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Abstract: The electronic structures of four tin-based 0D hybrid perovskites (NH3(CHy),CgHs)2[SnClg],
(CeHygN2)[SnClg], (C9H14N)2[SnClg], and (CgH12N)2[SnClg]) were determined by the DFT method
employing the pseudopotential plane wave as implemented in the CASTEP code, and the first
transition in each compound has been investigated based on the partial density states and dielectric
function. According to the structural properties, incorporating organic cations with the appropriate
structure, shape, and strong H-bonding functionality into hybrid perovskite crystals is very beneficial
for preventing ion migration and thus enhances the efficiency of hybrid perovskite-based devices.
Based on those properties employing the DFT+D method for the dispersion force, the effect of Van
der Waals interaction on electronic structure was explained based on the nature of the first electronic
transition. The similarity between the experimental and optimized structure was investigated by
using a Bilbao crystallographic server. The study of optical properties shows that the Van der Waals
interactions have a slight effect on the energy level of the curves. However, the profiles of curves are
conserved. The absorption curves of the researched compounds are elaborated.

Keywords: perovskite; van der Waals interactions; electronic structure; dielectric function; electronic
transition; absorption

1. Introduction

Organic-inorganic hybrid perovskites have received considerable attention in op-
toelectronics due to their flexible chemical and structural functionalization. Although
photovoltaics is the main focus, their exciting properties inspire applications beyond solar
cells, revealing promising utility in light-emitting diodes, lasers, and other optoelectronic
devices [1-5]. A significant effort is being put into discovering new perovskite compositions
with distinguishable electronic band structures and optical properties.

Lead-based organic-inorganic perovskites show great promise for photovoltaics. This
remarkable class of compounds offers a wide range of other fascinating structural possibili-
ties [6-8]. Due to the toxicity of lead, the researchers have focused on appropriate cations
for three-dimensional and low-dimensional perovskites such as tin (Sn), bismuth (Bi), anti-
mony (Sb), and indium (In), while maintaining the inherent perovskite properties [8-12].
Furthermore, when compared to lead-based perovskites, these alternative lead-free mate-
rials exhibit higher optical absorption coefficients, higher charge carrier mobilities, and a
narrower optical band gap [13-15].
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However, structure control of organic-inorganic metal halide hybrids has recently
been investigated at both the morphological and molecular levels to reduce dimensionality
from 3D, 2D, 1D, and 0D. Therefore, the organic cation itself may also play a role in
the hybrid materials’ special adaptability for photovoltaics (PVs), via a low barrier to
readjustment within the structure as well as participation in the dielectric/ferroelectric
properties [16-18]. The influence of halide anionic complexes in 0D perovskites has been
well studied experimentally and theoretically [19-21]. There are few studies on lead-free
0D perovskites with organic cation replacement.

In the study of Pandech et al. [22] on the effects of Van der Waals interactions on the
structural and electronic properties of CH3NH3(Pb, Sn)(I, Br, Cl); halide perovskites, it was
demonstrated that the Van der Waals interactions between the MA™ cation and inorganic
framework play a critical role in the geometry optimization and electronic properties.
Indeed, the implication of Van der Waals interactions gives a better agreement between
the optimized and experimental unit cell parameters and allows for a strongly distorted
BX6 (B =Pb, Sn; X =1, Br, Cl) polyhedron that results from MA* cation rotation. These
structural transformations affect the electronic structure, which can be changed in the same
case from direct to indirect band gap and consequently affect the optical properties.

In other studies of the role of A-cations in the polymorphic stability and optoelectronic
properties of lead-free ASnl; perovskites, Ozorio et al. [9] demonstrated that the inorganic
framework dominates the optical properties, band structure, and density of states around
the band edges, which are mainly formed by I p-, Sn s-, and Sn p-states. Consequently, the
authors show that the effect of an organic cation can be considered indirect and minimal,
affecting mainly the lattice deformations, which do not break the inorganic framework
connectivity. They studied the effect of a halide anion (X = Cl, Br, I) and trivalent cation
(B = Bi, Sb) on the electronic structure and optical properties of hybrid compounds using
two organic molecules, CpoHyoNyBox19 and C30HpsNgBXe-2H,O [23]. The authors dis-
covered that the replacement of halide species has a significant impact on the electronic
structure and optical properties, and the physical properties change (decrease or increase)
almost linearly from Cl — Br — I, whereas the effects induced by B are less pronounced.
On the other hand, they showed that the valence band is controlled by X p-states, in which
the electron binding decreases from 3p — 4p — 5p, resulting in a decrease in the band
energy gap as Cl is replaced by Br and then by L. The role of the organic molecule has a
slight effect on the optical gap, as demonstrated in a large series of amine [RNHj3],Snl4
hybrid perovskite semiconductors [24,25] where the optical energy gap varies between
1.97 eV and 2.28 eV for about 15 compounds. However, the authors explored a relation
between the energy band gap, Snl; polyhedral detorsion, and the Sn-I-Sn band angle.

