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Abstract: Hybrid organic-inorganic halide perovskites (HOIPs) have recently represented a material
breakthrough for optoelectronic applications. Obviously, studying the interactions between the
central organic cation and the Pb-X inorganic octahedral could provide a better understanding
of HOIPs. In this work, we used a first-principles theoretical study to investigate the effect of
different orientations of central formamidinium cation (FA*) on the electronic and optical properties
of FAPbBr; hybrid perovskite. In order to do this, the band structure (with and without spin—
orbit coupling (SOC)), density of states (DOS), partial density of states (PDOS), electron density,
distortion index, bond angle variance, dielectric function, and absorption spectra were computed. The
findings revealed that a change in the orientation of FA* caused some disorders in the distribution of
interactions, resulting in the formation of some specific energy levels in the structure. The interactions
between the inorganic and organic parts in different directions create a distortion index in the bonds
of the inorganic octahedral, thus leading to a change in the volume of PbBrg. This is the main reason
for the variations observed in the electronic and optical properties of FAPbBr3. The obtained results
can be helpful in solar-cell applications.

Keywords: hybrid perovskites; formamidinium; distortion index; inorganic octahedral; bond angle
variance; solar cell

1. Introduction

Since the dawn of civilization, solar energy has been hailed as one of the most promis-
ing renewable energy resources [1-14]. By utilizing readily available materials and simple
fabrication processes, thin-film technology promises to cut the cost of solar energy [15-28].
In recent years, a variety of light absorber materials have been studied in both organic and
inorganic systems [29-42]. Due to their great processability, wide optical absorption cross-
section, and good thermal stability [43-56], hybrid organic-inorganic halide perovskites
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are regarded as being suitable materials for mesoscopic solar cells [57-72]. They have the
general chemical formula ABX3, where A is an organic/inorganic cation (e.g., Cs™: cesium,
(CH3NH3)*: methylammonium, MA*; (CH(NH;),)*: formamidinium, FA*), X is a halogen
anion (e.g., X =17, Br~, C17), and B is a divalent metal cation (e.g., Pb2+) [73-771].

Changing the cations or anions in HOIPs can change their bandgap energy. For example,
when iodide anions are substituted by a smaller halide, the bandgap increases [78-82]. While
keeping the cubic structure, the bandgap reduces also upon substitution of formamidinium
(FA) cation by smaller methylammonium (MA) cation [83-85]. FA-based lead bromide
perovskite (FAPbBrs) has been reported to have an optimum bandgap of ~2 eV, which
translates to absorption up to 560 nm [86]. Altogether, it can be said that FAPbBr3; could be a
better active material than MAPbBr; for perovskite solar cells (PSCs) [87-90]. However, pure
FAPDbBr3 has been discovered to be unstable because its trigonal-phase is sensitive to humidity
and quickly transforms to a non-photoactive hexagonal-phase at room temperature [91-95].

In a wide range of molecular systems, such as organic and hybrid materials, molecule
rotations play a key role in the dynamical and relaxation properties. In addition, in gases
and liquids, the rotational disorder can also be seen in solid materials (e.g., hybrid per-
ovskites) [96,97]. Several experimental techniques, including dielectric relaxation, infrared
and Raman spectroscopy, spin relaxation, and fluorescence depolarization, have been used
to offer information about the relaxation timeframes required to reestablish equilibrium
after an appropriate perturbation of the molecular motion [98,99].

The organic cation formamidinium has an asymmetric charge distribution resulting in
a net dipole moment. At temperatures around 330 K, FAPbBr3 has a cubic structure, and
the dipolar organic cation can rotate almost freely inside the metal-halide lattice [100-102].
This leads to a high dielectric screening compared to halide perovskites with non-dipolar
cations, such as Cs* and Rb*. The rotational freedom of organic cation has been found to
be highly dependent on temperature. The dipolar nature of the central cation has a great
effect on the optoelectronic properties of hybrid halide perovskites [100-102].

Moreover, it has been previously shown that (CH(NH),)* has no covalent bonding
with the Pb-Br framework, which makes (CH(NH);)* more dynamic for various types of
rotations [100,102].

