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Investigating pressure-driven semiconductor-to-
metal transition in lead-free perovskites AlGeX3

(X = F, Cl, and Br): insights from first-principles
calculations†
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In the pursuit of commercializing electronic and optoelectronic devices, researchers have turned their

attention to non-toxic inorganic cubic metal halide perovskites. This study focuses on novel lead-free

compounds—specifically AlGeX3 (where X = F, Cl, and Br) and examines their structural, electronic,

optical, and mechanical properties under the application of hydrostatic pressure through density

functional theory (DFT). The mechanical stability of all compounds is rigorously assessed using Born

stability criteria and formation energy. The elastic investigations reveal that the materials have

anisotropy, ductility, and good Machinenabilty index depending on the halide type and applied pressure.

The pressure-dependent electronic band structures are calculated by GGA-PBE functional to

demonstrate the intriguing behavior of the compounds. Band structures are also calculated by HSE06

functional without pressure. Further, the substitution of the halide F with Cl/Br leads to an indirect to

direct band gap transformation. Additionally, increasing positive hydrostatic pressure results in a tunable

band gap with decreasing trends for all the compounds leading them to transit from semiconductor to

metallic state. This phenomenon is explained by the partial and total density of states (PDOS and TDOS).

The improvement of pressure-dependent optical properties in both visible and UV regions makes them

valuable contenders in the quest for efficient solar cells and other electronic and optoelectronic devices.

Introduction

The global demand for electrical energy has been rising dra-
matically over the past few decades as a result of contemporary
civilizations and industrialization. Industries rely on abundant,

stable, and affordable energy supplies to construct contempor-
ary civilization. However, a significant portion of the energy
used comes from nonrenewable resources like fossil fuels,
which are scarce and will eventually run out. Furthermore,
the burning of fossil fuels contributes significantly to global
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warming. Thus, it is essential to research different sustainable
and renewable energy sources such as solar energy, which is
unlimited and has the potential to alleviate the consequences
of global warming. Since photovoltaic cells can generate clean,
renewable electricity from light, they have been employed and
studied extensively in recent years.1–12 Thus, the search for an
efficient light-absorbing material capable of absorbing the
whole solar spectrum is important for fabricating high-
performance solar cells. Perovskites (ABX3) are promising
materials for the absorber layer because they are cheap, easy
to make, and have high power conversion efficiency (PCE).13,14

MAPbI3 perovskite solar cells have reached a record PCE of over
25%.15 However, they have some drawbacks, such as the
instability of the organic component under different environ-
mental conditions16,17 and the toxicity of the lead element
(Pb).18,19 These issues can be addressed by replacing the
organic cations with inorganic ones20 and the lead element
(Pb) with a non-toxic group 14 element, such as Sn or Ge.21,22

For example, lead-free germanium-based CsGeX3 (X is a
halogen) perovskite solar cells achieved a PCE of about
4.92%, which increased to 7.11% when tin was added
(CsSn0.5Ge0.5I3).23 Also, CsSnI3-based perovskite solar cells
reached a PCE of more than 10%.24 However, these PCE are
still lower than those of organic–inorganic halide perovskites
(MAPbI3). Therefore, researchers are looking for new lead-free
perovskite materials and ways to improve the absorbance of the
absorber layer in the whole solar spectrum. Many parameters of
the absorbing material, including bandgap, absorbance, carrier
mobility, charge carrier recombination rate, and exciton bind-
ing energy influence the PCE of photovoltaic cells. These
parameters can be adjusted or improved by applying pressure.
Therefore, to investigate improved lead-free nontoxic inorganic
perovskite-based absorber materials, it is necessary to study
their electrical, optical, and mechanical properties under
pressure.

Moreover, pressure-induced as well as strain-induced
changes can control the material’s band gap, improve light
absorption, minimize charge carrier recombination, and max-
imize charge separation.25–28 Furthermore, pressure is vital for
the exploration of the material’s electronic and optical char-
acteristics and structural integrity. To improve the solar energy
conversion efficiency of Ge-based perovskite materials applying
pressure could be a strategy. Mitro et al., Hasan et al., Sarker
et al., and Xiang et al. explored pressure-driven structural,
electronic, optical, and mechanical properties of RbGeX3 (X =
Cl, Br),29 GaGeX3 (X = Cl, Br, and I),30 NaGeX3 (X = F, Cl, Br, and
I),31 and CsGeX3 (X = I, Br, or Cl)32 accordingly, to enhance the
optoelectronic characteristics, and making them more suitable
for practical optoelectronic devices application such as solar
cells. Recently, Hasan et al. investigated different physical
properties of novel AlGeX3 (X = F, Cl, Br, and I)33 perovskites
using first-principles calculation and whether no previous
theoretical studies have been conducted on the pressure-
driven Ge-based AlGeX3 (X = F, Cl, and Br) halide perovskites.
So, based on an extensive literature review and leveraging our
current understanding, the scarcity of existing research has

driven us to investigate this uncharted area, aiming to over-
come existing limitations and harness the untapped potential
of these promising materials. Besides, Aluminum-based per-
ovskite minerals are abundant in the Earth’s crust and have
been used in a wide range of applications. These materials are
very resistant to corrosion and have the ideal properties of
being lightweight, flexible, and ductile. In the development of
functional materials with improved capacities, these attributes
are highly valued. After silicon, aluminum is the second most
common metallic element in the world that emphasizes its
significance, and material science may suggest its wide variety
of applications.

