when increasing the pressure at 3, 6 and 9 GPa,
the minimum value of CB shifts to level EF, while the
maximum value of VB shifts to lower energies, to the
L symmetry point. Thus, the band gap maintains its
nature of optical gap indirect (L–W), as shown by the
calculated band gap values of 1.19 eV and 0.91 eV and
0.67 eV at 3 GPa, 6 GPa and 9 GPa, respectively. It
can be concluded that the increase in pressure leads
to a decrease in the atomic spacing and an increase in
the interaction potential between the electron and the
ion [67]. Reducing the lattice parameter, which reflects
a decrease in the distance between atoms, results in a
decrease in the band gap width, which enhances the
difficult of electronic transfer between the valence band
and conduction band near the Fermi level [68, 69]

Densities of electronic states, both total density
(TDOS) and partial density (PDOS) provide a detailed
analysis of the electronic components of InGeF3 per-
ovskite, allowing us to assess atomic hybridization and
the contribution of each atom to the overall electronic
configuration of the system. As shown in Figs. 4 and
5, the valence band is dominated by halogen atoms
F, while metal atoms In and Ge contribute mainly to
the conduction band, with a preponderance of In-d and
Ge-p orbitals. F-p orbitals largely define the valence
band, particularly between − 6 and − 4 eV, underlining
the importance of fluorine in electronic properties and
chemical bonding, while In-d and Ge-p orbitals play a
key role in the conduction band, particularly between
2 and 4 eV. Under pressure, the peaks of the Ge-p and
F-p orbitals in the conduction band approach and con-
verge around the Fermi level (EF), while the p orbitals
of F in the valence band shift to lower energies, from −
3.5 eV and − 4.5 eV to around − 4 eV and − 6.1 eV
under increased pressure (up to 9 GPa). These shifts are
attributed to the reduction in interatomic distance and
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Table 4 Calculated elastic modulus B, G, E, (B/G) et v of InGeF3

Pressure (GPa) B G E B/G v

0 60.98 23.40 62.23 2.60 0.311

3 84.40 30.81 82.40 2.75 0.320

6 105.74 36.57 98.37 2.89 0.328

9 121.31 40.37 109.02 3.00 0.334

Fig. 3 Band structure of InGeF3 at a 0 GPa, b 3 GPa, c 6 GPa and d 9 GPa

the modification of interaction potentials under pres-
sure, leading to a transition of the material from a
semiconductor to a metal-like structure [70]. To extend
this analysis, we have examined the distribution of elec-
tronic charge density to visualize changes in chemical
bonds under pressure. By studying charge density and
projected densities of states (PDOS), we can observe
how pressure modifies orbital interactions and strength-
ens certain bonds. In particular, the redistribution of
charge density indicates an increase in hybridization
between the orbitals of In, Ge and F atoms, highlight-
ing a strengthened electronic interaction under pres-
sure. This result confirms that the simple reduction in
interatomic distance is not sufficient to explain bond
strengthening, but that a tuning of electronic interac-
tions and orbital coupling effects must be taken into
account, as mentioned in the literature [46, 71, 72].
Other studies show that pressure can induce impor-
tant structural and electronic transitions, transform-
ing semiconducting materials from a semiconducting
phase to one with metallic properties [45, 70, 73]. This
process, known as pressure-induced metallic transition,
reveals how external mechanical stresses can be used
to alter the electronic nature of a material and make it
more conductive. This opens up new prospects for the
development of adaptive electronic and optoelectronic
devices, where material properties can be dynamically
controlled by pressure.

3.4 Optical properties

Using the DFT method, we were able to study the
effect of pressure on the optical properties of the
material in detail, including examining changes in
the absorption spectrum. Under pressure, the crystal
structure is distorted, and thus the configuration of

the electronic bands changes. These changes directly
affect how the material interacts with light, chang-
ing the absorption energy and intensity at different
wavelengths. DFT allows us to track these changes
precisely and analyze how the electronic transitions
are affected by pressure. In short, this approach pro-
vides us with a deep understanding of the relation-
ship between applied pressure, electronic structure,
and optical properties. Using WIEN2k to calculate the
optical properties, the calculations were carried out
under the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) functional
to account for the exchange–correlation interactions.
These approximations are commonly used for the calcu-
lation of the electronic structure and optical properties,
ensuring a reasonable balance between computational
efficiency and accuracy.