Previous theoretical studies have focused on determining the HOMO and LUMO
energy levels [26-28] that allow to determine the stability of the organic molecules. The
experimental determination of the optical band gap has been achieved using a solvent
such as water [29], methanol [26], powder [28,30], or thin film [27]. When determining the
optical band gap by dissolving the sample in a solvent, periodicity and hydrogen bond
interactions are disrupted, which are crucial for determining the electronic structure and
optical properties of compounds [19,22,31,32]. In addition, one single optical measurement
could be wrong due to an experimental error. Thus, these experimental values should be
taken with precaution. Usually, the optical band gap of an interesting material should be
determined by several research groups to confirm its optical energy gap value, such as for
ZnO [33].

As shown above, there are several works that have studied the effect of the inorganic
part of hybrid compounds on the crystallographic and electronic structures and optical
properties. On the other side, few studies [19,25,34] have studied the effect of the organic
part. In this context, we chose to fix the inorganic part (SnClg) and modify the organic
molecule to study the effect of the organic molecule on the crystallographic structure,
electronic structure, and optical properties. The organic molecules were chosen to be
formed by the same elements (C, N, and H). Thus, we are investigating here the effect
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of organic molecules on crystallographic and electronic structures and, consequently, on
optical properties. The bonding between organic and inorganic components (Van der Waals
interaction) is realized by an ordinary ammine group (NH;3)* that realizes a hydrogen/ionic
bond with the halogen atoms. This research could contribute to a greater understanding
of the descriptors that influence changes in the structural, energetic, optoelectronic, and
excitonic properties of lead-free 0D perovskites. It could also lead to a better understanding
of the properties of tin-based 0D hybrid perovskites as a function of organic cation species
using a theoretical approach of CASTEP within density functional theory (DFT). The results
and discussion are elaborated in Section 2. Section 3 explains the method to achieve this
work. Finally, the conclusions are summarized in Section 4.

2. Results and Discussion
2.1. Structural Properties

Figure 1 depicts the crystal structures of the four 0D perovskite systems (NH3(CHj;),CgHs)o-
[SIICI(,], (C6H10N2)[SHC16], (C9H14N)2[SI’1C16], and (CngzN)z[SnCId) were used as models
for our DFT investigations. The studied compounds crystallize in the monoclinic and tri-
clinic crystal systems (see Table 1). In theory, any single-charged organic cation with enough
space within the inorganic crystalline cage could be used to form the perovskite. However,
if a cation is extra-large, a perovskite with a low-dimension crystal structure is formed.
All crystals in the current work have 0D structures. They displayed the same octahedron
morphology as an isolated SnClg?~ octahedron. All of them have octahedra separated by
organic molecules: (a), (c), and (d) by one protonated (NH3(CH;),CsHs)*, (CoH14N)*, and
(CgH1oN)* cation, respectively, and (b) by one double protonated (CgHyoN3)?* cation. It
has been described that the strong hydrogen bonding exists between organic cations and
inorganic framework halogen atoms, which influences octahedral distortion [35-37].

Table 1. Summary of the Van der Waals interactions in the different structures.

Crystal System/ Number of N-H---Cl T-TC EEXP
Compound Compound Name Space Group Donor Atoms Hydrogen Bonds Interactions (eV) Ref
Monoclinic 1 Nitrogen atoms
a (NH3(CH,;),CgHs)>SnClg P2, /c N%—I3 . 4 Strong 4 Weak - [1]
b (CeHioN,) SnCl Monoclinic 2 Nitrogen atoms 5 Stron 2 Weak "15:}?1?1 2]
671072 6 P2, /c NH*/NH;* ong € .
film
(CoH14N), Monoclinic 1 Nitrogen atom 5.2
c SnCl C2/m NF* 4 Strong 1 Weak Solid 3]
Triclinic 1 Nitrogen atom 411
d (CgH12N), SnClg . 5 Strong 2 Weak In [4]
P-1 NH; water

