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Abstract. We study structural, electronic and optical properties of inorganic lead-
free halide perovskites RbGeX; (X = Cl, Br and I) under hydrostatic pressure, which
could facilitate development of new optoelectronic and solar-cell technologies. ab
initio first-principles calculations are employed based on the generalized gradient
approximation within the framework of density functional theory. We demonstrate
that the bandgap of our perovskites decreases with increasing pressure. At a given
pressure, the bandgap becomes narrower when the halogen atom is changed from Cl
to I. We also examine the density of states and demonstrate that the energy levels
near the Fermi level change significantly under pressure. The optical properties are
calculated using the density functional perturbation theory and the Kramers—Kronig
relation. The optical parameters such as the real and imaginary parts of the dielectric
function, the refractive index and the absorption coefficient are calculated under
different pressures.
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1. Introduction

Perovskite materials have recently emerged as a promising solution in energy conversion, particularly in
the field of solar cells [1]. These materials reveal excellent photoelectric properties [2]. They have been
found to be highly efficient in converting sunlight into electricity [3]. This efficiency has improved
significantly in the recent years, with the solar-cell efficiency rates increasing from 3.8% in 2009 to
25.2% in 2018 [4, 5]. Perovskites with a general formula ABXj; [6, 7] have attracted a considerable
interest due to their high stability and a tunable bandgap [8, 9]. Perovskites represent a class of materials
with a unique crystal structure which makes them highly versatile for electronic and energy applications
[10]. They have gained significant attention due to their excellent electronic properties, such as high
carrier mobility [11] and photoelectric [12] and thermoelectric capabilities, [13] which make them ideal
for such devices as solar cells, light-emitting diodes, [14] transistors [15] and photodetectors [16].

A hybrid organic-inorganic halide compound CH;NH;Pbl; is one of the most well-known
perovskites. It has shown an excellent performance in many photovoltaic applications due to its high
light absorption and carrier mobility [17]. However, it has been found that the organic component of
this perovskite can decompose under certain climatic conditions, thus leading to a release of harmful
compounds into atmosphere [18, 19]. Furthermore, its inorganic component, Pb, is highly toxic, which
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causes environmental and health concerns [20, 21]. As a result, the researchers in the field have been
working on developing lead-free alternatives of CH;NH;Pbl; that can maintain a high efficiency of
perovskites. Germanium (Ge) and tin (Sn) have emerged as promising substitutes of Pb due to their
similar oxidation states and properties. However, although they have a great potential, there are still
challenges to be overcome in order to ensure their suitability while maintaining high efficiency. The
researchers are also exploring some other possible alternatives to Pb, e.g. antimony (Sb), bismuth (Bi)
and manganese (Mn), which have already shown promising results in the initial studies [22-26]. These
elements have the electronic and optical properties similar to those of Pb, though they are less toxic and
more environmentally friendly.

RbGeX; perovskites, with X = Cl, Br and I, have attracted a considerable interest of researchers
due to their high stability and tunable bandgap. Several experimental and theoretical studies have
revealed that the bandgap of these perovskite materials can be tuned by changing the halide ion.
Therefore, studies of the electronic and optical properties of RbGeX; based on density functional theory
(DFT) would be of significant interest for developing new optoelectronic devices [27]. In 2017, Z.-L.
Yu et al. [28] have investigated the effect of strain engineering on the photovoltaic properties of y-
RbGeX; (X =CIl, Br and I) as a new class of halide perovskites with promising photovoltaic properties.
Their results have demonstrated that strained y-RbGeX; has a reduced bandgap and improved carrier-
transport properties, which can be attributed to a changed strain-induced effective mass of electron. The
authors have explained the underlying mechanism of this effect and suggested that their approach could
be used to tune the electronic and optical properties of some other perovskite materials for photovoltaic
applications. The authors have also highlighted potential advantages of strain engineering over the other
approaches such as doping and alloying, since the latter techniques can introduce defects and impurities
which could degrade the performance of a material.

The DFT calculations with a generalized gradient approximation (GGA) have been used to
determine the optimized atomic positions, the lattice parameters, the electronic band structure and the
density of states (DOS) of RbGeCl;. In 2019, F. Erdinc et al. [29] have found that RbGeCl; is an
indirect-bandgap semiconductor with the bandgap of 3.27 eV. This material is optically transparent with
a high enough refractive index. It has a high reflectivity in the visible and infrared ranges. RbGeCl;
represents a stiff material with a high elastic modulus, which makes it a potential candidate for the
applications that require the materials with high strength and stiffness. In 2019, U.-G. Jong et al. [30]
have performed the DFT calculations on Ge-based halide perovskites AGeX; (A=Cs, Rb; X=1, Br, Cl)
with the rhombohedral unit cell and the space group R3m. The authors have observed that the lattice
constants of these materials increase with increasing halogen-ion size, while the length of Ge—X bond
decreases, thus indicating stronger bonding between Ge and halogen atoms. The Ge-based halide
perovskites have been found to be thermodynamically stable, while their bandgap to decrease with
increasing halogen-ion size. The valence-band (VB) maximum is dominated by the p orbitals of
halogen atoms, while the conduction-band (CB) minimum is dominated by the s and p orbitals of Ge
atoms. The optical properties of Ge-based halide perovskites have also been investigated. Their
absorption coefficient and the refractive index have been found to increase with increasing halogen-ion
size, which testifies that the above materials become more optically dense. In 2019, M. Houari et al.
[31] have studied germanium iodide perovskites and their potential use in optoelectronic applications.
The authors have employed the DFT calculations to find out the electronic and optical properties of
three different AGel; perovskites (KGel;, RbGel; and CsGel;) at the ambient pressure. They have
found that all of these perovskites have a direct bandgap which decreases as the size of the A cation
increases. The absorption spectra of these perovskites extend into the visible range of electromagnetic
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spectrum, thus indicating their potential use in the solar-cell applications. The above authors have also
calculated the dielectric function, the refractive index and the reflectivity of each perovskite. They have
observed that these characteristics vary with varying size of the A cation. This promotes further studies
of the properties of RbGeX; and the ways to tune those properties.

