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Abstract

The increasing research of advanced materials with tremendous compositional and struc-
tural degrees of variation, identifying and discovering new materials for a specific applica-
tion is a challenging task. Here, we report for the first time the predicted structural, opto-
electronic, and mechanical properties of germanium based AGeF; (A=Ga and In) halides
Perovskites using the density functional theory computational approach. The tolerance fac-
tor “t” is computed for both the materials and is found to be 0.91 for InGeF; and 0.89 for
GaGeF; which indicates the structural stability of these perovskites crystal structures. The
optimized crystal structural parameters for both the compounds are found to be 4.476 A
for InGeF; and 4.422 A for GaGeF; by performing the fit using Birch-Murnaghan for the
unit cell energy verses unit cell volume. Using the optimized lattice constants all the basic
physical properties are computed. From the results of electronic properties it is determined
that both the compounds depict a semiconductor nature with having an indirect (R-M)
band gap of 1.48 eV for InGeF; and 0.98 eV for GaGeF;. To explore the potential of these
selected compounds the optical properties within the energy range of 0 eV up to 40 eV
incident photon are computed for the prospective optoelectronic applications. Moreover,
the mechanical properties for both the materials are computed using the IRelast package
and the values of cubic elastic parameters estimates that AGeF; (A=Ga and In) halides
Perovskites are mechanically stable, hard to scratch, ductile and anisotropic. We are fully
confident on the precision and accuracy of our reported results and reveals that the applica-
tions of germanium based AGeF; (A=Ga and In) halides Perovskites compounds can be
deemed in photovoltaic and in modern semiconducting industries.
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1 Introduction

The calcium titanate (CaTiO;) was regarded as the beginning of perovskite, and miner-
als with similar crystal structure as calcium titanate are referred to as perovskite mate-
rials. For perovskite materials ABX; is the standard chemical formula, where “A” and
“B” are metallic cations with “A” being larger than “B” and “X” being the anion, which
is commonly oxides or halogens group elements. For numerous optoelectronic and pho-
tonic device applications (Shuvo et al. 2022), Perovskite compounds have been iden-
tified as among the most potential and convenient low-cost energy materials (Korbel
et al. 2016; Nishimatsu et al. 2002; Khondoker et al. 2022). Perovskite materials pos-
sess an unusual physical features like high absorption coefficient, high dielectric con-
stant (Ahmed et al. 2021), long-range ambipolar charge transfer, ferroelectric properties
(Molla et al. 2022) and low exciton-binding energy etc. have sparked a lot of interest
in photovoltaic (Labrim xxxx; Erum and Igbal 2017) and optoelectronic applications
(Sohail et al. 2022; Seddik et al. 2012; Mitro et al. 2022a). Various types of perovs-
kite materials were researched extensively, including “AMO;” (chalcogenides perovs-
kite) also known as organo-metal halide and halide perovskite (ABX;) (Hossain 2022).
Besides that, the perovskite crystal seems to have an area for imprinting some physi-
cal properties with numerous applications (Haq et al. 2021), including giant magneto-
resistance (Kim et al. 2001) nearly zero temperature coefficient of resistivity (Chi et al.
2001), tunable laser (Manaa et al. 1993), laser source (Bloomstein et al. 1999), elec-
tron—phonon interactions (Lucas et al. 1995; Avram et al. 2005), crystal fields (Lahoz
et al. 1997), phase transition behavior, and some other physical properties like, anti-fer-
romagnetism (Vaitheeswaran et al. 2010), ferro-electricity (Berastegui et al. 2001) and
semi-conductivity (Daniels et al. 1983). Furthermore, fluoroperovskites compounds can
be utilized in the medical field to quantify dose during radiation therapy, and also in the
production of radiation imaging plates for gamma-rays, X-rays, and thermal neutrons for
medical and non-destructive testing (Donaldson et al. 2014). The mechanical and ther-
mal endurance of fluoroperovskites compounds are characterized by their wide energy
band gap and low hygroscopicity. Simulating the behavior of materials has become pos-
sible as computational power has increased (Wang et al. 2023; Liu et al. 2022; Wei
et al. 2022). This allows materials scientists to better understand behavior and mech-
anisms, develop novel materials, and explain previously unknown features (Wu et al.
2022; Fan et al. 2020; Li et al. 2022). Integrated computational materials engineering
efforts are currently concentrating on merging computational approaches with experi-
ments to substantially minimize the time and effort required to optimize material prop-
erties for a specific application (Santello et al. 2019; Zhang et al. 2022; Zhong et al.
2022a). This includes applying methods like density functional theory (Obot et al. 2015;
Zheng et al. 2022), molecular dynamics (Hansson et al. 2002; Chen et al. 2022), Monte
Carlo (Mooney 1997; Zhong et al. 2022b), dislocation dynamics, phase field, finite ele-
ment, and others to simulate materials at all length scales. For lead-free and long-term
power conversion efficiency of the PSCs (perovskite solar cells), the germanium-based
inorganic perovskites AGeF; (A =Ga and In) compounds have shown promise as substi-
tutes for tin-based perovskites (Jong et al. 2019; Alam et al. 2022; Mitro et al. 2022b).
We choose the Germanium based AGeF; (A =Ga and In) compounds belong to halides
Perovskites in which the base element is the germanium for the computation of different
physical properties using DFT within the WIEN2K code (Blaha et al. 2001). There is no
theoretical and experimental results reported yet for the selected fluoroperovskites and
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we intend to investigate computationally for the first the properties of these perovskites
which will provide a reference frame for the experimental scientists.

