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Methylammonium metal halide perovskites have recently been explored for new uses due to their unique

and exciting optoelectronic properties. Their exceptional electronic properties have often been attributed

to the overlap between the metal cation s and halogen p states. In this study, density functional theory

calculations have been carried out based on the orthorhombic phase of the organometal trihalide
perovskite CHzsNH3zMX3 (M: Cu, Zn, Ga, Ge, Sn, Pb; X: Cl, Br, 1) to systematically investigate the effects of
the metal cation and halogen anion on the structural, electronic, and optical properties for solar cell

applications. The calculated lattice parameters agree well with previously obtained experimental and

theoretical results. All of these perovskites are direct band gap compounds at the G symmetry point,

except CHzNHzGaXs. The band gap increases from iodide to chloride and also with the metal cation

size, from Ge to Pb or Cu to Zn. Furthermore, metal halide perovskites show blue shifts in their optical
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absorption spectra with an increase in metal cation size. Among the studied examples, CHzNHzGaBrs

and CHzNHzCuClz absorb a wide range of light, from UV to the visible region, and possess very unusual

DOI: 10.1039/d1ra08561a
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1 Introduction

In recent years, perovskite-based photovoltaics (PVs) have
received tremendous interest, especially when they implement
a metal halide perovskite as an absorber material in a hybrid
solar cell. The general formula of a halide perovskite compound
is ABX;; where the ‘A-site’ involves a large (natural) cation, the
‘B-site’ is filled with considerably divalent metal cations and the
‘X-site’ contains a halide anion. The very first metal halide
perovskite to be distinguished was CH;NH;Pbl; by Weber.* In
2009, Miyasaka and his coworkers” disclosed it as a remarkable
light sensitizer which attracted huge research interest to CH;-
NH,PbI;. In a couple of years, it showed a tremendous increase
in power conversion efficiency (PCE) from 3.8% (in 2009) to
more than 22%.%>* Thus the growth in the field of metal halide
perovskites is due to their outstanding optoelectronic proper-
ties, including superb charge carrier mobility, long diffusion
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high dielectric constants and refractive indices. Our calculations reveal that CHzNHzSnls, CHzNH3Gels,
and CHzNH=zZnls are favorable candidates for lead-free photovoltaic applications.

length, high optical absorption coefficient, tunable band gaps
and cheap production cost. So, they have become favorable
materials that can easily fit in many other optoelectronic
devices like lasers, light-emitting diodes (LED), photo-detectors
and field-effect transistors (FETSs).>® Moreover, because of their
natural abundance, these materials result in cheaper and more
efficient solar cells than silicon-based photovoltaics.” In addi-
tion, a wide range of diverse processing technologies (like
vacuum-based solution techniques and low-temperature solu-
tion processes) can be implemented to prepare metal halide
perovskites, making them very fascinating.

The crystal structure of CH;NH;PbX; is found to be very
responsive to temperature.”*> CH3;NH;PbX; holds a cubic
phase at high temperature, and as the temperature decreases, it
transforms into a tetragonal phase and becomes orthorhombic

8-10

at lower temperature.'* Recently orthorhombic CH;NH;PbI;
was determined with its organic CH;NH; part.'* Many theoret-
ical and experimental investigations have been reported on
orthorhombic perovskite CH;NH;PblI;.">"® Besides, the A, B and
X-sites in ABX;-type perovskites can be altered or tuned to
improve their performance in perovskite-based photovoltaic
devices.

The most famous high-PCE perovskite material has Pb in it,
and it is toxic, which is undesirable, and chemically unstable
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under ambient conditions." Hence, lead needs to be replaced
for the wider commercialization and application of this type of
compound in the photovoltaic and optoelectronic sectors. In
this regard, Sn is one of the realistic and possible elements to
replace Pb in CH3;NH;PbI; structures as it comes from the same
IVA subgroup.'®** Many experimental and theoretical investi-
gations have been done on Sn-based perovskite systems.***"*
Tin is highly sensitive to air, which quickly changes the oxi-
dization state from Sn>" to Sn*", This is one of the reasons why
Sn-based perovskite have a small PCE while lead-based perov-
skites possess a high PCE. Ge belongs to group IVA (the same
subgroup as Pb and Sn) and Ge-based perovskite shows
a comparable optical absorption to Pb-based perovskite.*®
Furthermore, it was experimentally confirmed that cation size
affects the crystallographic features of Ge-perovskites.>* Thus
Ge-based perovskites are an alternative nontoxic choice for
photovoltaic material, which is confirmed by research. Both Sn
and Ge possess similar chemical composition and valences to
Pb as they belong to the same subgroup in the periodic table.
So, they can easily replace Pb. Also it is very crucial to analyze
the bonding nature of lone-pair electrons® on these metals (Pb-
652, Sn-5s2 & Ge-4s2) because they have a vital influence on the
electronic properties of these metal-based perovskites.

These days, lead can be supplanted in perovskites with
reasonable, alternative, environmentally friendly, earth-
abundant elements like transition metals, which may be
important in terms of PCE. Pb replacement with transition
metals like Cu, Zn or Ga can make novel nontoxic and clean
perovskites for solar cells, which can also show an improvement
in photovoltaic solar cells. Previously two-dimensional layered
copper perovskites were implemented as absorber materials
and attained low PCE values (0.51 and 0.63%, respectively).>®
Perovskite-based photovoltaics with the suitable addition of
Zn>" can improve the regular PCE from 12.1% to 16.3%, which
was reported experimentally.””