It has been repeatedly demonstrated in a number of experimental and theoretical studies that the
band structure (and so the bandgap and some other properties) of perovskites can be tuned by varying
A, B and/or X components [32]. Nonetheless, the properties of perovskites can also be tuned by
applying external fields, e.g. a hydrostatic pressure. Understanding the structural, electronic, optical and
other properties of perovskites and the methods for tuning them are essential for developing new
optoelectronic devices. There can be significant improvement in the properties of inorganic—inorganic
and organic—inorganic perovskites subjected to a pressure. This can provide better results if compared
with the common chemical or physical modifications. In particular, satisfactory achievements in the
performance of metal halide perovskites subjected to high pressures have been observed, e.g. for the
structural, electronic and optical properties. Simultaneous bandgap narrowing and increase in the
lifetime of carriers have been detected for organic lead-halide perovskites MAPbI; (with MA denoting
[CH3;NH;]") and FAPbI; (with FA being formamidinium) under pressure [33-37]. A decrease in the
bandgap and an enhancement in the emission and metallization have been predicted by the experiments.
A high pressure improves the stability and the electrical conductivity of perovskite (CH;NH;Snl;) [38].
Similar effects of pressure have also been observed in all-inorganic halide perovskites.

In 2022, S. K. Mitro et al. [39] have investigated the effect of pressure on the optoelectronic
properties of lead-free halide perovskites RbGeX; (X = Cl and Br). The authors have utilized the DFT
with the GGA and ultrasoft pseudo-potentials, using a CASTEP computational code. A 12x12x12
k-point grid has been employed in their simulations. The RbGeCl; and RbGeBr; materials have been
subjected to the pressures ranging from 1 GPa to 10 GPa. At 6 GPa (for RbGeCl;) and 4 GPa (for
RbGeBr;), the bandgap reaches a zero value. Unfortunately, the wavelength dependence of the
absorption coefficient for these compounds has not been calculated in Ref. [39]. Application of the
hydrostatic pressure to CsSnCl; causes a significant increase in the ductility, the optical absorption and
the conductivity, as well as affects a semiconductor-to-metal transition [40]. So, semiconducting
perovskite CsYbF; becomes metallic at 15 GPa [41].

To the best of our knowledge, the experimental results on RbGeX; under the hydrostatic pressure
are still not available in the literature. In this work, we study theoretically the effect of hydrostatic
pressure on the structure and photo-electronic properties of cubic perovskites RbGeX; (X = Cl, Br and
I), using the ab initio calculations within the framework of the DFT. A 14x14x14 k-point grid is
employed in our calculations, which provides more accurate results. Finally, the band structure, the total
and partial densities of states (TDOS and PDOS), the imaginary and real components of the dielectric
function, the refractive index and the absorption coefficient are calculated at different pressures.

2. Computational method

The unit cell of cubic perovskites RbGeX; (X = Cl, Br and I) belongs to the space group Pm 3 m
(#221) and has five atoms that reside at the Wyckoff sites 1b (0.5 0.5 0.5) for Rb, 1a (0.0 0.0 0.0)
for Ge and 3d (0.0 0.0 0.5) for Xs.

In the present work, we utilize a plane-wave pseudopotential (PW-PP) technique within the
DFT, which is implemented the ABINIT package [42]. The GGA according to Perdew—Berg—
Erzenhof (GGA-PBE) [43] is taken as the exchange-correlation term in the Kohn—Sham equations.
In the framework of the PW-PP technique, the plane waves are, as usual, used as a basis set to
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expand the wave functions. The norm-conserving, separable and dual-space Gaussian-type
pseudopotentials by Goedecker, Teter and Hutter (GTH) [44] are considered to describe the
valence electron—ion interaction. The valence states in the GTH approach are 4s> 4p° 5s' for Rb,
4s* 4p” for Ge, 3s” 3p’ for Cl, 4s” 4p° for Br, and 5s° 5p° for I [45].

Preliminary, convergence calculations were done, which resulted in the converged value
816.3 eV as a plane-wave cut-off energy at the Monkhorst—Pack [46] k-point mesh 6x6x6. Then, a
structural geometry optimization of cubic RbGeX; (X =CIl, Br and I) was performed. The
appropriate converged value, together with the optimized lattice constants and the relaxed atomic
coordinates were used in all subsequent calculations. However, as the optical properties require a
denser k-mesh, we used the mesh 14x14x14 for their computation. The geometry was optimized
with the crystal subjected to different pressures. The band structures of RbGeX; (X = Cl, Br and I)
under different pressures were calculated along the symmetry lines I" (0.0 0.0 0.0)-X(0.5 0.0 0.0)—
M(0.5 0.5 0.0)-R(0.5 0.5 0.5). The fundamental energy bandgap and the gaps at the other high-
symmetry points were calculated. First, the band structures were calculated at the ambient
pressure, P =0. Then this was done for increasing pressure values, with the steps 1 GPa. Our
results revealed that the fundamental bandgap becomes zero at the pressures 5.7, 3.5 and 3.3 GPa
respectively for RbGeCl;, RbGeBr; and RbGel;. Therefore, we were restricted to these pressures
as upper limits. Then the TDOS and the PDOS were calculated at each pressure value.