2 Computational research methodologies

In this research work, the investigations of structural, mechanical, and optoelectronic prop-
erties is done using the method of first-principle investigations by implying DFT approach
within the WIEN2K (Blaha et al. 2001) computational simulation package. The ground
state is characterized using the FP-LAPW (full-potential linearized-augmented plane wave)
(Blaha et al. 1990) approach which is applied in the WIEN2K program based on density
functional theory. It is a fundamental quantum mechanical framework for many-body prob-
lems that has proven to be among the most precise approaches for calculating physical
properties. The TB-mBJ (Tran—Blaha modified Becke—Johnson) (Camargo-Martinez and
Baquero 2012) exchange potential is utilized to explore the electronic, optical and thermo-
electric characteristics of the germanium based AGeF; (A =Ga and In) halides Perovskites
compounds. The valence and core electrons are respectively considered as semi and fully
relativistic. The compound’s unit cell is separated into two domains, the first of which is
the interstitial zone. To accomplish energy eigenvalue convergence, the plane wave is cre-
ated in this zone with a cutoff value of K,,,, = 8.0/Rmt. The K,,,.andRmt are the magni-
tudes of the largest K-vector and the smallest radius of non-overlapping atomic spheres
in the plane wave expansion. The Rmt are considered to be 2.50, 1.05 and 1.88 atomic
unit (a.u) for A=Ga and In, Ge and F atoms, respectively. The non-overlapping muffin-tin
spheres is another domain, where the spherical harmonics wave develops around /,,,, = 14,
and at G,,,, =20 [Ry]l/ ? the Fourier charge density expands. In the “IBZ” (irreducible
Brillouin zone) the self-consistency convergence occurred with 56 k-points with a K-mesh
of 12 X 12 X 12 grid. The convergence of charge and energy is thought to occur when both
are less than 0.19 x 103¢ and 0.19 x 103 Ry/atom. Using these computational approach we
intend to investigate some of the physical properties of selected germanium based AGeF;
(A=Ga and In) halides Perovskites compounds by providing a framework data on these
materials for the experimental scientist.

3 Results and discussion

The investigated results computed for selected germanium based AGeF; (A=Ga and In)
halides Perovskites compounds using the reported computational approach are deeply dis-
cussed in this portion.

3.1 Analysis of structural properties

The objective of the analysis of structural properties of the selected materials is to know
its structural stability and its formation. The Goldschmidt’s tolerance factor (Bartel et al.
2019) which indicates the stability and distortion of crystal structures is computed for both
the compounds by using the expression:
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Fig.1 The AGeF; (A=Ga and In) halides Perovskites crystalizes in cubic symmetry
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Fig.2 The optimized curve of AGeF; (A =Ga and In) halides Perovskites crystalizes in cubic symmetry

ry+rg
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whereas “r,” and “rg” and “ry” represents the ionic radii of A, B and X atoms respectively.