In the present work, we perform a systematic simulation on
a series of orthorhombic metal halide perovskites to investigate
their size (metal cation and halide anion) dependent properties
by implementing first-principles density functional theory
(DFT) calculations. We took CH3;NH3Pbl; as a primary model
and then replaced the I anion with Br~ and Cl™ anions to make
CH;NH;3PbX; compounds where X: Cl, Br, I. A further metal (Pb)
cation was also replaced in CH;NH;PbX; with a sequence of
transition metal and post transition metal cations to make
CH;NH;MX; systems where M: Cu, Zn, Ga, Ge, Sn, Pb. The
crystal configuration, electronic parameters, optical properties,
and the structure-property relationships were explored for all of
these perovskite compounds. The essential concern of this
study is to understand the size effect of the metal cation and
halide anion on the optoelectronic properties of these perov-
skite compounds. Also, the chemistry of lone pairs of the metal
cations and halide anions is a key point for analysis of their
impact on the electronic structure and characteristics of these
compounds. Further, a proper understanding of the optical
parameters is crucial so they can be used in solar cells and other
optoelectronic devices like diodes, lasers, etc.
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2 Computational details

In this work, ab initio calculations were performed for ortho-
rhombic CH;NH;MX; by using the framework of density func-
tional theory®® embedded in Cambridge Sequential Total Energy
(CASTEP) code* where the Kohn-Sham equations get solved.
The wave functions of the valence electrons are expanded in
a basis set of plane waves. Ultra-soft pseudo-potentials can
represent the existence of a tightly-bound core electron, and
they define the interaction between electron and ion.** The
exchange—-correlation potential is treated within the Perdew-
Burke-Ernzerhof (1996) version of the generalized gradient
approximation (PBE-GGA).** While Ceperley and Alder devel-
oped the local density approximation (LDA), Perdew and Zunger
parameterized it.*>*

For geometric optimization, a 2 x 3 x 2 Monkhorst-Pack
grid** was employed in the Brillouin zone of the unit cell to
produce a uniform grid of k-points along the three axes in
reciprocal space. The kinetic cut-off energy was chosen at 280 eV
for CH3NH;GeX3, CH3;NH;SnX; and CH3;NH;PbX; (same-group)
compounds, whereas it was 400 eV for CH3NH;CuXj;, CHjs-
NH;ZnX; and CH3NH;GaX; (same-period) compounds. All of
the structures become relaxed in their optimized geometry. The
structural parameters of CH3;NH;MX; (Pnma (no: 62) space
group) were calculated using the BFGS (Broyden-Fletcher—
Goldfarb-Shanno) technique, where the following parameters
are taken to obtain a converged geometry: stress 0.1 GPa,
residual force 0.05 eV A~! and energy change per atom less than
2 x 107° eV. Optical parameters such as absorption coefficient
a(w), refractive index n(w), optical conductivity o(w), optical
reflectivity R(w) and energy-loss spectrum L(w) can be calculated
by utilizing the complex dielectric function: ¢(w) = &4(w) + iey(w).

3 Results and discussion
3.1 Geometry optimization

Accurate structural understandings are essential for the better
prediction of the optoelectronic characteristics of perovskites.
ABX;-type perovskites are sensitive to temperature and change
their phase with temperature.”** In the present studies, we
concentrate on the orthorhombic phase, which is thermody-
namically stable, and this is additionally suitable for DFT esti-
mation at zero temperature.”®> The optimized unit cell of
CH3NH;MX; (M: Cu, Zn, Ga, Ge, Sn, Pb; X: Cl, Br, I) in the
orthorhombic phase is pictured in Fig. 1. A total of eighteen
compounds are fully optimized and relaxed in their ground
state. This orthorhombic perovskite structure forms with octa-
hedral [BX,] cations that share a corner of the net with halide
anions and organic methylammonium [CH3;NH;]" cations sit-
uated within the octahedral network.

To quantitatively depict the crystal structure, a parameter
called the tolerance factor was calculated to define the crystal
stability with variations in metal cations and halide anions. It
also defines the stability of the perovskite material in solar cells.
Analogous to Goldschmidt's early method, the tolerance factors
of hybrid organic-inorganic perovskites are calculated with
(effective) ionic radii by using the general formula:*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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. M=Cu, Zn, Ga,
Ge, Sn, Pb

® X=Cl, Br, I
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Fig. 1 A lattice structural representation of the organometal trihalide
perovskite CHsNHzMX3 (M: Cu, Zn, Ga, Ge, Sn, Pb; X: CL, Br, 1) in the
orthorhombic phase.

Tolerance factor = (ragr) + rx) / V2(rg + %) (1)

where, ra(c) is the effective ionic radius of the organic A cation,
r¢ is the ionic radius of the halide X anion and rg is the ionic
radius of the divalent metal ion B in an ABX; kind of perovskite.
Using an ionic radius for organic cations is puzzling,*” so
a semi-empirical approach was chosen which leads to a reliable
value of effective ionic radii for organic cations.*

This effective ionic radius of the organic cation was used to
modify Goldschmidt's initial approach to calculate the toler-
ance factor. To calculate the tolerance factors presented in
Table 1, the effective radii of the [CH;NH;]" (methylammonium,
217 pm) were used from ref. 38 and Shannon's ionic radii*” were
used for metal cations and halide anions. Another stability
parameter is the octahedral factor u, which is defined by the

Tablel Alist of tolerance factors, octahedral factors (u) and formation
of enthalpy values (AH;) (in units of kJ mol™) for CHzNH3sMX3

Tolerance

Material factor I AH;
CH;3NH;CuCl, 1.108 0.403 —205.329
CH;NH,ZnCl, 1.104 0.409 —194.149
CH;3NH;GaCly 1.158 0.343 —101.868
CH;NH;GeCl; 1.108 0.403 —264.494
CH,NH,SnCl, 0.929 0.674 —265.276
CH,NH,PbCl, 0.938 0.657 —134.925
CH,NH,CuBr; 1.086 0.372 —59.736
CH,NH,ZnBr, 1.082 0.378 —61.989
CH3;NH;GaBr; 1.132 0.316 —195.846
CH,NH,GeBr, 1.086 0.372 —56.023
CH,NH,SnBr; 0.918 0.622 —55.433
CH,NH,PbBr, 0.927 0.607 —159.599
CH,NH,Cul, 1.055 0.332 —51.256
CH,;NH,;Znl; 1.051 0.336 —53.492
CH;NH,Gal, 1.096 0.282 —187.365
CH3;NH;Gel; 1.055 0.332 —47.537
CH,NH,Snl, 0.904 0.555 —46.941
CH,;NH,;PbI, 0.912 0.541 —169.99