Investigation of the optical properties requires the knowledge of frequency-dependent linear
optical dielectric function. Here the spectra of the real and imaginary parts of the dielectric
function and the other optical parameters were calculated with a density functional perturbation
theory (DFPT) [47] and a well-known Kramers—Kronig relation [48]. The relevant procedures rely
on computing the optical conductivity spectrum. The frequency-dependent optical conductivity
o(w) is as follows:

o(w)=0)(0)+io, (o). €))
The real part o1(®) of the optical conductivity can be obtained from a Kubo—Greenwood formula
[49]

2w 2
o1 (0) =" 2, F D] 8(6—¢;-w), 2)
where Q is the unit cell volume and
Fy =[F(e)~F(e)ll o, 3)

with F being the Fermi—Dirac distribution. Here

1
Dy =Y wilValy, )
o

|2
are the matrix elements of the velocity dipole, while y; and &; are respectively the wave functions
and the energy of the i Kohn—Sham orbital.

The imaginary part o»(w) of the optical conductivity follows directly from the Kramers—
Kronig relation:

2 T o(ve

Gz(a)):——CJ‘%dv, (5)
TN (v - )

where C is the principal value of the integral and v denotes the frequency. Then the real and

imaginary parts of the frequency-dependent dielectric function can be computed:
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gl(w)zl—%az(w), ©)

&2 ()= 4;”61 (). @)
Here the dielectric function

&(@) =& (0)+isy (@) ®)
is given by

g(a))=[n(a))+ik(a))]2, )

where n(w) and k(w) are the frequency-dependent refractive index and extinction coefficient,
respectively. From Eqgs. (11) and (12), one can obtain n(®):

n(o) :%‘/|s(a>)|+gl (). (10)

Then the absorption coefficient « (a)) can be derived using the relation

a(w)=n‘(t7;)0'1(a)). (11)

The real and imaginary parts of the dielectric function, the refractive index and the absorption
coefficient of RbGeX; (X = Cl, Br and I) were calculated for the incident photons with the
energies from 0.008 to 43.527 eV under different pressures.

3. Result and discussion

3.1. Structural properties

Fig. 1 shows the crystal structure of cubic perovskites RbGeX; (X=Cl, Br and I). Due to the
geometry optimization, one calculates the total energy of RbGeX; (X = Cl, Br and I) at different
lattice constants (and, hence, different cell volumes), the plots of which are displayed in Fig. 2.
The volume V¥, of the unit cell and the lattice constant @, = a corresponding to the minimum total
energy E, have been determined from this data. The a and E, values obtained for the three
compounds are listed in Table 1. They agree well with the theoretical results available in the
literature. However, no experimental values are still present.

Fig. 1. Ideal cubic structure of RbGeX; (X = CI, Brand I).

The variation of the total energy £ with the unit-cell volume 7 has been fitted with a third-
order Birch—-Murnaghan equation of state [50]:
3 , P2

2 2
E(V)=E0+9V10—63° (%)3—1 B(')+[%j3—l 6—4(%)3 , (12)
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where B, and B,' are respectively the bulk modulus and its pressure derivative, E, implies the total
energy and ¥, the unit-cell volume [Note that all the parameters are referred to P = 0]. The B, and
B, values for the three compounds have been calculated from the fittings presented in Table 1.
They agree well with the theoretical values available in the literature.

3 &) 3
Volume, A Volume, A Volume, A
140 145 150 155 160 165 170 175 180 185 200 205 210 215 220 225 230
-1862.65 -1702.28
> -1990.25 > -1862.66 > JResES
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-1990.27 (a) -1862.7 (b) -1702.34 (€)

Fig. 2. Total energy against unit-cell volume, as calculated for (a) RbGeCl;, (b) RbGeBr; and (c) RbGel; at P = 0.

Interestingly, our results show that the bulk modulus of RbGeCl; is larger than those of
RbGeBr; and RbGel;. Moreover, there is an inverse relationship between the bulk modulus and the
atomic number of halogen atom, where the bulk modulus increases with decreasing density of
perovskite. This trend could potentially be explained by the influence of halogen atom on bonding
between Rb, Ge and the halogen atoms in the crystal lattice, which affects the overall stability and
compressibility of the perovskite structure.

Table 1. Lattice constant @, bulk modulus B, pressure derivative B' of bulk modulus and total
energy E, calculated for RbGeX; (X =1, Br and Cl) at P = 0.

Compound  Data reference a, A B, GPa B’ E,, eV
Present work 5.286 26.892 3.953 —1990.266
RbGeCls Experlme':ntal n. a. n. a. n. a. n. a.
Theoretical 5.31[51] 26.15[51] 4.05 [51] n. a.
5.291 [39]
Present work 5.556 22912 4.562 —1862.689
RbGeBr Experlme.:ntal n. a. n. a. n. a. n. a.
Theoretical 5.57 [51] 22.48 [51] 4.14 [51] n. a.
5.563 [39]
Present work 5.956 18.181 4.504 —1702.339
RbGely Experimental n. a. n. a. n. a. n. a.
Theoretical 5.97 [31] 12.58 [52] n. a. n. a.