In this work, we rotated organic FA cation in two axes within the FAPbBr3 perovskite:
(a) the vertical axis going through the C atom and (b) the connecting axis of N-N bond.
Because the organic molecule was standing upright in the X direction, two rotation axes
of Y and X were chosen with rotations at ideal angles of 15°, 30°, 45°, 60°, and 75°. DFT-
based calculations were performed to investigate the influence of different rotations on the
electronic and optical properties. We have supplied thorough information on the electrical
and optical performance of FAPbBrj at different angles. The findings could help researchers
figure out which structure is suitable for use in solar cells.

2. Computational Details

Quantum Espresso’s PWSCF Code was used for all calculations [103]. The general-
ized gradient approximation (GGA) was used in the scheme of Perdew—Burke-Ernzerhof
(PBE) [104] to describe the exchange-correlation functional. We focused on the rotation of
organic cation (FA™) within the pseudo-cubic phase of FAPbBrj; perovskite. The density
of valence electrons and wave functions were also represented by using scalar relativistic
ultra-soft and plane-wave basis set pseudo-potentials. The energy cutoffs of wave func-
tions and electron density were set to be 37 and 365 Rydberg, respectively. The Brillouin
zone (BZ) of the cubic systems was sampled by using a 10 x 10 x 10 Monkhorst—Pack
grid [105,106]. The structure was fully relaxed until the force on each atom was less than
0.0051 eV A~1. The frequency-dependent complex dielectric function was computed by
using the following equation [103]:

87 |<(ka|ij|(PkC>|2 (1)
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where () is the cell volume, Nj represents total number of k-points in the BZ, 9 is the
velocity operator, and 7 is an opportune broadening factor. The indices v and c denote the
occupied and unoccupied states, respectively.

It is feasible to acquire the whole dielectric tensor evaluated on the imaginary fre-
quency axe ¢(iw) by applying a London transformation on ¢;(w) [103].

. 2 [ wei(w!

The electron energy-loss spectrum (EELS), which is proportional to the imaginary of
the inverse dielectric tensor, was obtained by using the relation [103];

mm 1 — gi(w)
I { e(w) } e2(w) + slz.(w) 3)

The frequency-dependent absorption coefficient, a(w), was determined by using the
following formula:

—&r(w) + 4 /E(w) + (w
a(w):wJ (@) + /@) + (@) “

2

3. Results

Inside a cubic structure of hybrid perovskite, the organic Formamidinium (FA) cation
is situated in the X (100) direction (pm3m). The rotational modes of FA* within the PbBr
inorganic octahedral are schematically depicted in Figure 1a. Figure 1b also displays the
position of FA* and PbBrg octahedral in the structure of FAPbBr; perovskite. In order to
get a clear vision from the FA behavior inside the Pb-Br framework, six different angles,
namely 0°, 15°, 30°, 45°, 60°, and 75°, were considered regarding both Y and X axes.

Y-mode
rotation

_

Organic
Cation

X-mode
rotation

Pb-Br
Framework

Figure 1. (a) Rotational modes of cation FA within the structure of FAPbBr3 perovskite. (b) Position of cation FA and Pb-Br

framework within the structure.

Table 1 and Figure 21 represent the computed bandgaps for different rotational modes.
As can be seen, from 15° to 75°, the lattice parameter of the FAPbBr3 in Y mode exhibits a
valley-like behavior (solid red line in Figure 21).



Coatings 2021, 11, 1341 40f 15

Table 1. Lattice parameters and bandgaps (with and without SOC) of FAPbBr; perovskite for all
rotational modes.

Rotational Mode Lattice Parameter (A) Bandgap without Bandgap with SOC

SOC (eV) (eV)
0°-X 5.97 1.61 0.40
15°-Y 5.93 1.65 0.62
30°-Y 5.89 1.70 0.65
45°-Y 5.81 1.79 1.35
60°-Y 5.85 1.73 1.04
75°-Y 591 1.68 0.72
15°-X 5.96 1.62 0.49
30°-X 5.94 1.64 0.55
45°-X 5.90 1.72 0.98
60°-X 5.92 1.66 0.61
75°-X 5.95 1.63 0.52

Encrgy (V)
Energy (eV)

IS

Enc::) (ev)
Energy (eV)

Encrgy (¢V)
Energy (eV)

Energy (V)
Foergy (¢V)
Energy (V)

Band Gap ée\')

Lattice Parameter (A%)

[ 20 40 60 80

Organic Cation Rotation (")

Figure 2. Calculated band structure of FAPbBr3 perovskite without SOC for rotational modes of (a) 0°-X, (b) 15°-Y, (c) 30°-Y
(d) 45°-Y, (e) 60°-Y, (f) 75°-Y, (g) 15°-X, (h) 30°-X, (i) 45°-X, (j) 60°-X and (k) 75°-X. (I) Variations of bandgap and lattice
parameter in term of rotational orientation.