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ratio rp/rx. Both the tolerance factor and the u parameter can
give information about the stability of perovskites within the
range of u > 0.41 and 0.76 < tolerance factor < 1.13.**** Most
cubic perovskites are formed in the TF range of 0.8-1.0, while
a distorted octahedral perovskite TF lies in 0.76-0.90.*° Besides,
a TF larger than one forms highly distorted perovskites, and TF
> 1.13 results in layered structures with face-sharing octa-
hedra.* Our calculations found that CH;NH;PbX; and CHj;-
NH;SnX; have TF in the range of 0.904-0.938, while
CH,;NH,GeX;, CH;NH,;ZnX,;, CH;NH;CuX; and CH;NH;Gal,
have TF larger than 1 but less than 1.13, which results in dis-
torted perovskites. However, CH;NH;GaBr; and CH;NH;GaCl;
have TF larger than 1.13, making them non-perovskites but still
useful for optoelectronic device applications. It is observed
from Table 1 that with an increase in halide size (from CI to I),
both the tolerance factor and u decrease gradually for all
compounds, indicating the stability of the perovskites. On the
other hand, with an increase in metal cation size in the same
period (from Cu — Zn — Ga) and the same group (Ge — Sn —
Pb), the same thing happened (except for CH;NH;GaX;), which
may be due to structural distortion. According to the limit of
tolerance factor and u, all of the studied compounds can form
stable 3D perovskites except CH;NH;GaX;. The exceptions may
be non-perovskites and can be used in other optoelectronic
sectors. Fig. 2 displays a structural map of our studied
compounds. The areas surrounded by the dotted lines (black
and red) represent the boundary limits for the formation of
stable perovskites, and the compounds that lie in those areas
can form perovskites.

Determining the DFT lattice constant was essential for
assessing other parameters. Therefore, the obtained values and
other available lattice constant and cell volume values from the
literature for all of the perovskite compounds are tabulated in
Table 2, based on the use of two different functionals. Generally,
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Fig. 2 A structural map of CHsNHsMX3 compounds. The dotted lines
are the boundary lines mentioned in the text. Compounds in the red
dotted circle represent stable perovskites.
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the value of lattice parameters shows underestimates for LDA
and overestimates for GGA.

However, in Table 2, both LDA and GGA overestimate the
experimental results. This finding is consistent with the
outcomes for traditional semiconductors. However, CH;NH;-
MCI; shows overestimated values of the lattice parameters for
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both LDA (CAPZ) and GGA(PBE) functionals, and this may be
due to the lack of van der Waals interactions between the
organic part (CH3NHj3) and the octahedral [M-Cl] corner.”® If
one considers dispersive interactions in a specific form, the
obtained lattice parameters can agree well with the experi-
mental data.*>* On account of the DFT result, the experimental

Table2 Optimized lattice parameters and cell volumes of CHzNH3zMX3 (M: Cu, Zn, Ga, Ge, Sn, Pb; X: Cl, Br, I) perovskites obtained using the two
functionals LDA-CAPZ and GGA-PBE, and a comparison with other available studies (both experimental and theoretical)

Lattice parameter (A)

Material Method a b c Volume (A%) Ref.
CH;NH;CuCly LDA-CAPZ 14.749 9.204 9.599 1303.062 —
GGA-PBE 14.945 9.139 9.609 1314.088 —
Experiment 18.8 4.23 11.11 875 42
CH,NH,ZnCl, LDA-CAPZ 12.735 7.374 12.651 1188.029 —
GGA-PBE 13.453 7.870 14.935 1581.245 —
CH;NH;GaCl; LDA-CAPZ 11.371 9.898 10.010 1126.620 —
GGA-PBE 11.480 11.610 11.545 1538.830 —
CH;3;NH;GeCl3 LDA-CAPZ 14.749 9.204 9.599 1303.062 —
GGA-PBE 14.945 9.139 9.609 1314.088 —
Theory 7.28 7.28 10.61 487.54 43
CH;3;NH;SnCl; LDA-CAPZ 12.729 11.383 11.494 1665.414 —
GGA-PBE 11.555 11.327 11.677 1528.326 —
Experiment 5.76 — 43
CH;NH;PbCl; LDA-CAPZ 10.990 11.263 11.124 1376.933 —
GGA-PBE 11.469 11.616 11.589 1543.932 —
Experiment 8.020 — 11.260 — 44
Theory 7.850 8.220 11.150 719.476 —
CH;NH;CuBr; LDA-CAPZ 7.470 9.922 8.321 616.752 —
GGA-PBE 9.569 10.305 8.729 860.989 —
CH;NH;ZnBr; LDA-CAPZ 7.313 10.861 8.229 653.603 —
GGA-PBE 8.101 11.037 10.334 923.996 —
CH3;NH;GaBr; LDA-CAPZ 7.272 11.691 7.870 669.026 —
GGA-PBE 7.783 11.382 8.309 736.073 —
CH;NH;GeBr; LDA-CAPZ 7.459 10.849 8.041 650.687 —
GGA-PBE 7.842 11.485 8.449 760.919 —
Theory 7.64 7.64 10.91 552.01 24
CH;3;NH;SnBr; LDA-CAPZ 8.089 12.324 8.728 870.029 —
GGA-PBE 8.0853 12.331 8.721 869.50 —
Experiment 5.89 — 45
CH;NH;PbBr; LDA-CAPZ 7.663 11.713 8.665 777.709 —
GGA-PBE 8.183 12.314 8.963 903.161 —
Experiment 7.94 11.85 8.59 808.73 46
Theory 7.95 12.01 8.67 830.67 46
CH;NH;Cul; LDA-CAPZ 8.106 11.383 11.494 732.679 —
GGA-PBE 8.695 11.214 9.237 900.660 —
CH;3;NH;Znl; LDA-CAPZ 8.010 11.229 7.946 830.815 —
GGA-PBE 8.452 12.411 9.821 1030.201 —
CH;NH;Galj LDA-CAPZ 8.080 12.022 8.116 788.305 —
GGA-PBE 8.572 11.966 8.913 914.136 —
CH;NH;Gel; LDA-CAPZ 8.265 11.442 8.404 749.742 —
GGA-PBE 8.683 12.349 8.769 940.184 —
Experiment 8.553 8.553 11.162 707.2 24
Theory 8.20 8.20 11.34 806.58 24
CH;NH;SnlI; LDA-CAPZ 8.128 12.071 8.850 868.301 —
GGA-PBE 8.917 12.670 9.206 1040.079 —
Theory 8.556 12.428 8.326 885.400 47
CH;NH;PbI; LDA-CAPZ 8.176 12.442 8.971 912.582 —
GGA-PBE 8.992 13.068 9.297 1092.467 —
Experiment (T = 100 K) 8.866 12.629 8.577 960.338 48
Experiment (T = 100 K) 8.836 12.580 8.555 951.010 11
Theory 9.226 12.876 8.619 1023.880 49
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lattice constant was not utilized. The over-restrictive issues in
DFT brought about underestimated self-interaction between
the charges, which is why the theoretical result becomes smaller
than the experimental data. So, our calculated structural
parameters are in the acceptable range. In this way, the
contrasts between our outcomes and the trial information are as
anticipated.