We compared the four free organic cations in terms of their H-bond donating abilities,
considering their shape, polarity, and spatial-structural orientation, as a first step in analyz-
ing the H-bonding interactions between organic cations and inorganic framework, as well
as their impact on the energy band gap [35]. These characteristics of organic cations affect
their ability to integrate into the perovskite framework as well as their bonding strength
with chlorine atoms. We discovered that all four organic cations are m-conjugated systems
with (a), (c), and (d) structures having organic cations with one donor atom (three polar
N-H bonds at the NH3* terminus), and (b) having two donor atoms (one spatially separated
pair of more polar N-H bond and one polar N-H bonds at the NH* terminus) (see Table 1).
As a result, structural cohesion is higher for (b) than for (a), (c), and (d). Table 1 presents
that the number and nature (weak or strong) of hydrogen bonds and 7-rt interactions are
independent of the number of donor atoms but depend on the crystalline structure. In all
structures, 7-stacked interactions are observed between the organic molecules (see Table 1).
In these systems, the formation of 7-stacks is important because it can introduce a pathway
for charge transport through the organic layers. Furthermore, the hydrogen bonding and
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m-stacking interactions appear to be an important factor in crystal packing stability. On
the other hand, the optical energy gap values of the studied compounds are indicated in
Table 1, but usually, it is difficult to confirm the certitude of an experimental value for only
a one-time measurement.

(a) (b

Figure 1. Projection of crystal structure of the four perovskites (a) (NH3(CH;),CsHs),[SnClg],
(b) (CeH19N2)[SnClg], (c) (CoH14N)2[SnClg], and (d) (CgH12N)2[SnClg], which were employed to
model the perovskites in this work using substitution of organic cations.

The octahedral distortion can be defined by the quantity [38]:
A=1/6% [(R;— R)/R]? 1)

where R is average bond length and R; is an individual bond length.

Table 2 displays the A-values for all perovskite structure types investigated in this work.
All average bond lengths R have rather similar values. The SnClg?~ ion is octahedrally
imposed by an AXg electron configuration of the central atom’s valence shell. Despite
having a maximum distortion of 5.5 x 10~ in compound (b), the SnCls>~ anion in (b)
should still be considered a regular octahedron. Multiple hydrogen bonds influence the
interlayer distance at the same time, greatly shortening the ClI- - - Cl distance (see Table 2).
Because of the larger size and stereochemical configuration of organic cations in (a), (c),
and (d), the inorganic layers have a larger dispersion, with values of 13.326, 10.517, and
10.684, respectively. Due to the strength and multiple hydrogen bonds, they can attract the
inorganic layers to become closer, and the distance between the inorganic layers is greatly
reduced to 3.456 and 6.858 for (b) and (d), respectively.
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Table 2. Structure perovskite types with A-values as a measure for distortion of the SnClg octahedron.

Compound Space Group I_{ A) A (10-5) Inorganic Interlayer Distance (A) dcCl- - -Cl1 (A)
a P2;/c 2.423994 1 13.326 9.760
b P2;/c 2.422345 5.5 7.668 3.456
C C2/m 2.424254 14 10.517 7.175
d P-1 2.427381 5.4 10.684 6.858

Figure 2 illustrates the formation of hydrogen-bonding networks between the hy-
drogen of amino groups in organic cations and terminal chlorine ions in the SnClg?~
framework, which is highlighted by a cyan dashed line. Binding with terminal chloride
ions is responsible to some extent for the slight distortion.

(2) (b)

(d)

Figure 2. N-H- - - Cl hydrogen bond interactions in: (a) (NH3(CH;),CgHs),[SnClg], (b) (C4H19N2)[SnClg],
() (CoH14N)2[SnClg], and (d) (CgH12N)2[SnClg]).

2.2. Electronic Structure

Based on the theoretical study of [RNH3],Snly [24,25] (R = ramification), CooHooN4B2 X1
and C3oHps5NgBXg-2H,0 [23] (X = Cl, Br, I; B = Bi, Sb) hybrid perovskite semiconductors, it
can be noticed that the optical energy gap depends basically on the inorganic part. However,
the organic molecule has a slight effect. On the other hand, the energy gap depends on
the distortion of the inorganic polyhedral. This distortion could be a result of the Van der
Waals interactions between the organic molecule and inorganic polyhedron. Therefore, the
Van der Waals interaction must be considered in the calculation to show a good agreement
between the experimental and optimized unit cell parameters [9].

Thus, in this part, we explain and discuss the electronic structure of the studied
compounds using the GGA-PBE scheme without considering Van der Waals interaction.
Since the different materials are formed by the same chemical elements (C, N, H, Sn,
and Cl), then the variations in band energy gap and optical properties are due to crystal
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structures [39], organic cation formula [40-42], and maybe octahedral distortion. In the
next part, we see the effect of Van der Waals interaction on crystal structure and electronic
structure, and in the fourth part, the absorption of different compounds is discussed.