The plots shown in Fig. 3 display the pressure dependences of the unit-cell volume for our
compounds. They demonstrate clearly that increasing pressure decreases the unit-cell volume. In
this study, different pressures have been applied to each compound until its bandgap reaches zero.
Each perovskite had a unique pressure value at which this occurs. The lattice constants
corresponding to the unit-cell volumes shown in Fig.3 have been used in all subsequent
calculations of the electronic and optical properties.

The lengths of the bond between the halogen atom and the Rb and Ge atoms for our RbGeX;
(X =Cl, Br and I) compounds have also been calculated at different pressures ranging from P =0
to P = metallization pressure. The results are demonstrated in Fig. 4. One can see from Fig. 4 that
all the bond lengths decrease with increasing pressure.
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Fig. 3. Unit-cell volume versus hydrostatic pressure, as calculated for (a) RbGeCl;, (b) RbGeBr; and (c)
RbGels.
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Fig. 4. Lengths of bonds between the halogen atom and the Rb and Ge atoms, as calculated for RbGeX;
(X=CI, Br and 1) versus the hydrostatic pressure: the maximum pressures achieved correspond to
metallization).

The total volume deformation potential a,* due to hydrostatic pressure is given by the
formula [53]
total dEtot
a, = m 4 (13)
where dInV = AV/V. Here AV is the difference between the unit-cell volumes at P, and P,, while
denotes the average of the two volumes [54].

We have calculated the total volume deformation potential a,* due the pressure ranging
from 0.5 to 3 GPa and from 0 up to the metallization pressure Py, (see Table 2). Under the same
pressure (0.5 — 3 GPa), the response of RbGeCl; is stronger (i.e., the deformation potential is
less) than that of RbGeBr; and RbGel;. Moreover, a relatively high pressure is required to metalize
RbGeCl;, a lower pressure is required for RbGeBr; and still less pressure for RbGel;. These
different responses depend on how tightly the outermost halogen-p orbital (C1-3p, Br-4p or I-5p) is
bound to its atom. This will be discussed in a more detail in Section 3.3.

Table 2. Total volume deformation potentials calculated for RbGeX; (X = Cl, Br and I).

atatal eV
Compound Pretanizy GPa -
0.5 —> 3 GPa 0— Pmetalliz
RbGeCl; 5.7 -1.509 -2.200
RbGeBr; 35 -1.711 —-1.649
RbGel; 33 -2.102 -1.562
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3.2. Electronics properties

The band structure and the DOS are critical for understanding the electronic properties of a
material. Replacing any atom in ABX; causes a change in its band structure. Obviously, this is due
to different atomic numbers and, hence, different electronic configurations of the halogen atoms.
Of course, a difference in the band structures means different properties. Application of the
hydrostatic pressure also changes the band structure and, hence, the properties of a material.

By studying the band structures of RbGeX; (X = I, Br and Cl) under different pressures, one
can find the pressure-induced changes in their properties. As a consequence, one can employ the
pressure to tune these properties in different technological applications. The band structures of our
perovskite compounds at different pressures are displayed in Figs. 5-7. At all the pressures, our
compounds have a direct fundamental bandgap which is located at the symmetry point R.

2 7‘"»., 7\; f 2
= 0GP3
E’D"“_—"_f‘-"“ Ef 9°~--'————-—/—/-:‘——-- Ef Ef
: =T\ g '
w / w ,//

Fig. 7. Band structure of RbGel; under different pressures (see the legend).

The fundamental bandgaps EX® for RbGeCl;, RbGeBr; and RbGel; calculated with the
GGA-PBE approach at the ambient pressure P =0 are equal respectively to 0.921, 0.63 and
0.545 eV. These values are in good agreement with the literature results (see Table 3). The
bandgaps Y™, EX* and E"™' calculated respectively at the symmetry points M, X and I" are also
displayed in Table 3. Unfortunately, no results for a comparison are available for these points.
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Table 3. Energy bandgaps EX*, E¥™ E** and E'™" calculated for RbGeX; (X= I, Br and Cl)
under zero pressure.

Energy bandgap, eV

E&® RbGeCl; RbGeBr; RbGels
This work Other works This work  Other works This work  Other works
ER-R 0.9218 0.96 [51] 0.63176 0.67 [51] 0.54543 0.569 [31]
Er-T 5.84185 n. a. 491519 n. a. 4.13371 n. a.
EX-X 3.98334 n. a. 3.26877 n. a. 2.39767 n. a.
MM 2.46125 n. a. 1.99425 n. a. 1.55841 n. a.

As seen from Figs. 57, the replacement, at a given pressure, of the halogen atom Cl by Br and then
by I in RbGeX; changes the band structure and so the properties. Obviously, this is due to different
atomic numbers and electron configurations of the halogen atoms. Moreover, Figs. 5-7 reveal the
changes in the band structure of each of our compounds occurring with changing pressure.

By changing the halogen atom, one can control the band structure and the DOS. For example, this
enables tuning the bandgap value to meet specific technological requirements. These findings can have
significant implications in the design of optoelectronic devices such as solar cells and light-emitting
diodes, where the bandgap is a crucial parameter that determines the performance of a device.