Our obtained lattice parameters also agree well with other
theoretical results. It is also observed from Fig. 3 that the cell
volume decreases with an increase in the anion size (from Cl to
I). Thus the cell volume and the radius of the halide anion share
an inverse relationship, while a proportional increase has been
shown for the radius of the metal cation. The radius of the metal
cation increases from Ge to Pb (same group) and from Cu to Ga
(same period), so the lattice of the structure is additionally
increasing with a specific end goal of upholding the structural
symmetry. According to Fig. 3, the cell volumes of all the
perovskites increase with the size of the metal cation (except
CH;NH;GaX;).

The calculated bond lengths are given in Table 3, and this
leads to knowledge of the structural alignments and energy
gaps of the perovskites. We refer to the six M-X (metal-halide)
bond lengths of the MX, octahedra and other important bonds
to observe the variations among the eighteen perovskite
compounds. Metal cation and halide anion share six bonds;
four bonds are located in the equatorial plane, and the other
two bonds are in the axial direction. Interestingly, the M-X
bonds are shorter when the atomic size decreases in the same
group (from Ga to Cu) and the same period (Pb to Ge). There-
fore, all the bond lengths are larger in the equatorial direction
than in the axial direction. From Table 3, it is also observed that
C-H bond lengths are more significant than the N-H bond
length in CH3;NH;MX;. As nitrogen has more valence electrons
than carbon, it attracts the positively ionized hydrogen atom
more strongly and makes a firm bond with it. Also, the N-H ion
possesses a larger dipole moment than the C-H ion, which is
why the N-H ion is more strongly pulled towards the halogen
atoms by the van der Waals forces.
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Moreover, it is well known that the enthalpy of formation is
an essential tool for determining the thermodynamic stability
of a material.>»*> Previous studies reported the standard
enthalpy of formation of hybrid organic-inorganic perovskites
from the corresponding crystalline CH;NH;X and PbX, salts
which form CH;NH;PbX; and it can be written as:

CH3NH3X(S) + Psz(s) - CH3NH3PbX3(5), AHf

Here AHy can be calculated with the help of the following
equations:

AH; = AH;(products) — AH;(reactants)
— AH;(CH;NH;PbX;) — (AH;(CH;NH;X) + AH;(PbX,))

Our calculated formation enthalpies are tabulated in Table 1
and they exhibit negative values for all the compounds, con-
firming their thermodynamic stability. Besides, the AH; values
of CH3NH;PbX; are quite comparable with other theoretical
studies.>>*

3.2 Electronic properties

Investigating electronic properties is very important for metal
halide perovskites to determine their various prospective
applications. In this regard, we have calculated the band
structure, density of states (DOS) and projected/partial density
of states (PDOS) of orthorhombic CH;NH3;MX; by using the
DFT-GGA (PBE) and LDA (CAPZ) level of theory. All calculated
band diagrams in the high symmetry zone are depicted in Fig. 4
for CH;NH;MX; compounds.

In the band structures, all energies are relative to the Fermi
level, and the top of the valence band indicates the Fermi level
for semiconductors. Here it is observed that all the perovskites
possess a direct band gap at the G symmetry point except
CH;NH;GaX;. All the B-site metal cations (Cu, Zn, Ga, Ge, Sn
and Pb) have fully or partially filled valence 3s, 4s, 5s and 6s
orbitals, respectively, and these are located under the upper
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Fig.3 A comparison of the cell volume (in A) values upon varying the metal and halide at the GGA-PBE level of theory for (a) same-period and (b)

same-group perovskite compounds.
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Table 3 Bond lengths in angstrom (A) for CHsNH3zMX5 structures using the GGA-PBE level of theory
Bond length (A)