This study presents the pressure-induced structural, electro-
nic, mechanical, and optical characteristics of perovskite Ge-
halide materials AlGeX3 (X = F, Cl, and Br) by deliberately
altering the pressure circumstances using first-principles com-
putations. The key insights of this study are to investigate the
pressure-dependent structural stability of the compounds,
energy bandgap engineering, semiconductor–metal transition
state, state of optical properties, elastic properties, etc., and
hence to explore the compounds’ suitability for high-
performance solar cells.

Computational details

This research uses the CASTEP module of BIOVIA Materials
Studio software34 to perform DFT-based calculations.35 Here
the GGA-PBE functional36 to compute the electronic exchange–
correlation energy and the bandgap. The existence of the
Vanderbilt-type OTFG ultrasoft pseudopotential is assumed37

to handle the electron–ion interactions. The optimal crystal
structure is ensured by the BFGS method38 and the plane wave
cutoff energy and k-points are set at 500 eV and 6 � 6 � 6 to
obtain the optimal structure and the characteristics calcula-
tions. The Monkhorst–Pack scheme39 is conducted to sample
the k-points in the Brillouin zone and optical properties are
calculated at higher k-points. The elastic constants of our
models are determined using the stress–strain method40 under
standard conditions. CASTEP determines the elastic stiffness
constants (Cij) based on the finite strain theory. On the other
hand, the ELATE software is conducted to visually represent the
anisotropic contour plots in three dimensions, specifically for
the parameters of Shear modulus, Young’s modulus, and
Poisson’s ratio. The geometry of the unit cells and the point
of atomic relaxation optimization in CASTEP were set according
to these criteria: convergence of total energy, 5 � 10�6 eV per
atom; maximum displacements, 5 � 10�4 Å; maximum force,
0.01 eV per Å; and maximum stress, 0.02 GPa. We set the strain
magnitude at 0.003 to achieve the best results and use the same
thresholds for convergence.

Structural properties

Fig. 1 shows the supercell of cubic AlGeX3 crystal structure in
3D schematic form. Al and Ge are at certain Wyckoff
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coordinates in this structure: Al is at 1a (0,0,0), Ge is at 1b
(0.5,0.5,0.5), and X atoms are at 3c (0.5,0,0.5). This structure
belongs to the pm3m space group with number 221. Using the
GGA technique, structural characteristics such as the energy of
formation (DHf), the lattice constant (a), and the volume (V)
were calculated by performing a volume optimization proce-
dure to find the stable ground state unit cell. Furthermore, the
energy values as a function of volume were adjusted to the
Birch-Murnaghan equation.41 Using the given fit, we have
calculated the lattice parameters under different hydrostatic
pressures. The structural stability of those compounds such as
AlGeF3, AlGeCl3, and AlGeBr3 depends on the applied pressure.
The compounds become metallic for the positive hydrostatic
pressures (compressive) 15 GPa, 4 GPa, and 2.5 GPa, respec-
tively. The pressure-dependent lattice parameters, cell volumes,
and formation energies are listed in Table S1(a–c) (ESI†) where
the lattice parameters and cell volumes are found to decrease
with intensifying the positive pressure for all the compounds.
However, for a particular pressure, the lattice parameters as
well as cell volumes increase when the halogen size increases
(from F to Br) as seen in Table S1 (ESI†). The pressure-
dependent variations of the lattice parameters for all the
compounds are represented in Fig. 2.

To confirm the pressure-dependent structural stability, the
formation energy and elastic constants of AlGeX3 are estimated
and listed in Table S1 and S3(a), S4(a), and S5(a) (ESI†). The
mechanical stability of those compounds is verified by Born
stability criteria using the following relations,

C11 + 2C12 4 0, C44 4 0, C11 – C12 4 0

The estimated elastic constants satisfy the criteria, so the
compounds are mechanically stable. Further, the enthalpies of
the compounds are calculated by eqn (1)

DHf AlGeX3ð Þ ¼ Etot: AlGeX3ð Þ � Es Alð Þ � Es Geð Þ � 3Es Xð Þ½ �
N

(1)

here, Etot.(AlGeX3) represents AlGeX3’s total ground state
energy, and Es(Al), Es(Ge), and Es(X) are the energies of Al, Ge,

and X (=F, Cl, and Br), respectively, per unit cell. N is the total
number of atoms per unit cell.