The GGA-PBE method is used since in the previous works [43-45]. We found the
calculated values of optical energy gap very close to the experimental values. On the
other hand, another study finds that the energy gap value is underestimated [46-48] when
compared to the experimental value. This underestimation may be corrected by considering
Van der Waals interaction.

The calculated electronic band structures using the GGA-PBE method of the four
tin hybrid organic-inorganic materials ((NH3(CH;),CsHs),[SnClg], (C¢H19N2)[SnClg],
(CoH14N)2[SnClg], and (CgH12N)2[SnClg]) are shown in Figure 3. The studied materi-
als are labeled with letters a, b, ¢, and d for (NH3(CH>),CgHs)2[SnClg], (CoH19N»)[SnClg],
(CoH14N)2[SnClg], and (CgH1aN),[SnClg], respectively (Tables 1 and 2). The analysis of
Figure 3 shows that the compounds (a) and (d) are direct band gap semiconductors. How-
ever, the compounds b and c are indirect band gap semiconductors. The estimated energy
gap values vary between 3.044 eV and 3.152 eV (see Table 2). The variation in the optical
energy gap between the different structures is small (maximum of 0.11 eV). This small
variation is due to the fact that all the compounds have the same inorganic compound.

4 4 ———
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Figure 3. Electronic band structure of four tin (IV)-based hybrids: (a) (NH3(CH,),C¢Hs),[SnClg],
(b) (C6H19N2)[SnClg], (¢) (CoH14N)2[SnClg], and (d) (CgH12N)2[SnClg].

To more understand the electronic structure of different tin organic-inorganic hybrids,
the total density of states (TDOS) and the partial density of states (PDOS) of different
elements are calculated, as presented in Figure 4. The total density of states of different
compounds (Figure 4) illustrates that the four compounds have the deepest states at about
—20 eV, which means that the studied compounds are in the same order of stability.

Figure 4 shows the deeper sub-band valence in the four compounds ((NH3(CHj;),CgHs)s-
[Sl’lClé], (C6H10N2)[SIIC16], (C9H14N)25nC16], and (CngzN)z [SHCI(,]) is formed mainly by
s-states of carbon and nitrogen atoms. For all structures, the upper valence sub-band is
formed mainly by p-states of carbon and s-states of hydrogen atoms, except for compound
(b), where the upper valence sub-band is formed mainly by p-states of chlorine and s-states
of hydrogen atoms. On the other hand, the conduction band consists of s-states of Sn and
p-states of Cl and a small contribution of p-states of carbon atoms for the structure (b).
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Figure 4. Total and partial density of states of different studied tin (IV) hybrid organic-inorganic

materials: (a) (NH3(CH2)2C6H5)2[SHC16], (b) (C6H10N2)[SHC16], (C) (C9H14N)2[SI'1C16], and
(d) (CsH12N)2[SnClg ].

It can be noticed that the s- and p-states of tin and chlorine have the same profile in the
four structures with a slight modification. However, the other states forming the electronic
structures are different. Thus, we can conclude that the electronic structure depends on the
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organic molecule. In addition, the intensity of s- and p-states of tin and chlorine depends
on the number of octahedra in the unit cell. The same remark can be made for the other
states forming the compounds.

2.3. Dielectric Function and Determination of the First Transition

To understand the effect of Van der Waals interaction on the electronic structure, we
determine the nature of first transition from band valence by using the imaginary part of
the dielectric function and partial density of states.

The dielectric function e(w) [49] describes the interaction between electromagnetic
waves and electrons in matter. It connects the electronic structure of a material to the
physical process of transition. The dielectric function can be written as [50]:

e(w) = e1(w) +igx (W) ()

where ¢1(w) and €;(w) denote the real (dispersive) and the imaginary (absorptive) parts,
respectively [51], and &5 (w) can be calculated from direct numerical evaluations of momen-
tum matrix elements of the electric dipole operator between the conduction and valence
band wave functions [52]:

2%
(%N

e2(w) = (o) Loe (WEIwr[97) 120 (B — Ef — E) ©
where ¢;. and ¢} are the conduction and valence band wave functions at k, respectively, u
is the polarization vector of the incident electric field,  is the electron’s radius vector, g is
vacuum permittivity, and e is electric charge.