Material Equatorial plane Axial plane

M-X1 M-X2 M-X3 M-X4 N-C N-H1 N-H2 C-H1 C-H2 M-X5 M-X6 N-H3 C-H3
CH;3;NH;CuCl; 2.33 2.33 2.45 2.41 1.49 1.05 1.05 1.09 1.09 2.39 2.42 1.05 1.09
CH;3NH;3ZnCl, 2.22 2.22 2.30 2.30 1.49 1.05 1.04 1.09 1.09 2.40 2.40 1.05 1.10
CH;NH;GaCl; 2.37 2.37 2.36 2.36 1.46 1.06 1.05 1.10 1.10 2.51 2.50 1.05 1.10
CH;3NH;GeCly 2.33 2.33 4.43 2.37 1.51 1.04 1.04 1.10 1.09 2.70 2.83 1.04 1.09
CH;3;NH;SnCl; 2.83 2.83 2.98 2.98 1.49 1.05 1.04 1.09 1.09 2.93 2.91 1.04 1.09
CH;3;NH;PbCl; 2.91 2.83 2.83 2.90 1.49 1.05 1.05 1.09 1.09 2.93 2.91 1.05 1.09
CH;3;NH;CuBr; 2.32 4.16 4.16 2.32 1.49 1.05 1.05 1.09 1.09 2.58 2.58 1.05 1.09
CH;3;NH3;ZnBr; 2.32 4.30 4.30 2.32 1.49 1.06 1.04 1.09 1.09 2.94 2.94 1.04 1.09
CH;3NH;GaBr; 2.75 2.97 2.75 2.75 1.49 1.05 1.04 1.09 1.09 2.85 2.85 1.04 1.09
CH;NH;GeBr; 2.86 2.98 2.98 2.86 1.50 1.04 1.04 1.09 1.09 2.88 2.88 1.04 1.09
CH;3;NH;SnBr; 3.03 3.04 3.04 3.03 1.50 1.05 1.04 1.10 1.09 3.10 3.10 1.04 1.09
CH;3;NH;PbBr; 3.29 3.29 3.29 3.29 1.51 1.04 1.04 1.09 1.09 3.12 3.12 1.04 1.09
CH;NH;Cul;y 2.54 3.83 3.83 2.54 1.49 1.05 1.04 1.09 1.09 2.81 2.81 1.04 1.09
CH;3;NH3ZnlI; 2.56 3.95 3.95 2.56 1.49 1.06 1.04 1.09 1.10 3.11 3.11 1.04 1.10
CH;NH;Galj 3.09 3.12 3.12 3.09 1.49 1.05 1.04 1.09 1.09 3.01 3.01 1.04 1.09
CH;3;NH;Gel; 3.16 3.18 3.18 3.16 1.50 1.04 1.04 1.09 1.09 3.11 3.11 1.04 1.09
CH;NH;SnI; 3.06 3.08 3.08 3.06 1.50 1.05 1.03 1.09 1.09 3.06 3.06 1.03 1.09
CH;3NH;PbI; 3.30 3.34 3.34 3.30 1.50 1.05 1.04 1.09 1.09 3.29 3.29 1.04 1.09

portion of the valence bands (VB) and thus these lone pairs are
mainly responsible for the formation of valence band maxima
(VBM). Lone-pair electrons directly affect the electronic struc-
ture of these metal halide perovskites. If the A-site CH3;NH;
cation and X-site halogen anion (for example, iodine, I) are kept
fixed and variation is made at the B-site metal, then it is noticed
that the increase in the level of lone-pair states (4s'[Cu], 4s>
[zn], 4s® [Ge], 55 [Sn], 6s” [Pb]) leads to wider bandgaps for
these perovskites. The same thing happened for fixing the X-site
as Br~ or Cl™ anions. Now let us keep the A-site CH;NH; cation
and any metal cation (M: Cu, Zn, Ge, Sn, Pb) fixed and observe
variation at the X-site (X: Cl, Br, I). Then we see the reverse case.
With an increase in the level of the lone-pair states (3s*[Cl],
45”[Br], 5s°[1]) of the halide anion, the width of the bandgaps
gradually decreased for the studied compounds. The unfilled s-
orbitals or lone-pair electrons of these metal cations can
introduce unfamiliar properties.*® Herein for all the structures,
both the conduction band minima (CBM) and the valence band
maxima are isotropic and dispersive (i.e., with a large band-
widths), which indicates minor carrier effective masses and this
is useful in photovoltaic sectors. In all the structures, the fluc-
tuations of the bottom conduction band (CB) are more
substantial, indicating a quicker passage of photoelectrons.
Also, the top VB and bottom CB are broad, which implies non-
localized states and long-distance transport of excitons in these
materials.

According to Fig. 4, if the halide changes from Cl to I, then
the CB and VB, especially an inferior VB, are shifted to the Fermi
level. It is also same for metal variation (from Ge to Pb and from
Cu to Zn). This happens because the number of lone-pair

13286 | RSC Adv, 2022, 12, 13281-13294

electrons increases, which lead to more states and bands near
the Fermi level.

All the calculated fundamental bandgaps at G symmetry
points and other available theoretical and experimental values
are listed in Table 4. From Table 4, we observe that as the halide
changes from Cl to I, the bandgap decreases, and it increases
with atomic radius in the same group (Ge to Pb) and in the same
period (Cu to Zn). Also, the CH3NH;GeX; band gaps are quite
close to those of CH;NH;PbX; and larger than those of CH;-
NH,SnXj, as clearly depicted in Fig. 4. This makes CH;NH;GeX;
a favorable candidate for solar cell applications. Further CH;-
NH;ZnX; also possesses a band gap that is quite close to CH;-
NH;3PbX; and the band gap of CH3NH;3Znl; is (1.547 €V) very
close to that of CH;NH;Pbl; (1.761 eV). This is also a good sign
for their application in solar cells. CH;NH;GaX; show metallic
nature, which introduces a new idea for implementing them in
other metallic/optoelectronic applications as they are non-
perovskite compounds. With a decrease in atomic radius at
the B-site, the nucleus gradually increases its electrostatic force
on valence electrons. So, the nucleus strongly grasps the valence
electrons which lowers the band gap and bonding energy in
these materials. This may be one of the reasons why the band
gap decreases with a reduction in atomic size. Our calculated
band gap is closer to and comparable with experimental results.
This trend has furthermore been witnessed in different studies
on same-group compounds (CH3NH3GeX3, CH;3;NH;SnX;, CH;3-
NH;3PbX;).*® An exception has been observed for the experi-
mental value of CH;NH;CuCl; as very little work has been done
on it. Also, experiments have been done on different phases and
temperatures, which also caused the variation in our calculated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electronic energy band structures for CHsNHsMXs (where CHzNH3: MA; M: Cu, Zn, Ge, Sn, Pb; X = CL, Br, 1) in the high-symmetry
direction, except for CHzNHzGaXs which is metallic in nature. The blue and red lines on the upper and lower sides of the Fermi level indicate the
CBM and VBM, respectively.
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Table 4 A list of calculated bandgaps (eV) of CHzNH3MX3 and a comparison with available theoretical/experimental work