The results are shown in Fig. 3 where the negative formation
energies (DHf) observed up to 15 GPa, 4 GPa, and 2.5 GPa for
AlGeF3, AlGeCl3, and AlGeBr3 respectively, under compressive
pressure. The formation energies of all compounds become
less negative with increasing pressure. Thus, the structural
stability of AlGeX3 compounds decreases gradually but they
still exhibit excellent stability and tunability in the applied
pressure range. The tunable structural and electrical properties
of those compounds allow one to realize materials with suitable
attributes for various applications. The pressure-dependent
bond lengths of those compounds are estimated and listed in
Table S2 (ESI†). The decrease of bond lengths with increasing
pressure is due to the shrinking of interatomic space. This
decreasing nature indicates a stronger bond between atoms
under pressure. To explore the application areas of those
compounds, their pressure-dependent electronic, optical, and
mechanical properties are further estimated and presented in
the following sections.

Electronic properties

Herein, GGA-PBE approximation is employed to predict the
pressure-induced electronic band dispersion profiles of AlGeX3.
The results are presented in Fig. S1–S3 (ESI†), respectively, for
the compounds AlGeF3, AlGeCl3, and AlGeBr3. The red dotted
lines (0 eV, EF) in Fig. S1–S3 (ESI†) denote the Fermi level.

Fig. 1 AlGeX3 (X = F, Cl, and Br) cubic metal halide perovskite structure.

Fig. 2 Compressive pressure-dependent lattice constant of AlGeX3 (X =
F, Cl, and Br).
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Fig. S1 (ESI†) elucidates that AlGeF3 shows a 1.115 eV indirect
energy gap at R–M critical points at ambient pressure. With the
replacement of F by the larger halogen (Cl and Br) the band gap
transformed from indirect to direct at the R point and the
energy gap reduced to 0.760 eV and 0.433 eV for AlGeCl3 and
AlGeBr3, respectively. AlGeF3 exhibits an indirect band gap and
the rest of the compounds expose a direct band gap for all the
applied pressure as seen in Fig. S1–S3 (ESI†). Fig. S1 (ESI†)
shows that the conduction band of AlGeF3 starts shifting
towards the Fermi level up to 10 Gpa pressure without changing
the valence band position, that’s why the energy gap reduces
with increasing pressure. This scenario changes, that is, the
valence band rises upward and crosses the Fermi level when 15
Gpa pressure is applied and the gap turns zero. The compounds
AlGeCl3 and AlGeBr3 show identical band-shifting characteris-
tics under compressive pressure except band gaps are direct
and they become zero up to the applied pressure of 4 Gpa and
2.5 Gpa, respectively. Thus, by controlling pressure, we can
tune the characteristics of compounds for specific applications
such as switchable electrical devices that can alternate between
metallic and semiconducting states, transistors, memory
devices as well as materials with high conductivity. All the
calculated band gaps of those compounds are tabulated in
Tables S1(a–c) (ESI†) and plotted in Fig. 4. Almost linear
trends with reduction of energy gaps are observed with inten-
sifying pressure for the compounds AlGeF3, AlGeCl3, and
AlGeBr3. Subsequently, semiconductor-to-metallic transition
occurs at 15 GPa, 4 GPa, and 2.5 GPa, respectively. Since PBE

underestimates the band gap, HSE06 functional is applied and
the calculated values are found to be 2.043 eV, 1.694 eV, and
1.382 eV, respectively, for AlGeF3, AlGeCl3, and AlGeBr3 without
pressure. A comparison of band dispersion profiles obtained
from HSE06 and PBE functionals is shown in Fig. 5.

To assess the contribution of the orbitals in band dispersion
profiles, the density of states (DOS) of AlGeX3 are also estimated
and illustrated in Fig. S4–S6 (ESI†), respectively, for AlGeF3,
AlGeCl3, and AlGeBr3 where the vertical line (black colored) at
0 eV designates the Fermi level. The total density of state (TDOS)
is critical to understanding the properties of a semiconducting
material. The TDOS of all the compounds show zero value near
the Fermi level confirming that these are semiconductors at
ambient pressure. It is evident from the partial density of states
(PDOS) which are illustrated in Fig. S4–S6 (ESI†), the valence
band maxima (VBM) are mainly derived from the orbital of F-2p
and Ge-4s for AlGeF3, Cl-3p for AlGeCl3, and Br-4p for AlGeBr3.
While forming the conduction band minima (CBM) are derived
from mainly Al-3p for AlGeF3, Al-3p & Ge-4p for AlGeCl3 and Ge-
4p for AlGeBr3 repectively. When compressive pressure is
applied, the Al-3p orbital peak in the CB shifts toward the
Fermi level for both AlGeF3 and AlGeCl3. But for AlGeBr3, the
Ge-4p orbital peak in the CB shifts toward the Fermi level up to
the pressure of 2.5 GPa. Therefore, the band gap becomes
narrower, and semiconductor-to-metallic transition occurs at
15 GPa, 4 GPa, and 2.5 GPa for AlGeF3, AlGeCl3, and AlGeBr3,
respectively. The pressure-dependent precise control over the
bandgap through mechanical pressure, paving the way for

Fig. 4 Pressure-dependent band gap energy of AlGeX3 (X = F, Cl, and Br).
Fig. 3 Pressure-dependent formation energy of AlGeX3 (X = F, Cl, and Br).

