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ABSTRACT

The present study has explored the electronic
properties of Organic-inorganic mixed halide-based
perovskites using density functional theory. The
Quantum Espresso simulation package with PBE
parameterization within the generalized gradient
approximation (GGA) has been used in this work.
The findings reveal that the addition of halogens
(bromide and chlorine) to compound CH,NH_PbI,
for all the possible substituted halides may cause the
shifting of energy bands in the band structure and
thus change the bandgap. Hence, this calculation
may be used to design perovskite solar cell material
with varied electronic structure.

Keywords: Density Functional Theory, Local Density
approximation, Perdew-Burke-Ernzerh, Generalized
Gradient Approximation, Projected Augmented Wave,
Ultra soft Pseudopotentials
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1. INTRODUCTION

Organic-inorganic  halide-based  perovskites
solar cells have shown a bright scope in energy
generation in the last few years. Perovskite
photovoltaics has been the center of attraction
for the scientific community because of their
exceptional light-absorbing properties (Petrovic
et al. 2015). Organic-inorganic metal halide
perovskites are demonstrated to be promising
materialsinavariety of optoelectronic applications
including photodetection, energy harvesting, and
light-emitting devices (Sun ef al. 2018). Organic-
inorganic hybrid semiconductors show promising
electronic and optical properties (Papavassiliou
1977). Recently, Methyl ammonium lead halide
perovskite CH.NH,PbX, (X = I, Br, Cl) and its
mixed halides (CH,NH,Pbl,, CH,NH,PbLClI,
CH,NH,PbICI,, CH,NH,PbCl,, CH,NH, PbBr,
CH,NH,PbBr,Cl, CH,NH,BrCl,, CHNH,PbBr I,
CH,NH,Brl,,) have emerged as important
optoelectronic materials. With the emanation
of Methyl ammonium lead halide perovskite
CH,NH,PbX, it becomes easy to fabricate solar
cells cheaply from the liquid phase (Boix ef al.
2014), and increment in the power conversion
efficiencies (PCEs) from 3.8% in 2009 (Loi &
Hummelen 2013) to about 22% in 2019 has been
observed. The first effectiveness of CH,NH,Pbl,
for visible light conversion with photo-voltages
approximately equal to 1.0 eV was reported by
researchers (Kojima et al. 2009). Hybrid organic
and inorganic perovskite has a vast variety of
composed materials that is organic molecules and
metal and halide ions that increase the scope of
work in this field. Other species with oxidation
states similar to their counterpart can replace the
metal ions and halide ions. Replacements of Pb*
with Sn?* have shown quite a positive result except
for the issue of stability (Noel et al. 2014; Hao et
al. 2014). Moreover this, partial replacement of
Pb*" with Sn*, Sr?*, Cr*', and Cd** perovskites has
been explored theoretically and experimentally
(Hao et al. 2014; Mosconi et al. 2015; Giorgi
et al. 2015; Sun et al. 2015). Replacing halogen
in partial amounts also suggests new hopes in
solving the stability problem of halides-based
perovskites, e.g., partially replacing I with CI and
Br (Jong et al. 2016). Replacement of halides
gives rise to change in band structure. Therefore,

studies on mixed halides-based perovskites
become important. Structural, electronic, and
optical parameters for cubic perovskite BaCeO,
were calculated, and its semiconducting
nature was established (Murali et al. 2021).
The synthesis, followed by an investigation of
structural and electric properties for Bi Ca FeO,
was performed, and the rhombohedral structure
was confirmed (Sravani et al. 2022).

2. COMPUTATIONAL DETAILS

The plane-wave QUANTUM ESPRESSO (QE)
package (Giannozzi et al. 2009) with the Perdew-
Burke-Ernzerh (PBE) parameterization for
the exchange-correlation functional within the
generalized gradient approximation (GGA), was
used for density functional theory calculation.
The pseudopotential technique has proven to
be dynamic and instrumental tool for studying
different materials of electronic and structural
properties (Martin 2009). GGA functionals are
non-local functional in the literature. These
functionals are ‘non-local’ is supported by the
fact that these functionals go beyond the ‘local’
density approximation and that accounts for
the inhomogeneity of the real density. GGA
seeks to improve the accuracy of the local spin
density approximation in electronic structure
calculations (Perdew et al. 1996). The electron-
ion interactions were set up using Projected
Augmented Wave (PAW) pseudopotentials and
the kinetic energy cut-off limit for wave functions
was set to 200 eV. The projected wave function
was proposed after the Ultra soft Pseudopotentials
(USPP) method was initially used. Compared to
the USPP, the PAW method helps from a cleaner
link with the underlying all-electron treatment,
making it more accurate than the USPP method.
PAW method provides more reliability in the case
of magnetic systems. However, the generation
of US pseudopotential is more difficult than the
generation of PAW atomic data (Audouze ef al.
2008). The geometry optimization and the band
structure were calculated by selecting a K-point
mesh of 8 x 8 x 8 centered at the I" point. The
optimization of the atomic positions and lattice
vectors has been done as per the guidance of the
atomic forces. As per the norm, the calculated force
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on each atom must be smaller than 0.02 eV/A.
The convergent threshold for self-consistent-field
iteration is 1078 eV. Apart from, partially replacing
I with Cl and Br, similar calculations have also
been done by partially replacing Br and Cl with
each other. Overall, calculations for nine possible
structures have been done and reported here.