Material GGA-PBE LDA-CAPZ Experiment/theory
CH;NH;CuCl, 0.120 0.090 2.60 [exp.]*?
CH;NH,ZnCl, 3.708 4.092 —

CH;NH;GaCl, No No —

CH;NH,GeCl, 2.834 1.799 3.74-3.76 [theory]*®
CH;3NH;SnCl, 2.283 2.100 2.18 [theory],*® 3.69 [exp.],** 1.94 [theory]*®
CH;NH;PbCly 2.825 2.334 3.1 [exp.],”” 2.88 [theory]*
CH;NH;CuBr; 0.794 0.715 —

CH;NH;ZnBr; 2.534 1.791 —

CH3;NH;GaBr; No No —

CH;NH,GeBr; 1.278 0.532 2.76-2.81 [theory]*®
CH;NH;SnBr; 1.303 1.219 2.15, 1.04 [exp., theory]*
CH,;NH;PbBr; 2.292 1.746 2.31, 2.26 [theory]"®
CH;NH;Cul, 0.421 0.156 —

CH;NH;Znl; 1.547 0.460 —

CH;NH;Gal, No No —

CH;NH,Gel, 1.151 0.626 1.9-2.0 [theory]*®
CH;NH;Snl;, 1.006 0.350 1.21 [exp.]*

CH;NH;PbI, 1.761 1.441 1.6 [exp.]!

results. It is also noticed that the band gaps are very responsive
to variation in B-site metal cations in the perovskites and they
agree quite well with earlier investigations.**® Moreover, the
GGA functional containing the Wu-Cohen potential® is very
effective for bandgap investigation in comparison to the results
of the LDA functional (Fig. 5).°° Bandgaps that are calculated
with DFT give lower values than the experimental data but they
can still be accounted for the DFT investigation.*®

The electronic band gap can be explicated further by an
investigation of the density of states (DOS). The DOS spectra of
all the materials are presented in Fig. 6, which shows
a comparison among them. All eighteen methylammonium
metal halide perovskites possess the same type of total density
of states (TDOS) except for MAGaX; where the VB crosses the
Fermi level and they show metallic behavior. However, by
changing the cations from Ge to Pb and Zn to Cu, the VB are
shifted closer to the Fermi level, as observed in Fig. 6. The same
pattern was observed for chloride, bromide and iodide

Bandgap (eV)

CH3NH3CuX3

CH3NH3ZnX3 CH3NH3GeX3 ‘CH3NH3SnX3 CH3NH3PbX3

Materials

Fig.5 Anillustration of the band gap trend with a variation in the metal
cation and halide anion for orthorhombic CH3sNHzMX3 (except for
CH3NHzGaXs which is metallic in nature) using the DFT-GGA level of
theory.
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perovskites. This trend is also similar to the band structures
which reaffirms the study.

We have further studied the partial/projected density of state
(PDOS) of our calculated perovskite compounds, which are
shown in Fig. 7. In terms of atomic viewpoint, the main
contribution in VB and CB comes from the M-site and X-site
atoms and it causes a reduction in band gap of these
compounds. The valence electrons of Ge, Sn and Pb are 4s> 3d"°
4p?, 55* 4d"° 5p* and 6s* 5d"° 6p?, respectively. From Fig. 7, it
can be noted that the PDOS of these valence electrons, espe-
cially lone-pair electrons, give the main contribution to the
formation of total DOS. For heavy atoms, the energy of the
valence lone pair s orbital increases with an increase in metal
cation size®"* in the same period and in the same group which
helps to make them defect-tolerant compounds. In the same-
group compounds (CH3;NH;GeX;, CH3;NH3SnX;, CH3;NH;-
PbX;), the main contribution in the conduction band minima
(CBM) comes from the partially filled 4p>, 5p> and 6p” states of
the metal atom, respectively. As the d-orbital is fully filled, its
contribution is quite small for this group of perovskites.

Mainly the p-orbital and partially the lone-pair s-orbital of
the metal atom (lone-pair s—p hybridization) are responsible for
the configuration of the CBM. Thus it increases the band gap
from Ge to Pb which provided validation of the study. The VBM
is dominantly formed by the valence p-orbital of the halide
anion and the lone-pair s-orbitals of the metal cation make
a partial contribution for these same-group compounds. The
lone-pair s—-p hybridization of the metal cation and halide anion
are greatly related to their band gap and these will lead to
making them defect-tolerant compounds, able to tune their
electronic attractiveness. The band gap is also linked with the
M-X bond lengths of the same-group perovskite compounds
and any alteration in the material configuration or bond length
of these compounds can alter the band gap. So this elucidates
the cause of the reduction in band gap value from CH;NH;PbX;
to CH;NH;GeX;.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Density of states (DOS) spectra for (a) CH3zNHzMCls, (b) CHsNH3MBrs, and (c) CH3sNHzMls, and a comparison upon varying the metal and

halide atoms in those CH3sNH3MXs compounds.

Again in the same-period compounds (CH;NH;CuX;, CHj;-
NH;ZnX3, CH3;NH;3GaX;), the valence electrons of Cu, Zn and Ga
are 4s' 3d"°, 4s®> 3d"° and 4s> 3d"° 4p', respectively. As Cu has
a half-filled s-orbital, this affects the TDOS more than for Zn and
Ga. Besides the Cu-d orbital contributes mainly to forming the
VB near the Fermi level in the CH;NH;CuX; compounds. In the
Cu-group compounds, the valence p-orbital and partial s-orbital
of the halogen (X) anion contribute mainly to the VBM. While
the main contribution of CBM comes from the s and p orbitals
of the metal cation. Thus with an increase in atomic size in the
same period (from Cu to Zn), the band gap increases from
CH;3NH;Cul; (0.421) to CH3NH;3Znl; (1.547) and similarly for
other halides. Besides, the organic methylammonium part of
those perovskite compounds has little impact on the CBM or
VBM. Overall, organic CH;NH; did not participate in the band
structure; instead it contributed to the structural cohesion.
Here it needs to be mentioned that as we make variations in the
metal, the outer shell electrons and lone-pair s-p hybridization
are changed and so is their participation in the TDOS as we go
from Ge — Sn — Pb and Cu — Zn — Ga.