According to the values of the band gaps of the ele-
ments studied in the ultraviolet and visible range, then
these materials seem suitable for optoelectronic applica-
tions. However, there is more interest in improving and
developing the performance of photovoltaic cells and
solar panels. Hydrostatic pressure effect is found as a
simple and effective way to modify the electronic struc-
tures to obtain the best optical properties. We stud-
ied InGeF3 materials under induced pressure ranging
from 0 to 9GPa, pressure modification is a very impor-
tant procedure to evaluate different optical properties,
such as absorption (a), optical conductivity, reflectiv-
ity (R), and refractive index (n), are parameters deter-
mined by the complex ε(ω) is a complex permittiv-
ity function that can be expressed as ε(ω) = ε1(ω) +
iε2(ω) [74], with ε1 and ε2 both can be calculated by
the Kramers–Kronig equations [75, 76].
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Fig. 4 TDOS of InGeF3 at a 0 GPa, b 3 GPa, c 6 GPa and d 9 GPa

ε1(ω) = 1 +
2
π

p

∫ ∞

0

ω′ε2(ω′)
dω′

ω′2 − ω2
, (11)

ε2(ω) =

(
4π2e2

ω2m2

)
∑
i, j

< i|M |j >2fi(1 − fj)δ(Ej, k − Ei, k − ω)d3k.

(12)

Based on the complex permittivity function, the
absorption coefficient α(ω), the reflectance R(ω), the
complex refractive index n(ω), the extinction coefficient
κ(ω) and the optical conductivity σ(ω) of the material
can be determined using expressions [77, 78]:

σ(ω) =
ω

4π
ε2(ω), (13)

α(ω) =
√

2ω

[√
ε21(ω) + ε22(ω) − ε1(ω)

] 1
2

, (14)

R(ω) =

∣∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣∣
2

, (15)

n(ω) =
1√
2

[√
ε21(ω) + ε22(ω) + ε1(ω)

] 1
2

. (16)

From Fig. 6a, it is clear that at 0 eV the spectra
of ε1(0) for crystalline InGeF3 have the estimated val-
ues of 4.40, 4.80, 5.10 and 5.30 at pressures 0, 3, 6
and 9 GPa. The variation of ε1(ω) with photon energy
explores a progression until reaching the value of 6.20,
6.90, 7.50 and 8.00 under pressures 0, 3, 6 and 9 GPa
respectively, corresponding to energy 2 eV, after this
energy, the coefficient experiences a sharp decrease of
value 4.50 at the different pressures studied 0 to 9GPa,
corresponding to energy 4 eV, indicating the presence of
a plasma resonance. After that, ε1 (ω) slowly decreases
and it approaches its minimum values in the energy
range of 4.5–12 eV.

Figure 6b shows the part of the imaginary calculus
ε2 (ω) in the photonic energy function, illustrating this
with the absorption of the light and the transitions
inside the bands, telling you what the transition of the
valence band is conduction band [79]. The first point of
analysis occurs at 0 eV under 0 GPa, where the opti-
mal transition direction corresponds to the maximum
of the VB) and the minimum of the CB. Due to the
reduction in the band gap, the fundamental absorp-
tion edge shifts to a higher energy region as pressure
increases. Notably, the extent of this shift correlates
with the magnitude of the band gap reduction. As pres-
sure rises, the imaginary part of the ε2(ω) exhibits three
prominent peaks at approximately 3.10, 6.80, and 6.50,
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Fig. 5 PDOS of InGeF3 at a 0 GPa, b 3 GPa, c 6 GPa and d 9GPa

Fig. 6 a Real part and b imaginary part corresponding to the energy under pressure 0 GPa, 3 GPa, 6 GPa and 9 GPa of
InGeF3
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Fig. 7 a Absorption coefficient and b Conductivity versus energy under pressure 0 GPa, 3 GPa, 6 GPa and 9 GPa GPa
of InGeF3

corresponding to photon energies of 2.50 eV, 4.50 eV,
and 6.40 eV, respectively. These peaks align with the
main absorption features observed in the absorption
spectrum. Specifically, the peak at 2.50 eV increases
in intensity with pressure, reaching values of 3.60, 4.00,
and 4.20 at pressures of 3 GPa, 6 GPa, and 9 GPa,
respectively.