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
d’

oc
tu

br
e 

20
24

. D
ow

nl
oa

de
d 

on
 3

0/
1/

20
26

 2
3:

18
:0

9.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00611a


8974 |  Mater. Adv., 2024, 5, 8970–8985 © 2024 The Author(s). Published by the Royal Society of Chemistry

applications of the compounds in advanced electronic and
optoelectronic devices.

Optical properties

Compared to lead-based perovskites, lead-free metal
halide cubic perovskites provide intriguing characteristics
such as higher absorption, lower reflectance, and increased
conductivity.42 Assessment of pressure-dependent optical prop-
erties is essential for advancing material research in the direc-
tion of modern optoelectronic devices, especially solar cell
development.43 Here, we conducted a thorough investigation
of the dielectric constant, absorption coefficient, conductivity,
reflectivity, extinction coefficient, and refractive index of AlGeX3

(X = F, Cl, and Br) under pressure. It is crucial to assess the
dielectric function44 first to determine other optical properties.
The complex form of the dielectric function can be represented

by e(o) = e1(o) + ie2(o) where e1(o) is the real part and e2(o) is
the imaginary.45 The real and imaginary parts can be
expressed by

e1ðoÞ ¼ 1þ 2

p
P

ð1
0

o0e2ðo0Þ
o02� o2

do0 (2)

and

e2ðoÞ¼
4e2

m2

p2

o2

Xð
ijMjj½ �2fið1� fiÞ�d Ef �Ei�o

� �
d3k: (3)

where P represents the integral’s principal value. The mathe-
matical expressions of the optical properties like absorption
coefficient a(o), conductivity s(o), refractive index Z(o), and
reflectivity (R) are available in.44,46

Here we estimate pressure-dependent dielectric constants
and plotted their real, e1(o) and imaginary, e2(o) parts as a

Fig. 5 A comparison of electronic band structures calculated by GGA-PBE and HSE06 functionals (a) AlGeF3, (b) AlGeCl3, and (c) AlGeBr3.
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function of photon energy. Fig. 6(a) shows a comparison of
e1(o) estimated among the compounds without pressure as a
function of photon energy varied from 0 to 30 eV. At 0 GPa, the
value of the static dielectric constant e1(0) increases when F is
substituted by Cl and then to Br as seen in Fig. 6(a). The
frequency dependence of e1(o) shows a dominant peak for the
AlGeF3, which is further shifted to the lower energy side when F
is substituted by Cl and Br. The peak of e1(o) is resulted due to
the resonance between the electric displacement vector and
field vector. Afterward, e1(o) reduces rapidly owing to the
reduction of dipole moment resulting in a lack of synchronism
between the displacement vector and field vector. The com-
pounds exhibit negative e1(o) when the electric displacement
and field vectors point in opposite directions at frequencies
higher than the resonance frequency. The class of negative
dielectric materials possesses a negative refractive index and
has applications in optical devices. At higher frequencies, the
value of e1(o) is almost zero due to the displacement vector
which is unable to respond to the frequency of the field vector.
The interaction of light with matter depends on the electronic
polarization of the material.47 The charge carrier recombina-
tion rates are associated with the magnitude of e1(o) leading to
a considerable improvement in the performance of an optoe-
lectronic device. This implies that the compounds AlGeCl3 and
AlGeBr3 are more appropriate for optoelectronic devices oper-
ating in the IR-visible region than the compound AlGeF3.

A similar comparison is also shown in Fig. 6(b–d) for the
compounds AlGeF3, AlGeCl3 and AlGeBr3 under pressurized
conditions. The values of static dielectric constants e1(0)
increase with increasing pressure. However, the e1(o) spectra

show major peaks that shift towards the lower energy side with
increasing pressure and then they decrease rapidly and show
negative peaks at a particular energy. This may be due to
pressure-dependent orientational polarization that may cause
the polarization vector stronger and hence the dipole moment.
This in turn increases the value of e1(0) under pressurized
conditions. At higher energy, e1(o) becomes almost zero dis-
playing small fluctuations as a function of photon energy. It is
also found that the major peaks of e1(o) spectra become sharp
and shifted in the lower energy direction after the application
of pressure. The density of polarized atoms increases under
hydrostatic pressure due to the volumetric compression of the
compounds. This may result in sharp peaks due to pressure-
dependent orientational change of the displacement vector in
the reduced volume. Further, the resonance frequency of the
displacement vector gives a redshift with increasing pressure.
This demonstrates that the compounds could be more
suitable for optoelectronic devices such as solar cells, LEDs,
and photodetectors in the visible energy range under pressur-
ized conditions.