The real part &1 (w) can be obtained from the imaginary part by using the Kramers—
Kronig dispersion equation [52,53]:

2 ® w'ey(w)dw’
o w?—w?

4)

where p is the principal value of the integral.

The unpolarized variation in real and imaginary parts of the dielectric function as a
function of energy is regrouped in Figure 5. From the £; curve, it is possible to determine
the static dielectric function €;(0), which is approximately 2 for (a), (b), and (c) and about
2.5 for the compound (d). On the other hand, it is remarkable that the &1 curves of the
structures (a) and (b) have negative values at about 6 eV and 8 eV, respectively, which
correspond to a metallic behavior [54].

-
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Figure 5. Variation in the real and imaginary parts of the dielectric function as function of en-
ergy of the different studied compounds: (a) (NH3(CH;),CgHs)2[SnClg], (b) (C¢H19N2)[SnClg],
(¢) (CoH14N)2[SnClg], and (d) (CgH12N)2[SnCle].
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From ¢, curves it is possible to deduce the same information about the electronic transition
in the studied materials. Figure 5 shows that the four compounds ((NH3(CH;),CgHs)2[SnCl¢],
(CeH19N»)[SnClg], (CoH14N)»[SnClg] and (CgH12N)»[SnClg]) each have at least four elec-
tronic transitions, and the first one corresponds to the lowest transition energy, where the
energy corresponds to the optical energy gap. The intensity of first transition is about 2.5
for the structures (b), (c), and (d) and about 3.5 for the structure (a). The first transitions are
labeled by the letters E,, Ep,, E, and Eq4 in the &5 curves.

The first transition is the transition with the lowest energy from the valence band
to conduction band. The TDOS and PDOS allow us to identify the different states that
could participate in the first transition. Then, by using the selection rule (Al =0, F1 (no
0 — 0 transition) [55,56] and based on structural study and dielectric function, it is possible
to determine the nature of the first transition responsible for the energy band gap for
each compound.

The four structures ((NH3(CH2)2C6H5)2 [SnCl6] B (C6H10N2)[SI’IC16], (C9H14N)2 [SI’IC16] and
(CgH12N)2[SnClg]) each have the following orbital: H s>, Cls>, Clp>, ClIs>, ClIp>5Snls>,
Snls>, Nls>, and NIp>. Based on the selection rule and partial density of states, we
can find six possible transitions in the studied materials: HIs> 2 Clp>; HIs> 2 ClIp>;
Hls> 2 Nlp>; Snls> 2 Clp>; Snls> 2 Cllp>; Snls> 2 Nlp>. To determine which
one is the first transition, we determined the position of maximum of each partial state in
the conduction band E; and valence band E,. Table 3 summarizes the position of partial
states on the energy axis [54]. Table 4 presents the possible first transition and energy
corresponding thereto, deduced from the dielectric function and the partial density of
states. The energy of the first transition was determined directly from the curves (Figure 5).
For the AE, =, all possible combinations were calculated and only those which have energy
close the E., were conserved (Table 4).

Table 3. Position of the partial states on the energy axis for the different studied compounds.

Energy E, E.

States Cllp> Clp> Nlp> Hls> Hls> Snls> Cllp> Clp> Nlp>
o a —1.45 —0.20 —1.52 —0.18 4.71 3.43 3.43 4.72 —
3 b —0.67 —1.08 —0.73 —0.80 3.34 418 418 3.31 3.31
g‘ c —1.50 —0.35 —0.47 —0.31 3.34 3.37 3.38 4.50 6.36
S d —1.51 —0.50 —1.58 —0.45 3.27 3.27 3.28 4.41 7.70

Table 4. The possible first transition and the energy corresponding deduced from the dielectric
function and the partial density of states.

Label E¢, (1st Transition) Transition AE,s.=E.—Ey
Es 491 Sniae = Cllpo e
E, 4.79 Snls> = Cllp> 4.85
Ee 480 P ||1§>> 454
Eq 478 Hies - llpe 78

Table 4 displays that the four compounds ((NH3(CHy),CsHs)2[SnClg], (CoHy9N2)[SnClg],
(Cs9H14N)»[SnClg] and (CgH12N),2[SnClg]) share the possibility of transition Snls> 2 Cllp>,
which corresponds to an electronic transition in an inorganic octahedron. In addition, the
structures (c) and (d) have another transition HIs> 2 ClIp>. However, the structure a has
the second transition as: Hls> 2 C|p>. From these results, it is possible to deduce that
the compounds (a), (c), and (d) are sensible to the Van der Waals interaction more than the
compound (b). In addition, the structures (c) and (d) have the same behavior versus the
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hydrogen interaction. These results may be useful to investigate the effect of the Van der
Waals interaction on the electronic structures of the studied compounds.