The absorption coefficient α(ω) represents the rate of
attenuation of light intensity per unit distance traveled
in the material [80]. Figure 7a shows that the absorption
spectrum of InGeF3 is zero until energies reach values
of around 2.10, 2.00, 1.90 and 1.80 eV at pressures of 0
GPa, 3 GPa, 6 GPa and 9 GPa respectively. Thereafter,
the absorption coefficient increases progressively with
energy, reaching maximum peaks of 75.00, 79.00, 82.00
and 84.50 at the respective pressures, around an energy
of 5 eV. Notably, the value obtained under zero pres-
sure aligns with results from previous studies reported
in the literature [45, 73]. After reaching these peaks,
the spectra decrease before rising rapidly with increas-
ing energy to around 7.50 eV. Above this energy, the
spectra remain virtually stable. We also note that the
spectra are shifted toward the low-energy region as the
pressure increases, indicating that the pressure applied
to the InGeF3 crystal significantly enhances its absorp-
tion in the visible and ultraviolet regions.

The optical conductivity (σ) of InGeF3 under pres-
sure, as illustrated in Fig. 7b, demonstrates a behavior
similar to that of the absorption coefficient (α\). The
spectrum of σ shifts toward lower energy values under
pressure, accompanied by an increase in intensity as
pressure rises. This behavior can be attributed to the
generation of free charge carriers when the InGeF3 crys-
tal absorbs photons, thereby enhancing conductivity.
Under pressure, the energy of the band gap decreases,
facilitating the excitation of electrons and promot-
ing electronic conduction. The increased pressure also
intensifies orbital interactions and photon absorption,
further improving the optoelectronic properties of the
material. This enhanced conductivity and absorption

relationship highlight the critical influence of external
constraints, such as pressure, on tailoring the electronic
and optical characteristics of InGeF3. These findings
are consistent with results reported in the literature
[71], emphasizing the potential of pressure as a tool for
optimizing materials like InGeF3 for advanced techno-
logical applications involving electronic conduction and
energy transfer.

Figure 8a shows the reflectivity spectra of InGeF3

under different pressures. Reflectivity R(ω) represents
the electronic interaction between reflected and inci-
dent light energy at the surface of crystalline mate-
rials [81]. It can be used to analyze optical transi-
tions and the nature of a material’s surface in the
face of penetrating radiation. R(0) reflectivity values
for InGeF3 are estimated at 0.130, 0.140, 0.155 and
0.160 at pressures of 0 GPa, 3 GPa, 6 GPa and 9
GPa respectively. This increase could be explained by
structural and electronic modifications of the element
under the effect of successive compressions. Thereafter,
R(ω) increases progressively with photon energy until
it reaches around 2.5 eV. After this threshold, reflec-
tivity decreases rapidly to 4.0 eV. However, after this
decrease, R(w) shows a trend reversal, increasing again
with increasing photon energy. These variations proba-
bly reflect material-specific electronic transitions, influ-
enced by its absorption spectrum and intrinsic optical
properties.

Spectral refraction (n), on the other hand, evaluates
the transparency of the material with respect to radia-
tion. From Fig. 8b. It has been observed that between 0
and 2.5 eV, the value of n (0) important for the case of
9GPa compared to the value of 6GPa and more impor-
tant than 3 and 0 GPa which has the values 2.08, 2.18,
2.22, 2.27 and 2.33 for 0GPa 3GPa, 6GPa and 9GPa
respectively. Moreover, this continuous change increases
with increasing energy until reaching maximum values,
where the values for the higher pressure are always the
maximum values relative to the gradually lower pres-
sure, and these correspond to energy values of 2 eV,
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Fig. 8 a Reflectivity. b Reflective index corresponding to the energy under pressure 0 GPa, 3 GPa, 6 GPa and 9 GPa of
InGeF3

then n (ω) continues to decrease slowly up to the value
of 0.75 corresponding to 12 eV. Literature studies, such
as those on halide perovskites with similar optoelec-
tronic characteristics, have shown that these properties
strongly correlate with photovoltaic performance [82,
83].

4 Conclusion

The comprehensive analysis of InGeF3 perovskite
under various pressures reveals crucial insights into its
mechanical, electronic, and optical behaviors. The elas-
tic constants confirm the mechanical stability of the
material, with increasing pressure enhancing its ductil-
ity and hardness. The narrowing of the bandgap with
pressure indicates a gradual shift from semiconducting
to metallic behavior, a trend supported by the DOS
analysis and the band structure evolution. The impact
of pressure on the optical properties is profound as
the absorption and optical conductivity spectra shift
toward lower energy, indicating enhanced performance
in visible and ultraviolet regions. These improvements
make InGeF3 a promising material for photovoltaic and
optoelectronic applications under high-pressure condi-
tions. Future studies could explore other perovskite
materials under varying pressures to further optimize
their electronic and optical properties for energy-related
technologies.
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