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Literature Review

The structural properties of our considered materials have been carried out by several groups either

16 or experimentally*®? because this group of compounds are known to the science

theoretically
community for many years. In addition to this, the calculations of the electronic properties of these
materials have been done by several groups>'>**?" because of the potentiality of these materials to be
used in electronic devices. In contrast, the elastic and details optical properties have been studied less.
The bulk modulus of CsPbX3 (X = I, Br, Cl) has been calculated by Chang et al.®> and Murtaza et al.,
separately. However, Afsari et al.” only calculated the bulk modulus of CsPbls. The shear modulus,
Young’s modulus, Pungh’s ratio and Poisson’s ratio of CsPbls are experimentally calculated and
reported by Rakita and his co-workers®. Moreover, the details elastic properties of CsPbCls have been
investigated by Ghebouli et al.®. In addition to this, the elastic constants as well as the bulk and shear
modulus of CsSnBr; and CsGeBr; have been studied by Brik'2. On the other hand, the absorbance and
photoluminescence of CsSnXs (X = 1, Br, Cl) have been analysed by Jellicoe et al.?, experimentally.
Also, some theoretical results of the optical properties of these materials have been found in literature.
Murtaza and Ahmad® have calculated the detail optical properties of CsPbX3 (X = I, Br, Cl) including
real and imaginary part of dielectric function, refractive index, extinction coefficient, reflectivity,
optical conductivity and optical absorption, whereas Afsari et al.” investigated the similar properties for
only CsPbls. In addition to this, the detail optical properties of CsPbCls have been investigated by
Ghebouli et al.8. Also, the dielectric functions of CsSnBrs and CsGeBrs have been calculated and
analysed by Brik'? for both the local density approximation (LDA) and generalized gradient
approximation (GGA). Moreover, the optical properties of CsSnXs; (X = I, Br, Cl) have been calculated
in details by Hayatullah et al.*.
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Results with Discussion

Structural Parameters

The calculated equilibrium lattice parameter a with available theoretical as well as experimental results
and the volume of the optimized cell of our considered nine perovskite compounds are presented in
Supplementary Table 1. Our calculated values are found in good agreement with the experimental
results as well as with the available theoretical results. We have also found that the replacement of
halogen atom (X) by a lighter and smaller halogen atom reduces the unit cell volume as well as the
lattice parameter. Similarly, the replacement of lead (Pb) by tin (Sn) or germanium causes the reduction
of unit cell volume of perovskites. The variation of the unit cell volume due to the replacement of atoms

from perovskites is clearly shown in Supplementary Figure 1.

Supplementary Table 1. The calculated and the available theoretical and experimental values of
lattice parameter a (in A) and the calculated unit cell volume V (in A%) of perovskites CsBXs (B = Pb,
Sn, Ge; X =1, Br, ClI).

a
Phase This Work Other Works Experimental
CsPbls 6.405 6.13%, 6.05°, 6.18°, 6.40’ 6.177%, 6.289% 262.7
CsPbBrs; 6.013 5.94% 5.92° 5.74° 5.84° 5.874% 217.4
CsPbCls 5.743 5.67%, 5.64° 5.49° 556° 5.73° 5.605% 189.5
CsSnls 6.260 6.25% 5.93% 6.15% 6.22°, 6.23" 6.219% 245.3
CsSnBrs3 5.882 5.81%, 5.57°, 5.80° 5.80", 5.80% 5.804%, 5.800% 203.5
CsSnCls 5.613 5.56° 5.60" 5.560% 176.9
CsGels 5.978 5.99% 5.983% 213.6
CsGeBrs3 5.587 5.36%, 5.64%, 5.69' 5.636%, 5.362% 174.4
CsGeCls 5.314 5.435, 5,521 5.24% 5511 5.434% 150.1
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Supplementary Figure 1. Variation of the unit cell volume due to the replacement of atoms by
similar atoms.



Electronic Property Analysis

From Supplementary Table 2, we have found that the electronic band gaps calculated by Korbel et
al.?” using the HSE (Heyd-Scuseria-Ernzerhof)*! potential are more similar with the experimentally
measured optical band gaps. The HSE potential should be better one than other, but it is not the perfect

one as diversity has been found for some compounds.

Supplementary Table 2. The calculated electronic band gap using GGA-PBE along with available
theoretical results and experimental optical bandgap for perovskites CsBXs (B = Pb, Sn, Ge; X =1,
Br, Cl) in eV.