The imaginary part of the dielectric function, e2(o) is directly
connected to electron excitation. It signifies the loss of optical
energy that is absorption of optical energy in the matter.
Fig. 7(a) shows a comparison of the e2(o) obtained from the
compounds AlGeF3, AlGeCl3, and AlGeBr3 with the variation of
photon energy from 0 to 30 eV without pressure. The significant
peak of e2(o) is observed at the lower energy and it gives a
redshift when F is substituted by Cl and Br. Afterward, the
magnitude of e2(o) decreases with photon energy with
some arbitrary small peaks. The electric displacement vectors

Fig. 6 Comparison of the real part of the dielectric constant without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c) AlGeCl3, and
(d) AlGeBr3.
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oscillate with field vectors and resonance condition buildup at
different frequencies due to the inherent polarization of the
compounds. The pressure-dependent of e2(o) is represented as
a function of photon energy in Fig. 7(b–d). It is found in
Fig. 7(b) that e2(o) shows one strong peak at about 4.85 eV
and the second-highest peak at about 2.50 eV for the compound
AlGeF3 at 0 GPa. However, these peaks become very sharp and
significant with increasing pressure and they give redshift as
well. The causes of sharp peaks and their shifts are already
discussed. The influence of pressure is found to be insignif-
icant in e2(o) spectra for the compounds AlGeCl3 and AlGeBr3

with and without pressure as seen in Fig. 7(c and d). Overall,
semiconductor materials become more polarizable due to
higher dielectric constant (e1 & e2). When materials undergo
semiconductor-to-metal transitions at higher pressures, these
dielectric tend to drop due to metals having low dielectric
constants.

Optical absorption is an important factor, especially in
visible regions for selecting high-performance photovoltaic
materials. The absorption coefficient is a measure of how good
a material is to absorb light for a particular wavelength. It
depends on the loss of the photon in a material connected to
the imaginary part of the dielectric constant, e2(o). Fig. 8(a)
shows a comparison of the absorption coefficient of AlGeX3 (F,
Cl, and Br) at 0 GPa. Here, the absorption spectra give a redshift
when F is substituted via Cl and Br. A comparison of pressure-
dependent absorption spectra of AlGeX3 (X = F, Cl, and Br) is
shown in Fig. 8(b–d). Pressure-sensitive strong absorption
peaks with anomalous shifts are observed in Fig. 8(b) for the

compound AlGeF3. However, the influence of pressure in the
lower energy of absorption spectra is found to be redshifted
with higher intensity when F is replaced by Cl and Br as seen in
Fig. 8(c and d). Besides, each compound displays several larger
absorption peaks within the higher energy range under pres-
sure, which indicates that the compounds could be suitable as
UV sensors and detectors as well. To understand the absorption
characteristics in the visible region the extended view of spectra
is plotted as a function of wavelength in Fig. 9(a–d). The
absorption coefficient decreases with increasing wavelength
in the visible range and each compounds show the same
pattern. A significant increase in the absorption is observed
in the visible area for AlGeX3 under pressure in Fig. 9(b–d).
However, AlGeBr3 exhibits a higher absorption among the
compounds as seen in Fig. 9(a). The absorption in the visible
region is consistent with the energy band gap of AlGeX3 [Eg

(AlGeF3) 4 Eg (AlGeCl3) 4 Eg (AlGeBr3)]. That’s why these
materials show greater suitability in optoelectronic devices,
especially solar cells.

Photoconductivity, s(o) is an optical and electrical phenom-
enon in which a material becomes more electrically conductive
when it is exposed to light of sufficient energy. A comparison of
s(o) is shown in Fig. 10(a–d) estimated for the compounds
AlGeX3 (X = F, Cl, and Br) without pressure and with pressure.
The conductivity spectra follow the same pattern as the ima-
ginary part of the dielectric function e2(o). When F is substi-
tuted by Cl and Br the conductivity shifts towards the lower
energy side as seen in Fig. 10(a). The pressure-dependent of
s(o) is found to be a significant improvement for all

Fig. 7 Comparison of the imaginary part of the dielectric constant without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3,
(c) AlGeCl3, and (d) AlGeBr3.
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compounds, especially in the visible region. For the compound
AlGeF3, the applied pressure causes a shift of the conductivity
edge towards the low-energy zone, but the conductivity peaks

provide blueshift at higher energy levels. The extended view
of conductivity in the visible area is shown in Fig. 11(a–d)
with applied pressure. Without pressure, the compound

Fig. 9 Comparison of absorption coefficient in visible wavelength range without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3,
(c) AlGeCl3, and (d) AlGeBr3.

Fig. 8 Comparison of absorption coefficient without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c) AlGeCl3, and (d) AlGeBr3.
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AlGeBr3 shows the highest conductivity in the visible area as
shown in Fig. 11(a). However, the conductivity is found to
be more pressure-sensitive for the compound AlGeF3 than for

the compounds AlGeCl3 and AlGeBr3. So, these tuning con-
ductivity properties make a huge impact on optoelectronic
devices.

Fig. 10 Comparison of the real part of the conductivity without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c) AlGeCl3, and
(d) AlGeBr3.