The measured values of “t” is found to be 0.91 for InGeF; and 0.89 for GaGeF;
which indicates the structural stability of these crystal structures. The germanium based
AGeF; (A=Ga and In) halides Perovskites crystalizes in cubic symmetry with atomic
positions for “A=Ga and In” is (0, 0, 0), “Ge” at (0.5, 0.5, 0.5) and for “F” is (0, 0.5,
0.5) or (0.5, 0, 0.5) or (0.5, 0.5, 0) as shown in the Fig. 1.

In order to find the structural optimized lattice parameters the Birch Murnaghan fit
curve of primitive unit cell energy verses the primitive unit cell volume is achieved. The
Fig. 2 depicts the optimized fitted curve which shows that the unit cell energy become
optimized when the corresponding unit cell volume increases. A point will reaches
where the energy and volume will be fixed.

The investigations of structural properties for the selected materials confirm that both
the materials are structurally stable and possess in a cubic crystal structure. The com-
puted optimized structural parameters are shown in Table 1.
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Table 1 The illustrations of

A Structural parameters InGeF; GaGeF;
optimized crystal structural ‘
paramete‘r‘s 1Bcludmg the lattice ayin A 4476 4.422
constant “a,”, tolerance factor
“t”, bulk modulus “B” in B 58.94 56.76
GPa, B/ (the derivative of bulk B/ 497 5.28
modulus) i_n GPa:’ground state E, ~16,564.32 _8685.92
energy E, in “Ry” and the ground
state volume “V},” in (a.n)’ 0 613.86 593.77

T 0.91 0.89

3.2 The analysis of electronic properties

In this section we focus on the analysis of electronic properties of germanium based AGeF;
(A=Ga and In) halides Perovskites by computing the electronic band structures and den-
sity of states (DOS). The term “band structure” refers to the electron states in crystalline
semiconductors that are described by a quantum mechanical theory. Herein, the intrinsic
gap of semiconductors is computed through the TB-mBJ approximation (Dufek et al. 1994;
Charifi et al. 2005; EI haj Hassan et al. 2004). Following that, the predicted band energies
are illustrated for various wave-vector “k” values located along high symmetry lines in the
first Brillouin zone. Figure 3 depicts the predicted energy band structures for the selected
compounds at the equilibrium geometry along the directions of higher symmetries in the
Brillouin zone. In order to allow each state to be identified by the associated value of k
in the first Brillouin zone, the regions of permitted energies are separated into bands in
ascending order. The Fermi energy level (Ep) is taken at O eV energy shown by dotted
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Fig.3 The investigated band structures of AGeF; (A =Ga and In) halides Perovskites
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horizontal line and the level is coincide with the valence band. The computed electronic
bands structure for the compounds of interest are semiconducting with the E, (energy band
gap) of 1.48 eV for InGeF; and for GaGeFj; the “E,” 1s 0.98 V. Both the materials possess
an indirect band gaps from (R-M) symmetry points which predict the applications of the
selected materials in semiconducting and optoelectronic devices.

The TDOS and PDOS (total and partial atomic densities of states) for germanium based
AGeF; (A=Ga and In) halides Perovskites are depicted in Fig. 4 to provide a better under-
standing of the electronic properties. The DOS is plotted at the energy range of —8-8 eV
and the vertically dotted line is the Fermi energy level (Ep) lies at the 0 eV. The portion
from— 8 to 0 eV shows the valence band (VB) while from 0 to 8 eV depict the conduction
band (CB). It can be clearly seen that the major states contribution in the valence band is
from the F-p state of an atom, while in the conduction band the contribution to the states
occurs from the In-p, Ge-p states. There exist a band gap which is fully consistent with the
electronic bands and this confirm the accuracy of our results. These contributions of dif-
ferent elemental states confirm that the materials possess a semiconducting nature and the
application can be deemed in many semiconducting industries.

3.3 The analysis of elastic properties

In this section we describe the investigated results of the elastic properties in detail for
germanium based AGeF; (A=Ga and In) halides Perovskites using the computational
computing code of IRelast (Jamal et al. 2018). The elastic constants are crucial in defin-
ing the mechanical properties of materials because they control how a crystal reacts to
outside forces. The measurements of these constants offer important knowledge about
the stiffness and stability of materials. For this reason, the energy as a function of lattice
strain with retained volume is used to compute the components of the stress tensor for
tiny strains, which allowed for the calculation of the elastic constants of the material of
interest at zero pressure. The cubic crystal lattice’s symmetry limits the number of distinct
elastic constants C;; to three i.e., Cyj, C}, and Cyy from the total of 21. Table 2 shows the
investigated cubic C; (elastic constants) for AGeF; (A=Ga and In) halides Perovskites.
There is some requirements for the mechanical stability of the cubic crystal which are
Ci1—Ci,>0,C;; >0, Cyy >0, C;;y —2C,5, > 0 (Wang et al. 1993) to be satisfied. Our
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Fig.4 The investigated TDOS and PDOS of AGeF; (A =Ga and In) halides Perovskites