2.4. Effect of the Van der Waals Interactions on the Crystallographic and Electronic Structures

The structural study shows the presence of Van der Waals interactions (see Table 1).
Thus, DFT+D calculations were performed to quantify the effect of these types of in-
teractions on the structures and optical energy gap values. For the first time since the
modification of the unit cell affected the optical energy gap values, the structures were
optimized with constant unit cell parameters using the DFT and DFT+D methods, the
methods that show a consistent modification of the optical energy gap that was used a
second time with the optimization of a unit cell. The optimized structures were compared to
experimental structures using a Bilbao crystallographic server [52,57]. Table 3 summarizes
the optical energy gap values using different methods to study the effect of Van der Waals
interaction utilizing CASTEP code.

Table 5 displays that the effect of Van der Waals interaction is significant for the
structure (a) using the GGA-PW91+0OBS scheme in comparison with the others and has a
slight effect for the structures (c) and (d). In addition, the structure (b) is not affected by
the implication of Van der Waals interactions. The GGA-PBE+TS and GGA-PBE-Grimme
have the same effect on optical energy gap for the structures (c) and (d) where the optical
energy gap has been decreased. Based on these results, the unit cells of four structures were
optimized using the correction, showing a difference when Van der Waals interactions are
implied. Table 6 depicts the unit cell and optical energy gap values.

Table 5. Calculated optical gap energies of the different studied compound using DFT and DFT+D.

Methods a b c d
GGA-PBE 3.042 3.049 3.152 3.147
GGA-PBE+TS 2.988 3.056 3.063 3.072
GGA-PBE-Grimme 2.985 3.058 3.078 3.092
GGA-PWI1 3.081 3.057 3.158 3.167
GGA-PW91+0OBS 3.341 3.057 3.172 3.151

Table 6. Experimental and optimized unit cell parameters and calculated optical gap energies with
different studied structures using DFT and DFT+D methods.

Compound  Scheme a(A) b (A) c(A) o (°) B () v ) V (A% Eg (eV)
Exp 7.345 25.667 11.971 - 90.106 - 2256.8 -
GGA-PW91 74315 258404  12.1654 - 90.1286 - 2336.15 3.115
a
ceA- 72527 255844  11.8856 - 90.2596 - 2205.42 3.043
PW91+OBS
Exp 7.0566  13.5254  14.8999 - 94.703 - 1417.31 -
b GGA-PBE 71286  13.6778  15.0881 - 94.4060 - 1466.80 2.971
GGA-PBE+TS 7.0537  13.5895  14.9690 - 94.5887 - 1430.27 3.026
Exp 19.7521  7.2293 9.2181 - 103.046 - 1282.31 -
c GGA-PBE 19.8713  7.3406 9.3495 - 103.363 - 1326.86 3216
GGA-PBE+TS ~ 19.7328  7.1942 9.3148 - 103.4064 - 1286.31 3.084
Exp 7.4904 79864 106842 91572 90470  117.5410  566.34 -
d GGA-PBE 7.6320 8.0769  10.7584 914226  90.5358  117.9866  585.28 3.227
GGA-PBE+TS 7.5157 7.9947 106920  91.5932  90.4239  117.6723  568.58 3.077
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By using the Bilbao crystallographic server [52,57], the structure similarity was evalu-
ated. Indeed, four parameters were calculated: the degree of lattice distortion s; the maxi-
mum displacement between the atomic positions of paired atoms dmax; arithmetic mean of
the distance day; and similarity function A [58]. The values of these calculated parameters
for the four structures ((NH3(CH,),C¢Hs)o[SnClg], (C¢H19N2)[SnClg], (CoH14N)»[SnClg]
and (CgH12N)»[SnClg]) by using two optimization schemes are listed in Table 7.

Table 7. Evaluation of the structure’s similarity.

Structure XC S dmax. (A) day. (A) A
GGA-PWI1 0.0069 0.5130 0.1939 0.027
a (NH3(CH3)2CgHs)2[SnClg]

GGA-PW91+0OBS 0.0051 0.5240 0.2065 0.043
GGA-PBE 0.0067 0.2736 0.0961 0.015

b (C¢H19N2)[SnClg]
GGA-PBE+TS 0.0023 0.2854 0.0993 0.022
GGA-PBE 0.0071 0.3841 0.1425 0.035

¢ (CoH14N)>[SnClg]
GGA-PBE+TS 0.0040 0.3909 0.1486 0.026
GGA-PBE 0.0070 0.1707 0.0824 0.035

d (CgH12N)z[SnClg]
GGA-PBE+TS 0.0012 0.1873 0.0870 0.022

In the comparison between the experimental and optimized unit cells in Table 6, it
can be seen that the implication of the dispersive interaction allows to obtain unit cell
parameters very close to the experimental value. In addition, for the structure (c) the
optimization of the unit cell allows to increase the optical energy gap. However, the
implication of the Van der Waals interaction decreases the value of the optical energy.