Phase This Other Works Expt.

CsPbls  1.479 1.11 (LDA)S, 1.3%, 1.56 (PBE)’, 1.56 (LDA)%, 0.60 (PAW)®, 1.51  1.73%
(PBE)?, 2.04 (HSE)?

CsPbBr; 1.796 1.12 (LDA)’, 1.6°, 2.07 (PBE)7, 2.42 (HSE)” 2.3%2

CsPbCls 2.202 1.46 (LDA)S, 1.8%, 1.53 (LDA)®, 2.27 (PP-PW)F, 2.48 (PBE)Z, 2.95  3.0%
(HSE)?

CsSnls  0.406 0.29 (LDA)’, 1.35 (QSGW)?, 0.348%, 0.59 (PBE)?, 0.85 (HSE)? 1317

CsSnBr; 0.615 0.35 (LDA)’, 1.69 (QSGW)®, 1.56 (PBE-GW)™, 0.35 (PBE)?, 0.42  1.752
(LDA)%, 0.64 (PBE)?, 1.11 (HSE)”

CsSnCls  0.943 0.74 (LDA)’, 2.99 (QSGW)?, 0.957, 1.00 (PBE) 7, 1.57 (HSE)? 2.80%
CsGels  0.585 1.02%, 1.17 (PBE)Z, 1.48 (HSE)? 1.53%
CsGeBr; 0.707 0.55 (PBE)Z 4.74 (EHTB)Z, 1.49%, 1.48 (PBE)Z, 1.97 (HSE)? 2.32%
CsGeCl; 0.978 7.91 (EHTB)®, 2.11 (PBE)™, 0.82 (PBE)®, 2.26%, 2.17 (PBE)?, 3.67°

2.48 (HSE)?’

The variation of the optical band gap for different compounds are plotted in Supplementary Figure 2.
Here, higher band gap is observed for the compounds containing lighter halogen atoms. However,
exception is observed in case of replacement of Pb by Sn and Ge. The Germanium (Ge) containing
compounds have the higher optical band gaps than that of the Tin (Sn) containing compounds. Also, an

exception is observed for CsGeCls, a maximum optical band gap is observed for this material.
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Supplementary Figure 2. Variation of optical band gap due to the replacement of atoms by similar
atoms. The data of optical band gap are taken from references®, *,  and *°.
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Supplementary Figure 3. Electronic band structure of perovskites CsBXz (B = Pb, Sn, Ge; X =1, Br,
Cl).

The calculated electronic band structure of CsBXs (B = Pb, Sn, Ge; X = 1, Br, CI) perovskites along the
high symmetry direction of the first Brillioun zone is shown in Supplementary Figure 3. Our
calculations reveal that the considered compounds are direct band gap semiconductors having minimum
band gap at the R point of the Brilloun zone. The band gap value is seen to increase by replaceing I with
Br as well as Br with CI. But, from the band structure figure (Supplementary Figure 3) it is observed
that the pattern of the band structure is almost not affected by replacement of a halogen atom with other
halogen atoms. Due to this characteristics, metal halide perovskites should be used in light emitting
diodes (LED) as the band gap of these materials can easily be tuned by changing the halogen contents
while the other properties remain almost same. On the other hand, a slight change in band structure is

observed during the replacement of Pb by Sn or Ge.
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Supplementary Figure 4. Total and partial densities of states of perovskites CsBXs (B = Pb, Sn, Ge;
X =1, Br, Cl). The Fermi level Er is set at 0 eV.

The total and partial densities of states of our considered nine perovskite compounds is shown in

Supplementary Figure 4. The total DOS below the fermi level is seen to increase for the compounds

from left to right in the figure. On the other hand, this value is reduced for the compounds from top to

bottom in Supplementary Figure 4. It suggests that the replacement of | by Br and ClI increase the

number of electronic states of valence band just below the fermi level. But the opposite trend is observed

during the replacement of Pb by Sn or Ge. Moreover, the total DOS below the Fermi level mainly comes

from the p orbital of halogen atoms. In addition to this the total DOS above the Fermi level is mainly

contributed by p orbital of B atoms as by Pb-6p, Sn-5p and Ge-4p.