3. RESULTS AND DISCUSSION

Calculations for relaxed structures of all
nine combinations of sole and mixed halides
perovskites have been performed, which results
in the band structure, band gap, lattice parameters,
and projected density of the states (PDOS). The

investigation of the projected density of the states
and band structure results revealed that all nine
CH,NH,PbX, sole and mixed halide perovskite
compounds exhibit different electronic properties.
The density of states and stability for a few II-
VI semiconducting materials have already been
reported in our earlier published work (Singh et
al. 2020; Kaushik et al. 2020). Our group has also
studied the electronic structure of PbTiO, (Shukla
2018). In this work, the projected density of the
states and band structures of CH,NH,PbI,Cl have
been shown and discussed for reference. The
main results for the other eight compounds are
also reported and compared.

The calculated projected density of the states for each atom present in the structure of CH,NH,PbL,Cl is

shown in Fig. 1.
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Fig.1. Calculated projected density of state plots
for each atom of CH,NH,PbL.CI. (a) Projected
density of the state of C (b) Projected density of
the state of H (c) Projected density of the state
of N (d) Projected density of the state of Pb (e)
Projected density of the state of I (f) Projected
density of state of Cl (g) Total projected density
of the state of CH,NH,PbL,CL

The calculated projected density of the states
for CH,NH3PbL,Cl and its atoms C, N, H, Pb,
I, and Cl are shown in Figure 1. The valence
band is primarily the anti-bonding part of the
hybridization between C 2p and N 2p, Pb 3d and
Cl Is states. At the same time the conduction
band is relatively a nonbonding state prevailed
by the Pb 2p and Cl 2p states. The electronic
levels of rest states of atoms are placed deep in

the conduction band and valence band, without
contributing to the states close to the Fermi level.
The highest value of the calculated projected
density of the states for CH,NH,PbI,Cl and Pb 3d
is 20 electrons/eV at -13.90 eV.

The results of the relaxed structures give
information about the electronic properties of
the CH,NH,PbL,Cl compound, along with band
structure, band gap, and density of the states. The
investigations suggest that the CH,NH,PbL,CI
compound has a direct band gap at point R
(0.016, 0.016, 0.016). The band structure for the
CH,NH,PbIL,CI compound is shown in Fig. 2. The
result shows that the electric-dipole transition
at R from valence band maximum (VBM) to
conduction band minimum (CBM) is granted,
which gives an optical band gap of 1.90 eV.
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Fig. 2. Calculated band structure for CH,NH,PbL Cl using PBE functional when the
valence bands moved down and the conduction bands moved up. The zero is at the
valence band maximum.

Results for band gap and lattice parameters for all the possible structures in Organometallic halides,
which are partially substituted with halogens, are shown in Table 1.

Table 1: Calculated band gap and lattice parameters for all the possible Organometallic halide structures

studied in the present work.

Structures a(A) b (A) c(A) E (eV)

CH,NH,I, 6.26 625 625 1.14

CH,NH,LCI 6.26 625 625 1.9

CH,NH,ICI, 6.13 577 57 1.82

CH,NH,CI, 5.59 5.45 5.5 22

CH,NH,Br, 6.01 6.02 596 1.89

CH,NH,Br,Cl 5.88 588 59 1.88

CH,NH,BrCl, 5.71 5.7 5.89 22

CH,NH,Br,[ 5.81 5.85 6.2 1.17

CH,NH,Brl, 6.19 586 604 1.05
The organometallic halide perovskites The partial substitution of chlorine atoms in
CH,NH,Cl,, CH,NH,Br,, and CH,NH,I, CH,NH,PbL-xCIx (x=1,2,3) increases the band

have a band gap of 2.20, 1.89, and 1.14 eV
respectively. Hence, the value of the band
gap decreases as X varies from the smaller to
the larger size of an attached atom. Also, the
larger the size of the attached halogen atom
in CH,NH,X,, the larger will be the lattice
parameters. The size of the Chlorine atom is
less than the Bromine atom which is smaller
than the Iodine atom.

gap and decreases lattice parameters. Partial
substitution of bromine atoms in CH,NH,PbBr,-
xCIx (x=1,2,3) results in an increase or decrease in
the band gap and a decrease in lattice parameters.
The values of the change in these parameters
depend on the number of Br atoms substituted.

To validate our results we have compared these
results with the literature, as shown in Table 2 to
Table 10.
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Table 2: Calculated structural properties and PBE band gap of CH,NH,Pbl, for cubic structure unit cell.