@ Springer



Predicting structural, optoelectronic and mechanical... Page70f16 536

Table2 The computed

Elasti InGeF F
cubic elastic constants C;; astic parameters nGeF, GaGels
(Cy,, Cy, and C,y) in GPa,

Bulk modulus “B”, Young’s Cn 88.74 78.35
modulus “E” in GPa, Shear Cp 43.74 36.89
modulus “G” in GPa, anisotropy =~ Cyy 20.51 18.93
factor “A”, Poisson ratio “v”, the E 36.87 37.73
Pugh ratio (B/G), machinability

index p;, and Vickers hardness G 13.67 11.96
“H,” for germanium based A 3.43 4.68
AGeF; (A=Ga and In) halides v 0.92 0.78
Perovskites B 58.94 56.76

B/G 431 4.74

[T 2.87 2.99

H, 5.64 3.87

computed results of C;; for the selected germanium based AGeF; (A=Ga and In) halides
Perovskites satisfy the criteria and are considered to be elastically stable. Understanding a
material’s mechanical properties is important since they have a significant impact on the
manufacture, processing, and durability of the device.

If the strain is not too great as to defy Hook’s rule, elastic constants C,;, C;, and Cyy
can be used to measure the relationship between strain and stress in a crystal. When com-
puting the elastic constant, a crystal is subjected to a strain, the energy versus strain is
measured, and the elastic constant is calculated from the curvature of this function at zero
strain. A specific linear configuration of elastic constants corresponds to a given strain.
The ability to cause micro-cracks in materials is strongly correlated with the elastic ani-
sotropy of crystals, which has significant implications for engineering research. The elastic
anisotropy “A” of these AGeF; (A =Ga and In) halides Perovskites compounds is 3.43 for
InGeF; and 4.68 for GaGeF; and is investigated using the equation:

2,
T -0 @

A is equal to “1” for an entirely isotropic material, and any number other than “1”
denotes anisotropy. The magnitude of the variation from “1” serves as a gauge for the crys-
tal’s level of elastic anisotropy and the values of “A” confirm that both the materials are
anisotropic. The elastic moduli and Poisson ratio is the key parameters used to characterize
the mechanical stability of a material and is computed using the relations (Hill 1952; Voigt
1928).

9GB
~3B+G )
L _ 3B-2G y
23B+0C) @)
1
Gy = g(cll -Cp+ 3C44) )
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_ 5C4(C1 - Chy)
4Cy +3(Cy - Cpy)

(6)

R

Table 2 shows the computed values of elastic moduli and Poisson ratio for germanium
based AGeF; (A=Ga and In) halides Perovskites. The material’s deformation in a direc-
tion perpendicular to the direction of the applied force is measured by “v” (Poisson’s ratio).
The computed and reported values of “v” for InGeFj; is 0.92 and that for GaGeF; is 0.78
which depict that the deformation in these materials in the perpendicular direction of force
is very difficult. The Frantsevich rule (Frantsevich 1982) states that the material’s critical
value of “v” is 0.26. Poisson’s ratio must be smaller than 0.26 for brittle materials; oth-
erwise, the material will act ductile. To talk about a material’s ductile or brittle nature
depends on a variety of parameters. One of the remarkable parameter for differentiating
the ductile or brittle nature of a material is the Pugh ratio (B/G) (Pugh and “XCII. 1954).
According to Pugh, the threshold value for “B/G” ratio is 1.75. A material which possess
a value of Pugh ratio greater than 1.75 is considered to be more ductile and if the value
exist below this range, the material will be brittle. Herein for the selected AGeF; (A=Ga
and In) compounds, the computed Pugh ratio is observed to be 4.31 for InGeF; and 4.31
for GaGeF; which confirm the ductile nature of both the materials, as can be seen in the
Table 2. The property of a metal to be easily cut (machined) allows for the removal of
the material with a good finish at a reasonable price. Good machinability materials (free
machining materials) can be cut rapidly, readily achieve a good finish, and do not put a lot
of stress on the tooling. The “p,,” is the parameter of machinability index which describes
the cutting ability of a material and is measured employing the expression as;