It is worth reminding that the ranges of pressures applied to different RbGeX; (X = Cl, Br and
I) compounds are not the same. This is a consequence of the fact that the pressure at which the
bandgap value becomes zero is different for different compounds. The bandgap becomes zero at
5.7 GPa for RbGeCl;, at 3.5 GPa for RbGeBr; and at 3.3 GPa for RbGel;. Therefore, RbGeCls,
RbGeBr; and RbGel; have been subjected to the pressures respectively in the ranges 1.0-5.7,
1.0-3.5 and 1.0-3.3 GPa. In other words, we have demonstrated that cubic RbGeCl;, RbGeBr; and
RbGels; crystals are transformed from semiconductors into conductors at the pressures 5.7, 3.5 and
3.3 GPa, respectively. This phenomenon has a potential for various applications, including a
development of pressure sensors and manipulations of the electronic properties of materials.

The pressure changes taking place with the energy bandgaps EX*, EM™ E** and E'™" are
plotted in Fig. 8. It is evident that the pressure imposes notable changes in the bandgap values
referred to the high-symmetry k-points. The bandgap energy Eg'r at the point I' increases with

increasing pressure. The bandgap E;,('X at the X point almost does not change under the same
condition. This could indicate that the electronic structure of RbGeXj at the symmetry point X are
less sensitive to the pressure changes, if compared to that occurring at the I' point. The energy

bandgap at the M point, EMM - decreases slightly with increasing pressure. Finally, the

g
fundamental bandgap £ g'R experiences the most significant decrease with increasing pressure.
The energies of the transitions occurring across the main gaps are functions of pressure. The
pressure dependences of the calculated gaps E;'R , E;%'M , Egr-r and E?'X have been obtained
using the least-squares method. In the case of RbGeCls, they can be represented as follows:

ERR(P) = —0.161318P+ 0.902251 (R* = 0.9981), (14)
EMM(P) = —0.068181P+ 2.458905 (R* = 0.9997), (15)

)

EGfG (P
EXX(P) = —0.00374P* + 0.032494P+ 3.985241 (R* = 0.9929), (17)
(P

0.068871P + 5.854515 (R2 = 0.9961), (16)

EX*(P)= 0.010910P+ 4.002269 (R* = 0.7611), (18)

where E is in eV and T is in GPa. The same is true for other equations.
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Fig. 8. Pressure dependences of energy bandgaps E~ ", E , E and E calculated for (a)

RbGeCl; (b) RbGeBr; and (c) RbGels.

All the E(P) dependences are linear functions of the pressure P, except for the EX*(P) one
for which, according to the R? value, a quadratic equation represents a better fit. It is clear from
Eqgs. (14)—(17) that the pressure change in the EX™® parameter (—161.318 meV/GPa) is more
significant than those of the other parameters. On the other hand, the EX(P) dependence is the
weakest.

Considering a linear pressure dependence of the fundamental energy gap EX ™ for RbGeCls
(see Eq. (14)), one can obtain the metallization pressure 5.593 GPa. On the other hand, one can
also consider the more exact quadratic function:

ERR(P)= 0.0043704P? — 0.1865104P+ 0.92212574(R> = 0.9999). (19)

Then we have EXR®=0 at P=75.69902 GPa, which is much closer to the metallization
pressure 5.7 GPa predicted from the direct band-structure calculations (see Fig.4). Thus, one
concludes that, as far as the metallization pressure is concerned, Eq. (19) is a better approximation
for the EX ®(P) function of RbGeCls.

For RbGeBr; and RbGels, we consider only the functions EX®(P). They can be described
respectively as
EXR(P)= -0.178343P+ 0.620681(R> = 0.9985) (20)
and

ERR(P)= ~0.1662701P+ 0.531715(R*> = 0.9961). 1)

From Egs. (20) and (21), one can derive the metallization pressures for RbGeBr; and RbGels,
which are equal respectively to 3.4803 and 3.1979 GPa.

3.3. Density of states

The focus of the current study is the electronic properties under different pressures, a task for
which the knowledge of the TDOS and the PDOS is essential. We have calculated the TDOS and
PDOS functions for the cubic crystals RbGeX; (X = Cl, Br and I) at different pressures. Figs. 9-11
display these dependences for three different pressures only. They provide a comprehensive
picture of the changes occurring in the number of electron states with increasing pressure and offer
a valuable insight into the behaviour of our materials under compression.

For all of our RbGeXj; (X = Cl, Br and I) perovskites, the PDOS demonstrate that the lower-
energy (< =5 eV) region of the VB arises notably from the contributions of Rb-4p, Ge-4s and
halogen-atom s-orbitals and involves a small contribution from Ge-4p orbital. The higher-energy
VB region (> -5 eV) arises mainly from the large contributions of Ge-4p, Ge-4s and halogen-atom
p-orbitals. Here the contribution of the halogen p-orbital is the largest. At the same time, the Rb-4d
and Ge-3d orbitals contribute insignificantly. The same trend takes place at all the pressures. The
s, p and d orbitals of both Rb and Ge mainly form the CB, with the Rb-4d orbitals having a greater
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role. The contributions of the p and d orbitals of the halogen atom are much less, while the ones
related to the s orbital are almost insignificant. The higher-energy region of the CB arises mostly
from the Rb-4d orbital, while its lower-energy region is formed by the Ge-4p orbital. The PDOS
curves for the three halogen atoms Cl, Br and I are close to each other, so that their replacements
have no essential effect. However, the TDOS in the high-energy VB region (~ -2 eV) is larger at
2 GPa, especially for RbGeBr;. Clearly, the pressure makes the VB and the CB closer to each
other and so enhances the electron transitions into the CB, thereby improving the conductivity.