Figure 6 shows the electronic band structure of (a) (NH3(CHjy),CgHs)2[SnClg];
(b) (CeH1oN2)[SnClg]; (c) (CoH14N)2[SnClg], and (d) (CgH12N)»[SnClg], without dispersion
interaction with index 1, and with the dispersion interaction index 2. The scheme and
the approximation for each structure are indicated in the figure. The first observation is
that the different materials conserve the nature of the gap (direct or indirect). Thus, the
modifications seen in Figure 6 are in relation only of the value of the optical gap.

Obviously, the optical energy gap is affected by the implication of dispersive inter-
action. The Van der Waals interaction, with the exception of structure (c), allows for a
decrease in the optical energy gap value. This structure is not affected by the dispersive
interactions when the unit cell parameters are not optimized, thus this variation may be
due to unit cell parameter variation.

To explain these variations, we discuss the effect of Van der Waals interaction on the
first transition on each material. First, for structure (b), only one transition was determined,
which is Snls> 2 ClIp>, which means the optical energy gap does not depend on Van der
Waals interactions and slight variation is detected due to variation in unit cell parameters.

For the structures (c) and (d), two transitions were seen: Snls> 2 Cllp>and HIs> 2 ClIp>.
Thus, they depend on Van der Waals interaction. Therefore, the optical energy gaps
are decreased.

For the structure (a), it had the transition Snls> 2 Cl|p> in octahedron and a second
possible transition Hls> 2 Clp>, which is different from the transition seen for the
compounds (c) and (d). Thus, the effect of Van der Waals interaction is not the same.

In the structures (a), (c), and (d), the introduction of Van der Waals interaction in the
calculation allows to consider that hydrogen bond is an attractive force which allows to
decrease the optical energy gap.

Table 7 displays the evaluation of the similarity between the experimental and opti-
mized structure. These results show that the use of dispersive interactions allows to have
an optimized structure very similar to the experimental one, and this can be verified by
comparing the values of parameters of similarity. On the other hand, the use or not of Van
der Waals interactions gives close values of maximum and average displacements.
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Figure 6. Electronic band structure (al,a2) (NH3(CH;),CsHs)2[SnClg], (b1,b2) (CgH19N2)[SnClg],
(c1,¢2) (CoH14N),[SnClg], and (d1,d2) (CgH12N),>[SnClg], without dispersion interaction with index
1, and with the dispersion interaction index 2. The scheme and the approximation for each structure

are indicated on the figure.

2.5. Absorption

The absorption coefficient a(w) is an important optical property of a material. It can
be calculated from the dielectric function, as the following equation:

1/2
2 () =xfz[ e%<w>+e%<w>—sl<w>] )
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The variation in the absorption a(w) of the four compounds NH3(CH;),CgHs)>[SnClg],
(CeH1oN2)[SnClg], (CoH14N)2[SnClg], and (CgH12N)2[SnClg] as a function of energy is
represented in Figure 7.

200,000
4 a
150,000 — - d
— 7 C
£100,000- d
5 -
50,000
0 T I I Ll I T
0 20 25 30

Energy (eV)

Figure 7. Variation in absorption as function of energy of (a) (NH;3(CH;),CgHs),[SnClg ], (b) (CoH19N2)[SnClg],
(¢) (CoH14N)7[SnClg], and (d) (CgH12N)2[SnCle].

The implication that the Van der Waals interaction is using different methods of
optimization does not modify the profile of absorption curves, and they slightly change the
intensity. In this part, we discuss qualitatively the variation in absorption of the studied
compounds as a function of energy.

Figure 7 shows that the four compounds are absorbers between 3 and 20 eV with
a maximum absorption in the UV region and slightly in the visible region. The studied
compounds have four band absorptions for each. The maximum absorption is about
98 x 103 cm ™! at 5.30 eV for the structure (a) and about 15 x 10* cm™~! for the structures (b)
and (d) at 8.17 eV and 12.04 eV, respectively. For the structure (c), the maximum absorption
is about 11 x 10* at 8.71 eV.