Fig. 11 Comparison of conductivity in visible wavelength range without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c) AlGeCl3,
and (d) AlGeBr3.
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Reflectivity, R(o) is an important parameter that determines
how much light energy is reflected from a material surface. The
R(o) spectra of the compounds AlGeX3 (X = F, Cl, and Br) are
shown in Fig. 12(a–d) without and with pressure. The com-
pounds AlGeF3 and AlGeBr3 exhibit smaller reflectance over the
whole spectrum (IR, Visible, and UV) as seen in Fig. 12(a).
However, the compound AlGeCl3 shows a high reflectance peak
at around 17 eV (UV region) indicating its application as a UV
reflector. The pressure-dependent reflectivity is shown in
Fig. 12(b–d). We observed redshift and blueshift in the reflec-
tivity spectra at the low-energy and higher-energy regions under
pressurized conditions. However, the change in the reflectivity
value is found to be almost insignificant when pressure is
applied.

The refractive index, Z(o) explains the speed of light in a
medium. It depends on the real part of e1(o).48 When the
refractive index falls below unity, the traveling photon’s group
velocity exceeds the speed of light. This property is known as
superluminal. At 0 GPa, the variation of Z(o) follows the similar
trends of e1(o) as shown in Fig. 13(a). The static value of Z(o) is
found maximum for AlGeBr3 and minimum for AlGeF3, which
decreases with increasing energy. When the energy reaches the
UV region, the values of Z(o) go below unity. The values of Z(o)
increase with increasing pressure and follow similar trends of
e1(o) for all the compounds as shown in Fig. 13(b–d). At the
lower energy region, the Z(o) peaks give a redshift up to the
second peak with increasing pressure for AlGeF3 as seen in
Fig. 13(b). However opposite results (blueshift) are found in the
higher energy region, starting from the third peak. But for the
compounds AlGeCl3 and AlGeBr3, small changes of Z(o) are
observed with pressure in the lower energy region, and no

significant changes are observed in the higher energy region
shown in Fig. 13(c) and (d).

Mechanical properties

The response of a material to deformation induced by mechan-
ical stress is quantified by elastic constants (Cij). These basic
constants define the connection between stress and strain
across different crystallographic orientations and are critical
in determining a material’s mechanical characteristics. These
properties are crucial in determining the anisotropic nature,
mechanical stability, and bonding characteristics between adja-
cent atomic planes of a material.49 How a material responds to
deformation is greatly aided by the three independent elastic
constants in a cubic system: C11, C12, and C44. Elastic constants
are calculated using the formulations given in.50 C11 is the
rigidity of the material in the direction of the applied uniaxial
stress, C12 signifies how stresses are coupled, and C44 describes
the resistance to shear deformation of a material. Tables S3(a),
S4(a), and S5(a) (ESI†) listed pressure-dependent elastic con-
stants (Cij), Cauchy pressures (C12 � C44), and other mechanical
properties computed for the compounds AlGeF3, AlGeCl3, and
AlGeBr3, respectively. The estimated elastic constants satisfy
the Born stability criteria:51 C11 4 0; C44 4 0; C11 – C12 4 0,
and C11 + 2C12 4 0 even in pressurized conditions. The values
of C11 indicate that the compounds have greater resistance to
uniaxial compressions compared to shear deformation which
further increases under pressure. Also, the values of C12 and C44

exhibit higher resistance to pressure variations compared to C11

as seen in Tables S3(a), S4(a), and S5(a) (ESI†). Pressure-
dependent elastic constants are illustrated in Fig. 14, where
C11 increases linearly and C12 primarily decreases slightly up to

Fig. 12 Comparison of reflectivity without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c) AlGeCl3, and (d) AlGeBr3.
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2 GPa, then increases linearly with applied pressure for AlGeF3

and C44 shows non-linear characteristics throughout the pres-
sure. Almost linear variations are found for C11 and C44 in the

case of AlGeCl3 under pressure although C12 shows non-
linearity. Further, linear changes of C11, C12, and C44 are
observed for AlGeBr3 up to the entire range of applied pressure.

Fig. 14 Comparison of pressure-dependent elastic constants, C11, C12, and C44 of AlGeX3 (X= F, Cl, and Br).

Fig. 13 Comparison of refractive index without pressure (a) AlGeX3 (X = F, Cl, and Br) and with pressure (b) AlGeF3, (c), AlGeCl3, and (d) AlGeBr3.
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The observed behavior can be ascribed to the transverse strain’s
ability to alter the shape of an object instead of changing its
volume as a whole.