The significant decrease in the lattice parameter from 15° to 75° indicates a decrease
in the structure volume. From Table 1, it is evident that 45°-rotated FA leads to the smallest
unite cell for FAPbBr3. Calculations on X-rotated FA, however, show that the variation of
lattice parameter in this mode is small (less than 0.07 A°). This can be attributed to the
fixed positions of NH, and NH, for X rotational modes (see Figure 21). On the other hand,
we may deduce from the computed band structures and energy bandgaps that the bandgap
and the lattice parameter have a direct relationship as a function of rotational orientation.
The bandgap energies of FAPbBr3 increased to a maximum of 1.79 eV (45° Y-rotated values)
from 1.61 eV (non-rotated data). As a result, we can say with certainty that decreasing the
structure size (as determined by the lattice parameter) causes an increase in the organic
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cation and inorganic octahedral interaction radius, pushing the conduction band to higher
energies. Figure 2 depicts the band structure of FAPbBr3 perovskite for rotational angles of
0°,15°,30°,45°, 60°, and 75° in both Y and X modes. The band structure corresponding
to the stable 0°-rotated FA for FAPbBr; is shown in Figure 2a. A direct bandgap was
discovered at the points R and M of BZ (shown with yellow and green dots). The band
degeneracy is observed at points R and M in the CBM. The band structures in which
the organic cation (CH(NH;);)" rotates in Y mode with an angle of 45° is represented by
Figure 2d. The bands stay direct at high-symmetry R and M points despite FA* rotation.

Furthermore, we may deduce from Figure 2 that changes in the structure volume
affect the interaction between organic cation and inorganic octahedra and as a result cause
considerable changes in the band structure.

Figure 2g-k illustrates the band structures related to the rotation of FA* in X mode,
demonstrating a direct bandgap at the R and M points of BZ. Unlike traditional semicon-
ductors, such as GaAs, which have a dual-degeneracy at I' point of VBM, but FAPbBr3
structure has a triple degeneracy at R point of CBM in BZ. The orientational disorders
of organic cations in HOIPs cause this fundamental divergence. It is worth noting that
organic cation does not have a direct role in VBM and CBM. However, the size, shape, and
position of organic cations inside the Pb-Br framework have a considerable effect in the
electronic and optical properties of HOIPs. The rotation of FA in Y and X modes affects the
band structure while maintaining its original shape at the R point of BZ. Organic cations
interact with the inorganic octahedral, which results in the change of band structure.

The presence of d orbital of lead atom in the HOIPs structure makes the spin-orbit
coupling (SOC) effect remarkable. Therefore, the band structure and bandgap (Eg) size
were calculated taking into account this effect, as shown in Figure 3 and Table 1.
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Figure 3. Calculated band structure of FAPbBr; perovskite with SOC for rotational modes of (a) 0°-X, (b) 15°-Y, (c) 30°-Y
(d) 45°-Y, (e) 60°-Y, (f) 75°-Y, (g) 15°-X, (h) 30°-X, (i) 45°-X, (j) 60°-X and (k) 75°-X. (1) Variations of bandgap and lattice
parameter in term of rotational orientation. SOC is shown with red dashed line in CBM.

According to Figure 3, considering the SOC effect, for HOIPs at R and M points of
CBM, degeneracy leads to a non-degenerate state at the CBM. For HOIPs while maintaining
double degeneracy at transition point M, there is a band splitting from triple to double
at transition point R. In fact, due to the presence of d orbital of lead atom and since the
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most of the conduction band is affected by the lead atom, the band splitting occurs in the
conduction band and a red shift appears in the CBM.

Figure 4 depicts electron density of FAPbBr3 structure in 2D representation from the
crystallographic planes. It appears that interacting (CH(NH,),)* with PbBrg octahedral,
results in some structural disorders that alters the octahedral volume as well as the total
volume of the structure (refer to Table 1 and Figure 5).