The coupling between the methylammonium cation
(organic) and the M-X bond (inorganic) was further inspected
with plots of electron charge density. They appear in ESI

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. S1t). For a better understanding, we present part of that
depiction in Fig. 8 for CH;NH;MI;. Here field representation
has been used for plotting electron charge density. According to
Fig. 8, we did not observe any electron orbital overlap between
the CH;NH; part and the inorganic M-X bond, which repre-
sents a weak coupling between them. So there exists ionic
bonding between the organic and inorganic parts. These
perceptions indicate the character of the organic molecule for
balancing the charge. This also clarifies that bonding between
CH;NH; and M-X is ionic. In this sense, the charges in the
metal halide CH;NH;MX; show better transport
performance.

would

3.3 Optical properties

Hybrid perovskite compounds become very promising as bril-
liant light harvesters in photovoltaics because of their organic
(CH3NH;) part, which possesses greater optical absorption.
Therefore, these compounds receive huge interest in the
research community for building more efficient and effective
photovoltaic and optoelectronic devices.

The optical absorption coefficient of a material is an
important parameter that measures the dispersion of light at

RSC Adv, 2022, 12, 13281-13294 | 13289
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Fig. 7 Partial density of states (PDOS) plots of orthorhombic (a) CHzNH3zMCls, (b) CH3sNHsMBrs, and (c) CHzNHzMIs compounds, where the

dotted line represents the Fermi level at 0 K.

particular wavelengths before it becomes absorbed.>** This is
very helpful for providing information related to solar energy
conversion efficiency. Thus, this is very relevant for the practical
application of a material in photovoltaics.

In Fig. 9, optical absorption coefficient spectra of all eighteen
perovskite materials are depicted. For same-group compounds
(CH3NH;3GeX;, CH3NH;SnX;, CH;NH;3PbX;), the peaks of the
absorption spectra shift to (right) high energy with the variation
in metal from Ge to Pb and also with the changes in halogen
from Cl to I. The peak of the absorption spectra was wide for Pb
iodide and Sn iodide compounds with a very wide absorption
range from far UV to the visible range (174-800 nm) and another
peak with a strong absorption coefficient was at 180 nm for the
Ge iodide compound. In other words, all the same-group

13290 | RSC Adv, 2022, 12, 13281-13294

materials within this range possess durable absorption and
low electron loss. So it should be pointed that all these same-
group compounds were fully transparent in the visible range.
Also in going from iodide to chloride compounds, the absorp-
tion range decreases gradually from the visible spectrum to near
UV. On the other hand, in the same-period compounds (CH;-
NH;CuX;, CH3;NH;ZnX;, CH3;NH;GaX;), the peak value shifts to
higher energy when Cu is replaced with Zn or Ga, while we
observe blue shifts for halogen variation from I to Cl with the
total energy range between 125 and 800 nm. Besides, with the
decrease in band gap, the absorption spectra of all the perov-
skites shift to lower energy from Pb to Ge and Ga to Cu in the
iodide, bromide and chloride compounds. An exception was
observed for CH3NH;GaBr; and CH3;NH3;CuCl; compounds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Total electronic charge density for methylammonium metal iodide: a field representation. The units are electrons A=3. In the field
representation, colors from blue to orange symbolize the change in electron density from low to high.

which absorb light over a very wide range (115-800 nm) that
make them favorable candidates for diverse optoelectronic
devices. Thus optical absorption has a close relationship with
electronic structure. As these perovskite compounds absorb UV-
Vis light, these types of material show advantages for their
application in solar cells as well as in many optical and elec-
tronic applications.

Other optical properties, including reflectivity, refractive
index, complex dielectric function, energy loss function and
optical conductivity, of these orthorhombic perovskites have
been calculated and are attached in the ESI (Fig. S21). The zero
frequency limit of dielectric function ¢;(w), reflectivity R(w) and

© 2022 The Author(s). Published by the Royal Society of Chemistry

refractive index n(w) are listed in Table 5. The frequency-
dependent real part of the dielectric function, &;(w), is shown
in Fig. S2.7 From the dielectric spectra, we noticed that the
compounds move to lower energy when the B-site metal atom
changes from Pb to Ge and from Ga to Cu in iodide, bromide
and chloride compounds (see Fig. S27). In these spectra, we
noticed a significant quantity which is the zero frequency limit
&(0). It is considered to be a static dielectric constant. In the
spectra the most important quantity is the zero frequency limit
&(0), which is the electronic part of the static dielectric
constant. The values of static ¢(0) are tabulated in Table 5.
From Table 5, it is clear that for the same-group compounds,

RSC Adv, 2022, 12, 13281-13294 | 13291
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Fig. 9 A comparison of the absorption coefficient a(w) as a function of wavelength (nm) for orthorhombic CHzNH3zMX3s compounds.