Pm = b 7
M= —
Cut (7
The computed values of “p,;” for both the ternary AGeF; (A=Ga and In) halides Per-
ovskites are displayed in Table 2. The machinability index for InGeFj; is 2.87 and that for
GaGeF; is 2.99, which shows that such materials are appropriate for use in industrial appli-
cations due to improved greasing characters and reduced frictions. In the field of mechan-
ics, hardness is a crucial quantity that expresses how resistant a material is to corrosion.
Depending on the bulk and shear moduli, the following expression can be used to deter-
mine a material’s Vickers hardness.

0.585
H, = <G—3> -3 ®)

The values of “H,” computed for both the fluoroperovskites compounds are displayed
in Table 2, and the results predict that InGeF; is little harder than GaGeF;. Based on these
precise reported results of mechanical properties for AGeF; (A=Ga and In) compounds,
we deem its application in many modern sustainable electronic gadgets. Based on these
precise reported results of mechanical properties for AGeF; (A=Ga and In) compounds,
we deem its application in many modern sustainable electronic gadgets.

3.4 The analysis of an optical properties

To observe and predict the fundamental plus derived optical response of germa-
nium based fluoroperovskites AGeF; (A=Ga and In) compounds, the TB-mBJ
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exchange—correlation potential is employed and the description of estimated parameters
are reported in upcoming headlines.

3.4.1 The complex dielectric function

The complex dielectric constant e(w) delivers foundation for computation of all the
basic optical reactions and can be expressed as:

£(0) = £,(0) + igy(w) ©))

In the above Eq. (9), the e(w) is the complex function, €,(w) shows the real part of
&(w) and &,(w) represents the imaginary component of dielectric function. The real
“g,(w)” component of the complex “e(w)” dielectric function is described by the
famous Kramers—Kronig relation (Gorges et al. 1995).

w ! ’ '

2 62<w>da)

El(a))zl-f-;P/ﬁ (10)
0 w —w

The expression above defines €,(w) which shows the electric polarizability and
absorptive actions of the materials. The real component of “e(w)” for both AGeF;
(A=Ga and In) compounds is depicted in Fig. 5a while the Fig. 5b represents the
“g,(w)” (imaginary part) within the incident photon energy of 0-40 eV. The static
real part “€,(0)” of the dielectric function at 0 eV incident photon energy is same for
both the materials and is observed to be 4.5. The spectrum of both the compounds for
increases exponentially from the zero frequency limit and reaches to a maximum value
of 7.88 and 7.72 for GaGeF; and InGeF; respectively. Figure 5 also depict an imaginary
component “g,(w)” for both the GaGeF; and InGeF; compounds and it is very obvious
from the Fig. 5 that the threshold values for both the selected materials occurs at the
origin. Both compounds have a large peak at about 6—8 eV incident photon energies
caused by the transitions from CB states to occupied VB states. These peaks play a criti-
cal role in the overall internal response of AGeF; (A =Ga and In) and are caused by the
5p-states of A (A =Ga and In).

T T T T T ’ T T T T T T
— InGeF -Real€,(00) 7 + =— GaGeF,Imé,(0) 4
— GaGeF -Real€ (®) _| = InGeFImg ()
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Fig.5 The real “e,(w)” and imaginary “e,(w)” component of complex dielectric function of AGeF;
(A=Ga and In) compounds
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3.4.2 The optical conductivity

The following relation can be used to define the phenomena of electronic conductivity
caused by electromagnetic radiation in terms of optical conductivity:

5() 2w, hw
w) =
&z (11)

The optical conductivity plot, described in Fig. 6, can be used to analyze the conduc-
tion phenomena. It shows that the phenomenon of optical conduction starts at about
0.98 eV energy level and reaches its greatest position of 6382 Ohm™' cm™' at about
6 eV for GaGeF; and 6487 Ohm™' cm™ followed by a sharp drop in oscillations. The
graph of optical conductivity shows that the selected compounds possess high optical
response at low incident photon energy levels.