One of the most widely recognized factors used to assess the
ductile and brittle characteristics of materials is the Cauchy
pressure, expressed by the equation C12 � C44. The AlGeX3 (X=
F, Cl, Br) perovskites have positive Cauchy pressure without
pressure and it rises with increasing pressure as shown in
Tables S3(a), S4(a), and S5(a) (ESI†). This demonstrates ductile
character which further improved with increasing pressure.
The pressure-dependent Cauchy pressure varies almost linearly
for the compounds AlGeF3 and AlGeBr3 as seen in Fig. 16. But
the compound AlGeCl3 displays a rising trend up to 1 GPa then
a decreasing trend at 3 GPa, and finally it increases linearly
from 3 GPa to up to metallic. Among the compounds, AlGeF3

shows the superior ductility. Tables S3(a), S4(a), and S5(a)
(ESI†) present the calculated mechanical properties including
Young’s modulus (E), bulk modulus (B), shear modulus (G),
Pugh’s ratio (B/G), Poisson’s ratio (n), hardness (HV), and
Machinability index (mM) for AlGeX3 (X = F, Cl, Br). To find
the B and G, the Voigt–Reuss technique is used. The Voigt and
Reuss coefficients stand for the maximum and minimum
values of the effective modulus. The Voigt shear modulus (GV)
and Voigt bulk modulus (BV) are defined for cubic lattices and
are given52 by:

BV ¼
1

3
C11 þ 2C12ð Þ (4)

GV ¼
1

5
C11 � C12 þ 3C44ð Þ (5)

Furthermore, the Reuss shear modulus (GR) and the Reuss
bulk modulus (BR) are defined in terms of cubic lattices by the
following equations.

BR ¼ BV ¼
1

3
C11 þ 2C12ð Þ (6)

GR ¼
5C44 C11 � C12ð Þ

4C44 þ 3 C11 � C12ð Þ½ � (7)

The bulk (B) and shear (G) moduli are calculated from the
Voigt–Reuss–Hill approximation:53

B ¼ 1

2
BV þ BRð Þ (8)

G ¼ 1

2
GV þ GRð Þ (9)

In addition, Poisson’s ratio (u) and Young’s modulus (E) are
estimated50 by:

E ¼ 9BG

3Bþ G
(10)

u ¼ ð3B� 2GÞ
2ð3Bþ GÞ (11)

where B represents the fracture resistance, while G corresponds

to plastic deformation. AlGeF3 shows higher bulk (B) and shear
modulus (G) than AlGeCl3 and AlGeBr3. This implies that
AlGeF3 exhibits superior resistance to both fracture and plastic
deformation than AlGeCl3 and AlGeBr3. Fig. 15 shows the
plots of bulk, shear, and Young’s moduli as a function of
applied pressure. Under the applied pressure, B increases
linearly while G initially shows a decreasing trend after that
increases gradually for AlGeF3. However, both AlGeCl3 and
AlGeBr3 show increasing trend linearly under pressure. A
higher E indicates greater stiffness, that is, the material
requires more stress to induce a given amount of elastic
deformation. The E and G show a similar trend for all of the
compounds as seen in Fig. 15. With pressure and without
pressure, AlGeF3 shows higher E, that is, it has more stiffness
than AlGeCl3 and AlGeBr3.

Pugh’s ratio (B/G) is utilized to determine the ductile/brittle
characteristic of a material. In general, a higher Pugh ratio
greater than the critical value of 1.75 indicates better ductility,
while a ratio lower than 1.75 suggests increased brittleness.54

Since all the compounds exhibit a Pugh’s ratio greater than the
critical value at 0 GPa, they are ductile. The pressure-dependent
Pugh’s ratio of the compounds AlGeX3 (X = F, Cl, and Br) is
shown in Fig. 16. Initially, the Pugh’s ratio of the compounds
increases with increasing pressure. However, it decreases for
the compounds AlGeF3 and AlGeCl3 at the pressure of 6 GPa
and 3 GPa, respectively, afterward, an increasing trend is
observed. In contrast, a linear change in the Pugh’s ratio is
represented in Fig. 16 for the compound AlGeBr3 with increas-
ing pressure. Further, the compound AlGeF3 exhibits higher
ductility among the compounds. The stress-induced deforma-
tion of a material can be explained by Poisson’s ratio. Material
with a higher Poisson’s ratio exhibits ductile behavior which
signifies plastic deformation and energy absorption before
failure. Conversely, the lower ratio displays brittle behavior
with limited plasticity and a tendency for sudden failure.
Frantsevich and Pugh suggested a critical threshold of Pois-
son’s ratio equal to 0.26 to distinguish between ductile and
brittle characteristics.55 Under pressurized and non-
pressurized conditions the studied compounds exhibit higher
Poisson’s ratio indicating their ductile behavior, which was
earlier confirmed by Cauchy pressure. Fig. 16 illustrates the
pressure-dependent variations of Cauchy pressure, Pugh’s
ratio, and Poisson’s ratio for the compounds.

The pressure-dependent Hardness (Hv) of the compounds is
calculated using Tian’s model49

Hv,Tian = 0.92 K1.137G0.708 (12)

here, K = G/B. The results are illustrated in Fig. 17 as a function
of pressure. In the case of AlGeF3 and AlGeCl3, the Hv changes
with a decreasing-increasing pattern. But for the AlGeBr3, it
increases linearly with increasing pressure.