Table 5 Zero frequency limit of ¢ (w), R(w), and n(w) for orthorhombic
CH3NH3zMX3 (M = Pb, Sn, Ge, Ga, Zn, Cu; X = |, Br, Cl)

Parameters

Materials &(0) R(0) n(0)

CH;3NH;CuCl; 60.156 0.661 7.860
CH;3NH;3ZnCly 1.613 0.014 1.270
CH;3NH;GaCly 1.658 0.016 1.288
CH;3NH;GeCly 1.951 0.027 1.397
CH;3NH;SnCl; 4.389 0.125 2.095
CH;3NH;PbCl; 2.430 0.048 1.559
CH;3;NH;CuBr; 2.591 0.055 1.610
CH;3NH;3;ZnBr; 1.885 0.025 1.373
CH;3;NH;GaBr; 791.070 0.874 28.624
CH;NH;GeBr; 4.416 0.126 2.102
CH;3;NH;SnBr; 4.159 0.117 2.039
CH;NH;PbBr; 4.041 0.113 2.010
CH;NH;Culj 5.077 0.149 2.254
CH;3;NH;3Znl; 2.586 0.054 1.608
CH;NH;Gal; 11.279 0.299 3.375
CH;NH;Gel; 6.832 0.199 2.614
CH;3;NH;Snl; 6.688 0.196 2.586
CH;3NH;PbI; 4.26 0.121 2.064
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&1(0) decreases from Ge to Pb and increases for chloride to
iodide compounds except for CH;NH;GeCl;. This shows that
bandgap and &,(0) share an inverse relationship. For same-
period compounds the value of ¢;(0) decreases from Cu to Zn
and increases from Zn to Ga based compounds. Also with the
variation in halide (from I to Cl), the value of &(0) decreases,
with the exception of CH3;NH;GaBr; (=791 eV) and CH3NH;-
CuCl; (=60 eV). These values are unusually high and they also
absorb light over a very wide range, as depicted in Fig. 9. This
makes these two materials interesting in various optoelectronic
device applications.

It is also noted that R(0) shows similar behavior to &(0) in
both categories (same group and same period) of compound
and also with iodide to chloride compounds. Similar exceptions
occurred for CH;NH;GeCl;, CH;NH;GaBr; and CH;NH;CuCls.
The highest R(0) value was noted for CH;NH;GaBr; (0.874 eV)
which also possesses a very high dielectric function (791 eV).
The zero frequency refractive index n(0) further shows analo-
gous behavior to ¢;(0) in both categories of compound and also
in iodide to chloride compounds.

For same-group compounds, CH3;NH,;SnCl; is an exception
in n(0) while CH3NH;GaBr; and CH3;NH;CuCl; are exceptions
for same-period compounds. The infrequent high refractive

© 2022 The Author(s). Published by the Royal Society of Chemistry
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index of CH;NH;GaBr; (28.624) and CH3;NH;CuCl; (7.860) is far
greater than the value for diamond, the natural material with
the highest refractive index. Thus CH;NH;GaBr; and CH;NH;-
CuCl; can be turned into artificial and unusual jewel crystals. If
the value of the refractive index falls below unity (see Fig. S27)
then it can be able to absorb X-rays, y-rays and a percentage of
UV photons which make these materials superluminescent for
these types of rays. So these low values of refractive index (n = ¢/
V,) imply that V, swings to the negative realm (as V, > ¢) and the
medium changes from linear to non-linear which is indicative
of the superluminal nature of these materials (CH;NH;GaBr;
and CH;NH;CuCls).

4 Conclusions

First-principles DFT calculations were performed on ortho-
rhombic hybrid metal halide perovskites of the form CH;NH;-
MX; (M: Cu, Zn, Ga, Ge, Sn, Pb; X: Cl, Br and I) to investigate
their geometric, electronic, and optical properties and to
understand their atomistic origin and the effects of lone-pair
orbitals (s-p hybridization) upon varying the metal cations
and halogen anions in these perovskite compounds. According
to the tolerance factor limit and g, all eighteen materials may
form stable 3D perovskite compounds, except CH;NH;GaX;,
which may be a non-perovskite and could be used in other
optoelectronic devices. The calculated lattice parameters are
directly related to the atomic radii of the metals and are entirely
compatible with the experimental values. M-X bonds become
more important when the size of the metal cation increases in
the same group (Ge to Pb) and the same period (Cu to Ga), and
the bond length changes are found to be more significant in the
equatorial direction. Also, the calculated M-X bond lengths
reduce upon going from I to CL

According to the electronic band structures, all the hybrid
perovskites possess a direct band gap at the G symmetry point.
The calculated band gaps of these CH;NH;PbX; perovskites
increase from ClI to I, and they agree well with experimental
data. Also, CH3;NH;ZnI; possesses a band gap of 1.547 eV, which
is comparable to CH;NH;PbI; (1.761 eV), making this material
(CH3NH3Znl;) a vital candidate for lead-free solar cell applica-
tions. The VBM is mainly contributed to by the p orbital of the
halide atom, the CBM comprises the lone-pair s and p orbitals
of the metal atom near the Fermi level, and organic CH;NH;
does not contribute to the electronic structure. The impact of
the hybridization of the lone-pair (ns®) electrons of the metal
cation with the halide anion (lone-pair p-orbital) leads to some
unfamiliar properties being shown by these metal halide
compounds, which is encouraging for optoelectronic applica-
tions. This lone-pair hybridization plays a key role in producing
defect-tolerant compounds and is also responsible for suitable
band alignments, making these materials perfect absorbers for
visible light. Moreover, PDOS plots suggest a relationship
between the band gap and the effect of the lone pair (i.e., s—p
hybridization) and M-X bonding. Therefore, any alteration at
a metal or halogen site can easily affect the band gap values.

From the viewpoint of optical absorption spectra, all the
orthorhombic perovskite materials show blue shifting from Pb

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to Ge and Ga to Cu in iodide, bromide, and chloride
compounds. For same-group compounds (CH3;NH;GeX3, CH;-
NH;SnX;, and CH3;NH;3PbX;), &1(0), R(0), and n(0) decrease from
Ge to Pb and increase when moving from chloride to iodide
compounds. Disruptive behavior has been observed for same-
period compounds (CH3;NH;CuX;, CH3NH3;ZnX;, and CH;-
NH;3;GaX;). CH3NH;3GaBr; and CH3NH;CuCl; could be prom-
ising nontoxic materials for use in optoelectronic devices as
they absorb a wide range of light (from far-UV to visible) and
possess very unusual high dielectric functions and refractive
indices.
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