3.4.3 The absorption coefficient

This part computes the plot of the absorption coefficient. The following relationships
can be used to compute the absorption coefficient /().

drkw
A

I(w) = (12)

The Fig. 7 depict an absorption coefficient of both the materials within the incident
photon energies of 0 eV up to 40 eV and the analysis shows that the absorption starts
at 0.98 eV. The conductivity plot behavior and the trend of band gaps are both in good
agreement with the threshold point value. The strong absorption spectrum maxima is
observed at about 6-8 eV, and is found to be 135 cm™' for GaGeF; and 128 cm™! for
InGeF;. The absorption coefficient decreases as the incident photon energy increases
and reaches to zero at nearly 36 eV. This shows that both the materials are sensitive to
the incident light at low energy ranges. Therefore, it is evident from absorption spectra
that these compounds have a broad capacity for absorption in the nearly ultra-violet
region, particularly at 7 eV.

Fig.6 The optical conductivity
“6(w)” for indium based AGeF;
(A =Ga and In) fluoroperovskites
compounds

2
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Fig.7 The absorption coefficient 150 T T T T T T T
“I(w)” for indium based AGeF;
(A =Ga and In) fluoroperovskites
compounds
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3.4.4 The refractive index and extinction coefficient

The refractive index “n(w)” and extinction coefficient “k(w)” for indium based AGeF;
(A =Ga and In) fluoroperovskites compounds are investigated and analyzed here within the
incident photon energies range of 0—40 eV. One of the primary properties that distinguishes
an optical materials is its refractive index. The “#(w)” (refractive index) determines how
much light is twisted or refracted when it crosses the boundary between two media. When
building multi-element systems, optical designers must comprehend the refractive indices
of each element in order to precisely specify how light will behave across the whole optical
pathway. Optical designers select materials based on their capacity to bend light. The maxi-
mum refractive index for both the materials occurs at low 3—4 eV incident photon energies.
The refractive index knowledge is essential for many optoelectronic devices, including
solar cells, photonic crystals, and detectors. The computed value of extinction coefficient
“k(w)” is the proportion of a light beam’s maximum to minimum transmission as it travels
through an optical train using polarization. The spectrum of “k(w)” is depicted in Fig. 8.
It is concluded that the major peak of “k(w)” for both the compounds are observed at the
energy range of 6-8 eV.

25 T T T
3 T T T T r T T T T T
— GaGeF () 1 r — GaGeFyk(0)
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= 2
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Fig.8 The refractive index “#(w)” and extinction coefficient “k(e)” for indium based AGeF; (A=Ga and
In) fluoroperovskites compounds
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3.4.5 The energy loss function

The energy-loss function, which establishes the likelihood of an inelastic scattering event,
the energy-loss distribution, and the scattering angular distribution, is intimately related
to the electron inelastic interaction with a material. The energy-loss function shows how a
solid reacts to an external electromagnetic disturbance. Figure 9 represent the energy loss
function from 0 eV up to 40 eV and it is concluded that the dominant response to an elec-
tromagnetic disturbance for both the materials occurs at the incident photon of low energy
ranges. In summary, the germanium based AGeF; (A =Ga and In) fluoroperovskites com-
pounds possesses high absorption coefficient, optical conductivity, refractive index and
energy loss function at the low incident photon energies, which ensures that the selected
materials can be applicable in many modern optoelectronic industries for various devices.

4 Conclusions

The comprehensive investigations of structural, optoelectronic, and mechanical properties
of germanium based AGeF; (A =Ga and In) halides Perovskites is done using DFT com-
putational approach within the framework of WIEN2K. Based on the reported computation
of these properties, it is concluded that:

e The germanium based AGeF; (A=Ga and In) halides Perovskites possess in cubic
crystalline structure. The tolerance factor and other structural properties indicates the
structural stability and formation of both the materials.

e In electronic properties it is concluded that these compounds are narrow and an indi-
rect band gap semiconductors from (R-M) with a band gap of 1.48 eV for InGeF; and
0.98 eV for GaGeF;.

e The AGeF; (A=Ga and In) halides Perovskites are found to be mechanically stable,
anisotropic, ductile and hard to scratch.

e The investigations of optical properties shows that both the materials hold high absorp-
tion coefficient, optical conductivity, refractive index and energy loss function at the

Fig.9 The energy loss function 2 T T T T T T T
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low incident photon energies, which ensures the sensitivity of AGeF; (A=Ga and In)
halides Perovskites up to the band gap energies.
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