Our calculations of the PDOS reveal that the edge of the VB for RbGeCl;, RbGeBr; and
RbGel; mainly arises from the 3p-orbitals of Cl, the 4p-orbital of Br and the 5p-orbital of I,
respectively. The edge of the CB for these compounds is mainly due to the 4p-orbital of Ge (see
Figs. 9—-11). This implies that the R—-R energy gap arises from the difference between the
4p-orbital of Ge atom and the p-orbital of halogen atom (Cl-3p, Br-4p and I-5p). Thus, the first
transition occurring from the VB into the CB is the transition from the halogen-p orbital to the
Ge-4p orbital. Figs. 9-11 also reveal that, as the pressure increases, the 4p-orbital of Ge is pulled
down and the p-orbital of the halogen atom (CI-3p, Br-4p and I-5p) is pulled up on the energy
scale. This reduces the R—R gap till the orbitals mentioned above overlap at a certain pressure (i.e.,
the metallization pressure). In other words, it is the effect of pressure on the Ge-4p and halogen-p
orbitals that causes the metallization effect.

The effect of pressure on the R—R energy gap of our compounds obviously depends on how
tightly the uppermost halogen-p orbital (CI-3p, Br-4p and I-5p) is bound to its atom. The 3p-orbital
of Cl is tighter (i.e., it has a lower orbital energy) than the 4p-orbital of Br which, in its turn, is tighter
than the 5p-orbital of 1. Hence, the response of the 3p-orbital of Cl to the pressure is stronger than
that of the 4p-orbital of Br which, in its turn, is stronger than that of the 5p-orbital of I. Consequently,
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RbGeCl; has to be metalized at a higher pressure when compared to RbGeBr; and RbGel;, and
RbGeBrj; at a higher pressure when compared to RbGel;. This is confirmed by our results: we remind
again that the metallization pressures for RbGeCl;, RbGeBr; and RbGel; amount respectively to 5.7,
3.5 and 3.3 GPa.

To illustrate better the effect of pressure, in Fig. 12 we plot together the TDOS curves for
RbGeX; (X =CIl, Br and I) under different pressures. It is evident that the effect of pressure is
significant. Moreover, the TDOS curves shift towards higher energies and the upper VB shift is
greater than that of the CB. Thus, the fundamental bandgap decreases with increasing pressure,
reaching eventually a zero value.
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Fig. 12. TDOS curves calculated for (a) RbGeCls, (b) RbGeBr; and (c) RbGels under different pressures. Red
solid line indicates the Fermi level.

3.4. Optical properties

We have calculated the imaginary parts ¢, (w) of the dielectric function for RbGeX; (X =Cl, Br
and I) as functions of the photon energy under different pressures. They are displayed in Fig. 13.
Here the panels (a) and (b) show the imaginary parts of the dielectric functions for three different

pressures, while the panel (c) refers to five pressure values. The effect of pressure on the &, (®)

spectra of our compounds is in accordance with its effect on the fundamental energy bandgap. In
particular, we have &, =0 for the photon energies less than the gap width. For instance, the

spectra at the zero pressure start at approximately 0.9, 0.6 and 0.5 eV respectively for RbGeCls,
RbGeBr; and RbGel; (see the 4 values gathered in Table 3). When the pressure increases, the
&, spectra exhibit a shift towards lower photon energies, as a response to the bandgap decrease

occurring with increasing pressure.
There are four distinct peaks in the &, spectra calculated for RbGeCl; (see Fig. 13a). The

peak (1) is close to 2 eV. Consulting with the PDOS data (see Fig.9), one can notice that it
corresponds to the 4s-Ge- and 4p-Ge-orbital energies. This is why the peak (1) arises from the
electron transitions occurring from the 4s orbital of Ge to the 4p orbital of Ge. The peak (2) comes
from the jumps of electrons from the 3p orbital of Cl to the 4d orbital of Rb. The relevant peak
position is 9 eV, which corresponds to the energy of 3p-Cl and Rb-4d orbitals (see Fig. 9). The
peak (3) originates from the electrons that leave the 4p orbital of Rb in the VB and move to the 4p
orbital of Ge. This peak is located close to the photon energy 12 eV. Finally, the peak (4) appears
due to the electron transitions occurring from the 4p orbital of Rb and the 3p orbital of Cl to the 4d
level of Rb and the 4p level of Ge. The same is valid for RbGeBr; and RbGels.

A novel observation made in our work is an inverse relationship between the bandgap and the
imaginary part of the dielectric function &, (w), which holds true for our compounds. Clearly, an

increase in the pressure applied to our perovskites leads to decrease in their bandgap. In its turn,
this results in increasing imaginary part of the dielectric function, as depicted in Fig. 13. The
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imaginary part of the dielectric function is closely related to the band structure of a material and
provides a detailed explanation of its absorption properties. The maximums of the imaginary part
of the dielectric function vary with pressure: they increase notably in the infrared and visible
ranges with increasing pressure. Beyond the visible range, the imaginary part of the dielectric
function decreases. At high enough photon energies (> 20 eV), the imaginary part of the dielectric
function for cubic perovskites RbGeX; (X = Cl, Br and I) becomes almost zero at all the pressures
under test.