®
@
® @e

Figure 4. Two-dimensional depiction of electron density of FAPbBrs; perovskite for rotational modes of: (a) 0°-X, (b) 15°-Y,
(c) 30°-Y (d) 45°-Y, (e) 60°-Y, (f) 75°-Y, (g) 15°-X, (h) 30°-X, (i) 45°-X, (j) 60°-X and (k) 75°-X.
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Figure 5. Calculated average distortion index (bond length), bond-angle variance, and average octahedra volume of
FAPbBr3 perovskite for different FA rotations: (a) in Y mode and (b) in X mode.
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Due to the relatively greater ionic radius of NH, its interaction is substantially higher
than that of CH, as shown in Figure 4’s 2D counter plots in (001) plane and also Table 2.
On the basis of rotational angles, the average distortion index (bond length), bond angle
variance and volume of the octahedral were calculated and shown in Figure 5. When FA is
rotated, the interaction between the FA* and PbBrg is greatly enhanced (see (001) plane in
Figure 4). As shown in Figure 5a, the average volume of the octahedral is reduced, leading
to an increase of the bandgap energy (refer to Figure 2).

Table 2. Ionic radii; atomic radii; Van Der Waals radii; and atomic masses of I, Pb, N, C, and Br.

Ionic Radius Atomic Radius Van der Waals

Atom Name (A%) (A%) Radius (A°) Atomic Mass
Br 1.96 1.14 1.85 79.90
N 1.46 0.74 1.55 14.00
C 0.15 0.77 1.70 12.01
Pb 1.19 1.75 2.16 207.20
H 0.20 0.46 1.20 1.00

According to Figure 5, it is clear that, at a rotation angle of 45° for both rotation axes Y
and X, the bond angle variance of PbBrg inorganic octahedral is maximized. This is a direct
result of the reduced volume of PbBrg at 45°.

We can conclude from this section that the distance and radius of interaction between
the inorganic octahedral and the organic cation could be regarded as controlling tools of
electron density and bandgap energies. The electron density of the structure was calculated
regarding the rotational mode of 30°-X on the (001) plane, indicating no significant changes
in comparison to the FA-0°X (Figure 4a). The reason for this could be related to the fixed
positions of N atoms and the only displacement of CH in the X rotational mode. Thus,
the existence of FA organic cation formed from two distinct ionic radii (CH and NHp) is
the main reason of the structural disorders in FAPbBrs perovskites. FA plays a significant
role in cation—cation (FA*-Pb%*) and cation—onion (FA*-Br~) molecular interactions in
HOIP structure.

We calculated total DOS and PDOS, as illustrated in Figure 6. It depicts the contribution
of atom valence orbitals in the structure for non-rotated and all rotated modes. Figure 6a
corresponds to the PDOS of FA-0°x and shows that the VBM for the present system is
dominated by 4p orbitals of Br and partly by 6s orbitals of Pb, and also the CBM is dominated
by 6p orbitals of Pb atom. As can be seen, rotating FA from 0° to 75° in Y mode boosts the
roles of 4p orbital of Br and 6p orbital of Pb in the valance and conduction bands, respectively.
According to the electron-density data, the energy level of an organic cation in the (001)
plane increases at these angles (compared to non-rotated states). This could be related to
electron interactions between the p orbitals of lead and bromide atoms and those of organic
cation. Notably, there is a blue shift in DOS of the conduction band at angles of 15°, 30°, 45°,
60°, and 75° when compared to non-rotated states. Energy states at 45°-Y show a greater
variance than those at 15°-Y, 30°-Y, 60°-Y, and 75°-Y, which similarly influences the 6s and 6p
orbitals of Pb at CBM. Due to the decreased structure volume and also the greater interactions
between inorganic octahedral at 45°, CBM is moved to higher energies at this angle.
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Figure 6. Calculated DOS and PDOS of FAPbBr; perovskite for rotational modes of (a) 0°-X, (b) 15°-Y, (c) 30°-Y (d) 45°-Y,
(e) 60°-Y, (f) 75°-Y, (g) 15°-X, (h) 30°-X, (i) 45°-X, (j) 60°-X and (k) 75°-X.

From Figure 6g-k, it is clear that, similar to the Y mode, a change in the orientation of
FA in the X mode leads to the change of PDOS.