The machinability index (mM) indicates the material’s
lubrication and plasticity. The larger the value of mM, the greater
the lubrication effectiveness, decreased feed friction,
and enhanced plastic strain. The pressure-dependent mM is
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determined by the following expression:56

mM ¼
B

C44
(13)

The results are presented in Fig. 17 for the compounds
AlGeX3 (X = F, Cl, and Br). It is found that the mM increases
sharply with increasing pressure up to 2 GPa for AlGeF3, then it
decreases up to 6 GPa, and lastly increases up to metallic

Fig. 16 Comparison of pressure-dependent Cauchy pressure, Poisson’s ratio, and Pugh’s ratio of cubic AlGeX3 (X = F, Cl, and Br).

Fig. 15 Comparison of pressure-dependent Young modulus, shear modulus, and bulk modulus of AlGeX3 (X= F, Cl, and Br).
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pressure (14 GPa). However, for the compounds AlGeCl3 and
AlGeBr3, the mM increases almost linearly with increasing
pressure as seen in Fig. 17.

The anisotropic index is utilized to quantify the material
properties having directional dependence. The following
equation is used to calculate the three shear anisotropy factors
(A1, A2, and A3) for the {100}, {010}, and {001} planes57

A1 ¼ A2 ¼ A3 ¼
4C44

C11 þ C33 � 2C13
(14)

A similar expression for the Zener anisotropy factor (A) can
be calculated58 by

A ¼ 2C44

C11 � C12
(15)

The elastic anisotropy increases for the compounds AlGeX3

(where X represents F, Cl, Br) with increasing pressure as
evidenced in Tables S3(b), S4(b), and S5(b) (ESI†). To capture
this anisotropy more straightforwardly, a single anisotropy
index is preferred over multiple factors for various crystal
planes. Moreover, utilizing by Chung and Buessem’s empirical
formula determines shear (AG) and bulk (AB) to give the
anisotropy59 The calculated values of AB and AG demonstrate
that all the compounds exhibit anisotropy in both pressurized
and unpressurized conditions. The universal anisotropy factor
(AU) can be used for all types of crystal symmetries and its value
is zero for isotropic materials.60 The equivalent Zener aniso-
tropy (Aeq) is determined using the empirical formula which is
then used to obtain the proper anisotropy of AlGeX3 (X = F, Cl,
and Br).58 The estimated pressure-dependent elastic anisotro-
pies are listed in Tables S3(b), S4(b), and S5(c) (ESI†) for AlGeF3,

AlGeCl3, and AlGeBr3, respectively. 3D anisotropic contour
plots for E, G, and v are presented in Fig. S7–S9 (ESI†) to
illustrate the directional dependence of elastic properties in
AlGeX3 (X= F, Cl, Br) perovskites. The plots are generated at
pressures of 0 and 15 GPa for AlGeF3; 0 and 4 GPa for AlGeCl3;
and 0 and 2.5 GPa for AlGeBr3. The anisotropic character of the
perovskites is shown by the deviance that is revealed from the
spherical form in these contour plots.61 The anisotropies of
AlGeX3 (X = F, Cl, Br) halide perovskites increase dramatically
when pressure increases from 0 GPa up to metallic, indicating
that pressure has a considerable impact on their directional
elasticity.

Conclusion

Tuning material properties through hydrostatic pressures is a
fascinating avenue of research. This study presents pressure-
dependent structural, electronic, optical, and mechanical prop-
erties of lead-free AlGeX3 (X = F, Cl, and Br) perovskites. All
properties of our investigated compounds can be improved by
substituting a halide component at the X sites, which can be
further extended by applying hydrostatic pressure. The materi-
al’s lattice parameters decrease under pressure, leading to
more negative formation energies that confirm the thermody-
namic stabilities. Besides, these substances exhibit essential
mechanical properties like mechanical stability, anisotropy,
and ductility which can be improved further by halide substitu-
tion as well as applying pressure. Every compound exhibits
semiconducting properties and replacing halide (F to Cl, Br)
results in an indirect-to-direct band transition, suggesting their

Fig. 17 Comparison of pressure-dependent hardness and machinability index of AlGeX3 (X = F, Cl, and Br).
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applications in optical devices and solar cells. Furthermore,
positive hydrostatic pressure causes bandgap narrowing and
semiconductor-to-metallic transition. This study confirmed
that atoms in the Al-3s, F-2p, Cl-3p, Br-4p, and I-5p orbitals
mostly contribute to forming the valence bands, while Al-3p
and Ge-4p orbitals are mainly involved in the formation of
conduction bands. Moreover, these compounds exhibit greater
dielectric constant under relaxed conditions which are further
improved under pressurized conditions. By precisely tuning the
pressure, the absorption coefficient of these compounds can be
improved significantly not only in the visible zones but also in
the UV regions, demonstrating their application as solar cells,
UV sensors, and UV detectors. In addition, pressures affect
almost negligible change in the conductivity except AlGeF3. So,
AlGeX3 perovskites (where X = F, Cl, and Br) are promising
candidates for use in optoelectronic devices like solar cells,
photosensors, and LEDs with their tunable structural, electro-
nic, optical, and mechanical properties under pressure.
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