—— 0GPa 2GPa ———3.5GPa

1GPa 2GPa 3GPa 3.3GPa
(c)
e F’\‘ =
0 3 6 9 12 15 18 21

Energy, eV

Fig. 13. Spectra of imaginary parts of the dielectric functions calculated for (a) RbGeCl;, (b) RbGeBr; and (c)
RbGel; under different pressures (see the legend).

Fig. 14 shows the spectra of the real part ¢ (w) of the dielectric function for our
compounds, which are plotted against the photon energy at different pressures. At the ambient
pressure, the zero-frequency limit increases as the halogen changes from Cl to I. The maximum
& (o) values occur at around 2 eV for RbGeCl; and RbGeBr; and at around 1 eV for RbGel;. The
&(w) values become close to zero at the photon energies 11.2, 10.2 and 8.3 eV respectively for
RbGeCl;, RbGeBr; and RbGel;. Beyond these energy regions, & (@) becomes negative, thus

resulting in a higher reflectivity. Finally, the real parts of the dielectric functions for our
compounds approach a unit value above 20 eV, which causes the materials to become transparent
for the high-energy radiation [41].

The static dielectric constant & (0) (see Table 4) and its dependence on the pressure and the

energy bandgap in RbGeX; (X = Cl, Br and I) represents a novel research area which can provide
an insight into the electronic and optical properties of these materials. The facts that the static
dielectric constant increases with increasing pressure and is inversely related to the bandgap are a
unique characteristic of our perovskites, which has been rarely observed in the other materials. The
shift of the & (0) maximums towards lower photon energies with increasing pressure is also a

noteworthy observation. This shift points to a change occurring in the electronic and optical
properties of our materials with changing pressure, which can be a finding important for the
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development of pressure-dependent optoelectronic devices. We emphasize that a smaller bandgap
of RbGel;, if compared with the other two perovskites, and the fact that the real part of its
dielectric constant becomes zero ‘sooner’ than those of RbGeCl; and RbGeBr; are unique
characteristics of the RbGel; material which has not yet been reported in the literature.

Table 4. Static dielectric constant, refractive index, maximal real part of the dielectric function and
maximal refractive index of RbGeCl;, RbGeBr; and RbGels, as calculated at the ambient pressure.
The frequencies v of incident photons corresponding to the maximums are also given.

Compound £(0) n(0) Eimax (©) Vv, 10"Hz  nyel®) v, 10" Hz
RbGeCl;  4.999528 2235962  6.663053 4.11 2.647554 4.60
RbGeBr; 6260382  2.502075  8.468158 3.41 2.946714 3.43
RbGel; 7718804  2.778274  10.64287 2.96 3.291855 2.98
16
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Fig. 14. Spectra of real parts of the dielectric functions calculated for RoGeX; (X = Cl, Br and I) under different
pressures (see the legend).

The behaviour of the refractive-index spectra is similar to that observed for the real part of the
dielectric constant. Fig. 15 shows the dependences of the refractive index n(w) of RbGeX; (X =Cl,
Br and I) on the photon energy. The refractive index increases if we pass from Cl to I (see Table 4).
Moreover, Fig. 15 demonstrates that the refractive index increases with increasing pressure.

At 0 GPa, the zero limit of frequency refractive indices n(0) of RbGel;, RbGeBr; and RbGeCly
are equal respectively to 2.7, 2.5 and 2.2. Fig. 15 demonstrates that the refractive indices of RbGeCl,,
RbGeBr; and RbGel; increase with increasing energy of incident photons. At the ambient pressure,
they acquire their maximums at 1.90, 1.42 and 1.23 eV respectively for RbGeCl;, RbGeBr; and
RbGel; (see Table 4). They decrease gradually to unity around the energies 11.4, 10.6 and 9.0 eV and
then go below unity at still higher photon energies. Note that the significance of the refractive index
at the zero frequency is little since it is the same as the refractive index observed at very low
frequencies. There is no sudden change in the refractive index just because the frequency becomes
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zero. Indeed, the refractive index is defined as a factor by which an electromagnetic wave slows
down if compared to the light speed ¢ in a vacuum. This enables the calculation of the velocity v of
an electromagnetic wave according to the formula v =c¢/n . The only possibility for the » value to
become less than unity is when the phase velocity v in a material medium exceeds the light speed c.
This would not violate the special relativity theory since the wave does not penetrate into the material
and so carries no energy or information. In other words, a phase velocity exceeding ¢ does not mean
the propagation of signals with the velocities above ¢ [55].
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IFig. 1d5) Refractive-index spectra calculated for RbGeX; (X = Cl, Br and I) under different pressures (see the
egend).

The absorption provides distinctive information about the ability of a material to convert
solar energy and becomes important in such practical fields as solar-cell production or
electromagnetic cells devices. The absorption spectra of RbGeX; (X = Cl, Br and I) plotted versus
the photon energy at different pressures are shown in Fig. 16. Note that the absorption edges for
RbGel;, RbGeBr; and RbGeCl; start respectively at 0.5, 0.6 and 0.9 eV. The absorption
coefficients obtained for our perovskites conform well to the bandgap values calculated from the
electronic band structure. This observation confirms the reliability of our results. The same is also
true for the imaginary part of the dielectric constant. According to Fig. 16, the highest peaks
observed for RbGel;, RbGeBr; and RbGeCl; are equal respectively to 1.64x10% 1.73x10% and
1.96x10° m™". They are located at the photon energies 8.922, 19.10 and 19.388 eV, respectively.
These peaks correspond to the highest absorption of light energy. It is clear that the peaks change
notably when we pass from Cl to I. In addition to the role of halogen atoms in the changes
observed in the peak positions and magnitudes, the pressure also affects these peaks.