Optical Functions

The calculated real and imaginary part of the dielectric functions of nine metal halide perovskites CsBXs
(B =Pb, Sn, Ge; X =1, Br, Cl) are shown in Supplementary Figure 5 and Supplementary Figure 6,
respectively. The response of a material to incident electromagnetic wave can be characterised by
dielectric function. The real part of dielectric function of CsBl; (B = Pb, Sn, Ge) have two peaks and a
shoulder. However, the shoulder of the real part of the dielectric function become the third peak during
the replacement of | by Br or Cl. A comparative study reveals that the Ge containing compounds have
greater magnitude at low energy region but it fluctuate more while for Pb containing compounds the
fluctuation is less than others. Also, the magnitude of the real part of the dielectric function is seen to

reduce when I is replaced by Br and Br is replaced by CI.
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Supplementary Figure 5. Calculated real part of dielectric function of perovskites CsBX3 (B = Pb,
Sn, Ge; X =1, Br, Cl) as a function of incident photon energy.

A similar trend is observed for the magnitude of the imaginary part of the dielectric function
(Supplementary Figure 6) occupying three peaks and one shoulder for the considered compounds.
The imaginary part of the dielectric function tends to zero at high energy (more than 16 eV) region. On
the other hand, the real part of the dielectric function become unity at high energy implies that the

materials become transparent with very little absorption for high energy incident photon.
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Supplementary Figure 6. Calculated imaginary part of dielectric function of perovskites CsBX; (B =
Pb, Sn, Ge; X =1, Br, Cl) as a function of incident photon energy.



The reflectivity is another important parameter for the device applications of a material. The considered
materials show a low reflectivity in the IR-Visible-UV region of the spectra (Supplementary Figure
7). This low reflectivity suggests that the materials have high absorptivity and transmitivity. However,
our study of the dielectric function suggest that the materials have high transmitivity at high energy
region. Therefore, the investigation of the reflectivity and dielectric function also evident that the

considered compounds have high absorption at low energy (IR-Visible-UV) region of the spectrum.
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Supplementary Figure 7. Calculated reflectivity of perovskites CsBXs (B = Pb, Sn, Ge; X =1, Br,
Cl) as a function of incident photon energy.

The knowledge of refractive index is important for the applications of a material in optical devices like
solar cell, photodetector, waveguide and photonic crystal®. The overall features of the refractive index
for the considered nine perovskites are qualitatively same in the entire energy range except some
variation in heights and positions of peaks (Supplementary Figure 8). However, the value of the static
refractive index n(0) is different for different compounds. The maximum value of n(0) is found as 3.15

for CsGels while the minimum value if found for CsPbCls as 1.85.
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Supplementary Figure 8. Calculated refractive index of perovskites CsBXs (B = Pb, Sn, Ge; X =1,

Br, Cl) as a function of incident photon energy.
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Supplementary Figure 9. Calculated extinction coefficient of perovskites CsBXs (B = Pb, Sn, Ge; X

=1, Br, Cl) as a function of incident photon energy.

The calculated extinction coefficient of the considered perovskites CsBXs (B = Pb, Sn, Ge; X =1, Br,
Cl) is shown in Supplementary Figure 9. Similar to the absorption and optical conductivity, the

extinction coefficient of Ge based compounds have higher values than that of Pb and Sn based

compounds.
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Supplementary Figure 10. Periodic change of optical properties due to replacement of halogen atoms.
(a) Calculated optical absorption of perovskites CsGeXs (X =1, Br, Cl) as a function of incident photon
energies. (b) Calculated optical conductivity of perovskites CsGeXs (X = I, Br, Cl) as a function of

incident photon energies.



Elastic Properties

The variation of the Poisson ratio for the considered nine metal halide perovskites is plotted in
Supplementary Figure 11. The variation of the Poisson ratio is quite identical with the variation of
Pugh’s ratio. From Supplementary Figure 11, it is clearly evident that CsSnls is quite brittle and

CsGels is less brittle while the other seven compounds are found to be ductile in nature.
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Supplementary Figure 11. Change in Poisson ratio due to the replacement of atoms by similar atoms.

The detail mechanical properties of the considered solid solutions CsGe(l1xBrx)s are presented in
Supplementary Table 3. According to the Born stability criteria®, it is clearly observed that the
considered solid solutions are mechanically stable. Also, the small value of the bulk modulus suggests
that the materials are soft and can easily be converted into thin film which is important for solar cell
applications.

Supplementary Table 3. The calculated elastic constants Cj; (in GPa), bulk modulus B (in GPa),

shear modulus G (in GPa), Young’s modulus Y (in GPa), Pugh’s ratio B/G and Poisson ratio » of
perovskites solid solutions CsGe(l1-xBr)s.