3. Computational Methods

First-principles calculations were carried out based on the density functional the-
ory (DFT) method by employing the pseudopotential plane wave as implemented in
the CASTEP code [58,59]. The experimental structural models of the four compounds
NH;3(CH»)2C6Hs)2[SnClg], (CeH10N2)[SnClg], (CoH14N)2[SnClg], and (CgH12N)2[SnClg]
were used as starting sets. The electronic exchange-correlation energy (XC) is treated
using the generalized gradient approximations (GGA) schemes of Perdew and Wang
PWO1 [60] and of Perdew—Burke-Ernzerhof (PBE) [60,61]. The Van der Waals interactions
were taken into account by using the DFT+D method by means of Ortmann, Bechstedt, and
Schmidt (OBS) correction to PW91 [62], as well as Tkatchenko and Scheffler (TS) [63] and
Grimme [64] corrections to PBE.

The norm-conserving pseudopotential was used to describe the ionic core and va-
lence electron interactions. An energy cutoff of 500 eV was set for the plane wave ba-
sis and 2 x 2 x 2 special Monkhorst-Pack [65,66] k-point mesh for the Brillouin zone
(BZ) was adopted for the four structures NH3(CH;),CsHs)2[SnClg], (CeH19N2)[SnClg],
(C9H14N),[SnClg], and (CgH12N)2[SnClg]. To determine the minimum energy of the crystal
structure, the Broyden-Fletcher-Goldfarb—Shannon (BFGS) algorithm [67] was used. The
convergence criteria of the total energy, atomic force, and maximum displacement were
10% eV, 0.05eV A~1, and 0.002 A, respectively.

The two approximations (PBE, PW91) were chosen with the correction methods (TS,
Grimme, and OBS) based on literature studies [68-73]. They allow to reproduce the
experimental unit cell parameters and consider the Van der Waals interaction by using the
corrections. Hybrid approximations, such as HSE, take a long time in the optimization of
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geometries and require a workstation, so they are incompatible with the computer used in
this work.

Generally, the dispersion corrections use three levels, DFT+D1, DFT+D2, and DFT+D3,
and it is well known that the DFT+D3 correction with the three varieties (DFT-D3(0), DFT-
D3(BJ), DFT-D3(CSO)), which is the recent development of the DFT+D method, gives more
coherent results than DFT+D1 and DFT+D2 [74]. The DFT+D3(0) was proposed by Chai
and Head-Gordon [75] for a modified DFT-D2 variant and then improved by Grimme
and coworkers [64]. The DFT+D3(0) was implemented in Castep code and was used in
this work as Grimme correction [76,77]. The TS schemes developed by Tkatchenko and
Scheffler [63] and OBS schemes developed by Ortmann, Bechstedt, and Schmidt [62] used
in this work with the GGA-PBE method correspond to the DFT+D2 [62,63]

It is well known that the use of the spin orbital coupling (SOC) effect in the DFT
calculation by using the “fully-relativistic” option enormously improves the results of
the electronic structure calculation and the prediction of the optical, thermodynamic, and
magnetic properties [78-81], but since the limitation of the computer this option was not
used in this study.

It is well-known that the variation in the unit cell parameters may modify the value
of the calculated optical gap. Thus, to eliminate this possible confusion, we propose to
determine the effect of the Van der Waals interaction on the electronic structure with and
without unit cell optimization.

The experimental and optimized structure were compared via the Bilbao crystallo-
graphic server [82], which allows to provide the atomic displacement, evaluate the structure
similarity (s), similarity function A (the smaller Delta indicates more similar structures),
and maximum and average deviation (dmax and day).

4. Conclusions

This work investigated the electronic structure and optical properties of four tin-based
0D hybrid perovskites. The effect of Van der Waals interaction on the crystal and electronic
structure was studied using various optimization methods. The dielectric function and
partial density of states allowed to determine the nature of the first transition in each
compound. The obtained results enabled us to explain the variation in the optical energy
gap in the three structures (a), (c), and (d). The structure (b) was not affected by Van der
Waals interaction, and the variation in optical energy gap was caused by changes in the
unit cell and atom positions. The Bilbao crystallographic server was used to compare
the experimental and optimized structures, and the results showed a good match when
using the DFT+D methods. The various methods for crystal structure optimization have
a minor effect on the absorption curve but preserve the overall profile. This work could
be improved by the use of other DFT+D3 methods and by comparing the obtained results
with experimental measurements of the optical gap and for the electronic transition. In
addition, the use of the SOC effect in the DFT calculation may give more coherent results.
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