We calculated the dielectric function for the FAPbBr3 structure in FA-0°, Y, and X
rotating modes (see Figures 7-9 and Table 3). The real parts of the dielectric function for Y
mode rotations are shown in Figure 7a. As a result, for non-rotated FA, the static dielectric
constant at E = 0 is predicted to be 6.31. Nonetheless, when the FA is rotated in the Y mode,
the static dielectric constant of the structure increases at all rotational angles. Moreover,
Figure 8 shows the imaginary parts of the dielectric function. The first peak in these spectra
represents the direct optical transition known as the optical gap (R transition point in BZ).
For the non-rotated case, this peak is positioned at 1.61 eV. The peak also experiences a
blue shift when the FA organic cation is rotated at all angles. In addition, the effect of FA
rotation with X mode is displayed in Figure 7b, which shows a different result than Y with
a significant change in static dielectric constant.
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Figure 7. Real part of dielectric function of FAPbBr3 perovskite for different FA rotations: (a) in Y mode and (b) in X mode.
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Figure 8. Imaginary part of dielectric function of FAPbBr3 perovskite for different FA rotations: (a) in Y mode and (b) in X mode.
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Figure 9. Electron energy loss and &(iw) spectra of FAPbBr; perovskite for different FA rotations: (a) in Y mode and (b) in

X mode.
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Absorption (cm™)

Table 3. Wavelength of absorption edge and static dielectric constants of FAPbBrs perovskite for all
rotational modes.

Rotational Mode ) « (nm)
0°-X 6.31 770
15°-Y 6.73 751
30°-Y 7.07 729
45°-Y 7.34 692
60°-Y 7.27 716
75°-Y 7.04 738
15°-X 6.35 765
30°-X 6.50 756
45°-X 7.04 720
60°-X 6.75 746
75°-X 6.40 760

From the large changes in the positions of NH, and CH molecules, it can be concluded
that rotating FA with Y mode increases cation—cation (FA*-Pb?*) and cation-onion (FA*-Br~)
interactions. As a result, it can be inferred that the dielectric function of the system varies by
changing the structure size and bandgap value at all rotational modes.

To confirm the accuracy of the static dielectric constant calculations, the e(iw) spectrum
was evaluated for all rotational modes and shown in Figure 9. It is clear that the starting
point of these spectra actually corresponds to the static dielectric constant. According to
the electron energy-loss spectra (Figure 9), it is observed that, at the location of the first
peak, there is the least amount of electron energy loss, which is strong confirmation for the
results obtained for the dielectric function.

The optical absorption spectra of FAPbBr; for FA-0° and rotational modes are shown in
Figure 10a,b. For FA-0°, the absorption edge begins at 770 nm. Table 3 and Figure 10 provide
detailed optical absorption data for Y and X modes, including blue-shifted absorption edges
for all rotational modes. The largest change in absorption edge wavelength corresponds to
a 45°-Y rotation (a blue shift of 78 nm). The smaller volume of the structure and the greater
interactions between FA and Pb*? result in a blue shift in the absorption spectrum at 45°-Y.
The location and orientation of the organic cation, as well as its interaction with inorganic
octahedra in various angles and directions, can potentially decrease the wavelength of the
absorption edge, resulting in a tunable absorption spectrum for HOIP perovskites.

(a) (b)
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Figure 10. Optical adsorption spectrum of FAPbBrj perovskite for different FA rotations: (a) in Y mode and (b) in X mode.
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4. Conclusions

The effect of different FA rotations was investigated on the band structure, electron
density, DOS, dielectric function, and absorption spectra of FAPbBr;. We found that FA
has no direct contribution to the electronic band structure. However, due to the presence
of cation—cation (FA*-Pb?*) and cation—-anion (FA*—Br~) interactions within the structure
of the FAPbBr3, FA rotation changes the structural, electronic, and optical properties. The
rotation of FA cation causes two important factors of distortion index and band-angle
variance to affect the bonds of PbBrg inorganic octahedral. The influence of these factors
in the structural properties of HOIPs, in turn, causes some changes in the electronic and
optical properties. Modifying the rotational mode, position, and orientation of organic
cations within the structure of a hybrid perovskite can be used for tuning the bandgap,
static dielectric constant, and absorption edge.
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