Phase Cu Ci2 Cua B G Y B/G Y4

CsGels 40.32 8.18 8.87 18.89 1128 2822 1674 0.251
CsPb(lo9Bro.1)s 39.39 7.65 8.31 18.23 10.80 27.06 1688  0.253
CsPb(losBro.2)s 41.24 7.86 8.45 18.98 1114 2795 1705 0.254
CsPb(lo7Bros)s 45.38 10.36 9.58 2204 1222 3094 1803 0.266
CsPb(losBro.a)s 42.64 8.91 9.43 20.15 1193 2989 1690 0.253
CsPb(losBros)s 43.21 8.89 9.16 20.33 1181 29.68 1.721  0.257
CsPb(lo.4Bros)s 45.08 9.39 9.56 21.29 1231 3096 1.730 0.258
CsPb(lo3Bro.7)s 44.76 9.47 9.51 2124 1221 30.74 1739  0.259
CsPb(lo2Bros)s 45.85 9.65 9.76 2171 1253 3153 1.733 0.258
CsPb(lo.1Bro.)s 46.77 10.11 9.87 2233 1268 3199 1761 0.261
CsGeBrs 48.08 10.82 10.07 2324 1292 3270 1.799  0.265
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Supplementary Figure 12. Change in Poisson ratio for the solid solutions CsGe(l1-xBry)s, where x =
0-1 at the increment of 0.1.

The variation of the Poisson ratio for the different combinations of | and Br in the solid solutions
CsGe(l1xBrx)s is shown in Supplementary Figure 12. From the figure it is clearly evident that the solid
solutions CsGe(lo.7Bro7)s and CsGe(lo.1Brog)s and the compound CsGeBrs are found to be ductile while
the other eight combinations are brittle in nature. Also, the maximum ductility is observed for the solid

solution CsGe(lo.7Bro7)s. This characteristic is quite identical with the result of Pugh’s ratio.
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Theoretical Calculations

Optimized Structure: The first-principles calculations have been carried out to obtain the optimized
structure of CsBXs (B =Pb, Sn, Ge; X =1, Br, CI). The calculations based on density functional theory
(DFT) were performed using CASTEP* module of Materials Studio simulation package.

Optical Properties: The optical properties of crystalline solids can be described by the complex
dielectric function, & w) = e(w) + ie(w); where g(w) and &(w) are the real and imaginary part of the
dielectric function, respectively. The imaginary part of the dielectric function is essential to calculate
other optical constants®. The imaginary part of the dielectric function can be calculated from the
momentum matrix elements related to the occupied and unoccupied wave functions in accordance with

the selection rules® and can be represented as:

2e’m
ne . N TI (B — EY — E)

k,v,c

&(w) =

In the above formula, @ is the phonon frequency, e is the electronic charge, €2 is the volume of a unit
cell, u is the unit vector along the polarization of the incident electric field and 1, and Yy, are respective
wave functions for conduction and valence band electrons at a particular k. Using the Kramers-Kronig
relations, the real part of the dielectric function can be derived from the imaginary part. Other remaining
optical functions, such as the refractive index n(w), extinction coefficient k(w), absorption coefficient
o(m), energy-loss function L(w), optical conductivity o(m) and reflectivity R(w), can be obtained from
the both real and imaginary parts of the dielectric functions &i(w) and ex(®) as described in the

literature®.

Mechanical Properties: Our considered CASTEP module uses the finite strain theory®® to calculate the
elastic constants of a range of materials including semiconductors. In this approach, the elastic constants
are calculated from first-principles calculations by applying a set of given homogeneous deformations
with a finite value and calculating the resulting stress with respect to optimizing the internal atomic
coordinates, i.e., optimizing geometry with fixed cell parameters. The elastic constants are then the
proportionality constants relating the applied strain to the computed stress, o; = C;;¢;. The cubic
perovskites have three independent elastic constants, such as Ci1, Ciz, and Cas. These constants are
determined with the ‘stress-strain” method® as implemented in the CASTEP module. The
polycrystalline elastic moduli such as bulk modulus, shear modulus are then derived from the single
crystal elastic constants applying the Hill approximations®. Also, the Young’s modulus and the Poisson
ratio can be calculated from the values of bulk modulus and shear modulus using the well-known
formula, Y = (9BG)/(3B + G) and v = (3B — 2G) /(6B + 2G), respectively.
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