Fig. 16 testifies that our perovskites have a high absorption. This behaviour makes these
materials useful for the solar-energy technologies. In addition, we have found that the pressure
changes significantly the absorbance of our perovskites, which is accompanied with only slight
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changes in their energy levels. This evidences that the pressure can control efficiently the
absorption of our materials. Therefore, the hydrostatic pressure can be considered as an important
factor which makes the perovskites under study useful for different applications.
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Fig. 16. Left panels: dependences of absorption coefficients for (a) RbGeCls, (b) RbGeBr; and (c) RbGel; on the
photon energy. Right panels: dependences of absorption coefficients for (d) RbGeCls;, (e) RbGeBr; and (f)
RbGel; on the light wavelength. The pressures are indicated in the legend.

For further understanding of the optical properties of our perovskites, we plot the wavelength
dependences of the absorption coefficients for RbGeX; in right-hand panels of Fig. 16. It is clear
that RbGeCl; has a maximal-absorption peak in the visible range (from around 600 to 700 nm).
RbGeBr; and RbGel; have the appropriate peaks in the region 100-200 nm, which corresponds to
invisible light. One can also note from Fig. 16 that the absorption of RbGeX; (X = Br, Cl and I)
increases with increasing pressure.

4. Conclusions

The structural, electronic and optical properties of inorganic lead-free halide perovskites RbGeX;
(X=Cl, Br and I) have been theoretically studied under hydrostatic pressure, using the PBE
approach with the GGA exchange-correlation energy in the framework of the DFT. Our studies
reveal that all the three perovskite compounds have a direct bandgap at the high-symmetry k-point
R and the bandgap decreases with increasing pressure.

The optical properties of RbGeX; have been calculated using the DFPT approach and the
Kramers—Kronig relation. The refractive index and the absorption coefficient of our compounds
increase and get shifted towards higher photon energies when the pressure increases. Similar
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changes are also observed if we change the halogen atom from CI to I, except for that the
appropriate shift is towards lower photon energies. At the ambient pressure, RbGeCl;, RbGeBr;
and RbGel; acquire a metallic response to photons respectively in the energy regions 11.2—12.5,
10.2-12.0 and 8.3-12.2 eV. The above regions become shifted towards higher photon energies
with increasing pressure. A similar metallic behaviour is observed at some photon energies located
around 16 and 19.5 eV.

The zero-frequency limit of the refractive index increases with increasing pressure for all the
three perovskites. At a given pressure, it also increases when we replace the halogen Cl atom by
the I atom. The absorption coefficient is high enough in the visible range and becomes about four
times higher at the low photon energies inside the ultraviolet range. The absorption coefficient
becomes zero at higher photon energies (> 25 eV).

Finally, we stress that our first-principles study of the structural, electronic and optical
properties of RbGeX; (X = Cl, Br and I) perovskites under the hydrostatic pressure can facilitate
further fundamental researches and a development of new optoelectronic devices, photonic
applications and solar-cell technology.
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Anomayia. Jlocnioxceno cmpyKmypHi, eleKmpOHHI Ma ONMmuuHi 61ACMU80CMi HeopP2AHiYHUX
bezceunyesux eanoionux neposckumis RbGeX; (X = CI, Br ma 1) nio ciopocmamuynum muckom,
SKI MOJICYMb NOCHPUSMU PO3POOYI HOBUX ONMOENTEKMPOHHUX NPUCIMPOIB | MEXHONO2IN CIBOPEHH S
COHAYHUX enemMenmis. 3acmoco8aHo NEPUONPUHYUNHI PO3PAXYHKU HA OCHOGI 3A2aibHO20
2padieHmHo20 HAbIUdNCeHHst 8 pamkax meopii Qyukyionany eycmunu. Iloxkaszano, wo wupuna
3a00pOHEHOT 30HU BUBYEHUX NEPOBCKUMIB 3MEHULYEMBCA 31 3DOCMAHHAM MUCKY. 3a 0AH020 MUCKY
3a00POHEHA 30HA 38YHCYEMbCSL NpU nepexodi 6i0 amoma earoceny Cl 0o I. Busnaueno winoricmo
eIeKMPOHHUX CMAHIE | NOKA3AHO, WO pieHi eHepaii nobauzy piens Depmi cymmeso 3MIHIOIOMbCA
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nio muckom. Onmuuni 61aCMUBOCMI PO3PAXOBAHO 3a OONOMO20K0 meopii 30ypeHb QYHKYIOHALY
eycmunu ma cnisgionowentsi Kpamepca—Kponiea. /[ns pisHux muckie po3paxoeano maxi OnmuyHi
napamempu K OIICHA MA YSAGHA 4ACTMUHU OleNeKMPULHOL NPOHUKHOCTI, NOKAZHUK 3AN0OMIEHHS
ma KoepiyicHm no2iuHaHHsI.

Kniouogi cnoea: enekmponna 30HHa CIMPYKMypa, ORMUYHI 6IACMUBOCI, 2i0POCTNAMUYHUL TMUCK,
wupuHa 3a60pOHEeHOl 301U, 2YCIMUNA CIANIE, MeoPIs PYHKYIOHALY 2YCMUHL, 3A2abHe 2PAOIEHMHE
HAOMUIICEHH.
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