Menendez
Mohebpour  -Proupin  Kumar, S.  Our results  Structure
CH,NH,Pbl, etal2016 etal2014 2018 (PBE) (PBE) (Space
(PBE) (PBE) (USPP) (PAW) Group)
(PAW)
6.31 6.46 6.18 6.26 Cubic
b 6.31 6.46 6.18 6.25 (Pm3m)
c 6.31 6.46 6.18 6.25
E - 1.71 1.14 1.14

2

Table 3: Calculated structural properties and PBE band gap of CH,NH,PbL,Cl for cubic structure
unit cell.

Mohebpour ez a/  Kiong et al Our results  Structure

CH,NH,PbLCl, (PBE) (Space
2016 (PBE) 2017 (PBE) (PAW) aroup)
6.31 646  6.26 Cubic
b 6.31 6.46 6.25 (Pm3m)
c 6.32 6.46 6.25
Eg - 1.597 1.9

Table 4: Calculated structural properties and PBE band gap of CH,NH,PbICI, for cubic structure
unit cell.

Mohebpour et al  Kiong et al 2017 Our results

CH,NH,PbICI, 2016 (PBE) (PBE) (PBE) (PAW) Structure (Space group)
6.31 - 6.13 Cubic
b 6.31 - 5.77 (Pm3m)
c 6.32 - 5.7
Eg - 1.59 1.821

Table 5: Calculated structural properties and PBE band gap of CH,NH,PbCI, for cubic structure
unit cell.

Mohebpour Kumar, S.  Our results

CH,NH,PbCl, et al 2016 2031{‘; ‘Z;“BZE) 2018 (PBE)  (PBE) (ngzcé‘iip)
(PBE) (USPP)  (PAW)
5.68 591 5.58 5.59 Cubic
b 5.61 591 5.58 5.45 (Pm3m)
c 5.73 591 5.58 5.5
Eg - 236 2.85 22
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Table 6: Calculated structural properties and PBE band gap of CH,NH,PbBr, for cubic structure unit cell.

Mohebpour Kumar, S.  Our results ~ Structure

CH,NH,PbBr, Ef;é)“g]gg etal2016 2018 (PBE)  (PBE) (Space
(PBE) (USPP) (PAW) Group)
6.02 5.93 5.84 6.01 Cubic
b 6.02 5.93 5.84 6.02 (Pm3m)
c 6.02 5.93 5.84 5.96
Eg 1.71 2.23 2.286 1.89

Table 7: Calculated structural properties and PBE band gap of CH,NH,PbBr,Cl for cubic structure unit cell.

CH,NH,PbBr,Cl Mohebpour et al 2016 (PBE) (PAW)  Our results (PBE) (PAW)  Structure (Space Group)

5.88 5.88 Cubic
b 5.88 5.88 (Pm3m)
c 5.88 5.9

Eg 2.42 1.88

Table 8: Calculated structural properties and PBE band gap of CH,NH,PbBr, for cubic structure unit cell.

CH,NH,PbBrCl, Mohebpour et al 2016 (PBE) (PAW)  Our results (PBE) (PAW)  Structure (Space group)

5.78 5.71 Cubic
b 5.78 5.7 (Pm3m)
c 5.78 5.89
Eg 2.9 22

Table 9: Calculated structural properties and PBE band gap of CH,NH,PbBr,I for cubic structure unit cell.

CH,NH,PbBr,I Mohebpour et a/ 2018 (PBE) Our results (PBE) (PAW)  Structure (Space Group)

5.95 5.81 Cubic
b 5.95 5.85 (Pm3m)
c 6.3 6.2

Eg 1.59 1.17

Table 10: Calculated structural properties and PBE band gap of CH,NH,PbBrl, for cubic structure unit cell.

CH,NH,PbBrl, Mohebp(c;g E; al 2018 (POBu é)r ?;1;1&) Structure (Space Group)
6.3 6.19 Cubic
b 5.93 5.86 (Pm3m)
c 6.3 6.04
Eg 1.47 1.05
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The tables show theoretical calculations on
structural and electronic parameters of CH,NH X,
perovskites. It is also important to validate the
theoretical results with the experimental one for
applications. In this direction, Dimesso ef al
(2014) synthesized the materials, performed optical
experiments and found CH,NH,X, material as
direct-gap semiconductors with energy band gaps of
1.53 eV for X =1, 2.20 eV for X = Br, and 3.00 eV
for X = Cl, respectively, at room temperature. It has
been observed that the theoretically calculated value
of energy band gaps (see Eg in the above tables)
are slightly higher than the experimental values for
these materials. It should be noted that the value of
the band gap decreases as X varies from the smaller
to the larger size of an attached atom, which agrees
with our results reported here in this work.

4. CONCLUSION

The electronic properties of CH,NH,PbX, (X =1,
Br, Cl) and its mixed halides have been studied. The
structures lattice parameters and band gap have been
calculated using Quantum Espresso. The findings
for projected density of the states (PDOS) and band
structure reveal that all the nine CH3NH3PbX3
sole and mixed halide perovskite compounds
exhibit different electronic properties. These finding
may further be used for optimizing the structural
parameters of such perovskite materials for solar
cell and other various device applications.
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