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ABSTRACT

OZORIO, Mailde S. The Role of Dimensionality of Hybrid Organic-Inorganic
Perovskites in the Structural, Energetic and Optoelectronic Properties. 2022.
150p. Thesis (Doctor of Science) - Sao Carlos Institute of Chemistry, University of Sao
Paulo, Sao Carlos, 2022.

Perovskites are promising materials in the optoelectronic field, in particular, as a
light-absorbing layer in solar cells. However, stable and non-toxic alternatives for
mainstream lead perovskites must be designed for eco-friendly applications. In the quest for
lead-free perovskites, we perform three studies: (4) the role of CH(NH;)," (formamidinium),
CH3PH3" (methylphosphonium), and CH3NH3" (methylammonium) as A-cations on
the structural-stability and optoelectronic properties of lead-free ASnlz perovskites; (%)
the characterization of three novel bismuth zero-dimensional (0D) perovskites, namely,
CooHaoNyBislig, CyoH3oNgBislg, and C3oHosNgBilg - 2 HoO; and (i) the effect of the
inorganic complex replacement in the CogHooNyBy X9 and C3oHosNgBXg-2HoO 0D
perovskites, where B = {Sb*", Bi**} and X = {Cl", Br, I"}. To achieve our goals,
we performed density-functional-theory calculations by considering Grimme’s D3 van der
Waals correction to the PBE exchange-correlation functional. Overall, the anisotropy
of A-cation yields intrinsic octahedra distortions and also plays a major role in the
relative energy of phases. For instance, the dipole-dipole interactions depend on the
alignment /orientation of A-cations, and can drive the ASnl; structures to the lowest
energy, and the weak H---I interactions enhance the structural cohesion by increasing the
Coulombic attraction between A-cations and inorganic framework. The inorganic framework
dominates the density of states and band structures around the Fermi level, as well as
the optical properties, e.g., the absorption curves, suggest that conventional perovskite
structure (cubic, tetragonal, and orthorhombic 3D corner-sharing Snlg octahedra) harvest
a wider range of solar energy than the low-dimensional structures, which display all
wide optical bandgap energy and are not suitable as harvesting materials for solar cells.
Regarding the three novel 0D perovskites, the most significant transitions occur inside
the octahedra, which probably justifies the similar optical responses. The 0D perovskites
display a greater degree of structural deformation of octahedra as the number of shared
iodides increases, an aspect corroborated by theoretical-experimental data. Overall, the
band structures of 0D perovskites are very flat, and spin-orbit coupling is more significant
for the I-based systems. By considering CooHogN4Bs X190 and C3oHosNgBXg -2 HoO as
model, we identified a more expressive effect of X than B on both structural and the
electronic properties, where the valence band is largely determined by the X p-states, and

the bandgap decrease as Cl  is replaced with Br, and then .

Keywords: Lead-free perovskites, Tin perovskites, Zero-dimensional perovskites.






RESUMO

OZORIO, Mailde S. O papel da dimensionalidade de Perosvkitas Hibridas
Organicas-Inorganicas nas Propriedades Estruturais, Energéticas e
Optoeletrénicas. 2022. 150p. Tese (Doutorado em Ciéncias) - Instituto de Quimica de
Sao Carlos, Universidade de Sao Paulo, Sao Carlos, 2022.

Perovskitas sao materiais promissores no campo optoeletronico, em particular, como
camada de absor¢ao de energia em células solares. No entanto, alternativas estaveis e nao
toxicas as perovskitas de chumbo devem ser desenvolvidas para aplicagoes ecologicamente
corretas. Considerando materiais livres de chumbo, realizamos trés estudos: (7) o papel dos
A-cétions CH(NHy), " (formamidinio), CH3PH3™ (metilfosfonio) e CH3NH3 ™ (metilamonio)
nas propiedades estruturais e optoeletronicas de perovskitas ASnls; (i) a caracterizagao
de trés novas perovskitas zero-dimensional de bismuto, CogHooNy4Bislig, CyoHz9NgBislg e
C30Ha5NgBilg - 2 HyO; e (i) o efeito da substituigao do complexo inorgénico nas perovskitas
CaoHaoNyBo X 1o e CsgHysNgBXg - 2H,0, onde B = {Sb*" Bi*} e X = {Cl", Br , I }.
Para atingir nossos objetivos, realizamos calculos da teoria do funcional de densidade
considerando a correcao de Grimme D3 van der Waals para o funcional de troca e correlagao
PBE. No geral, a anisotropia do A-cation resulta em distor¢oes nos octaedros, e desempenha
um papel importante na energia relativa das fases. Por exemplo, as interac¢oes dipolo-dipolo
dependem do alinhamento/orientacdo dos A-cations e podem conduzir as estruturas ASnl;
para uma energia mais baixa, e as interagoes fracas H---I aumentam a coesao estrutural
devido as atragdes Coulombiana entre A-cations e estrutura inorganica. A estrutura
inorganica domina a densidade de estados e estruturas de bandas ao redor do nivel de
Fermi, bem como as propriedades opticas. Por exemplo, curvas de absor¢ao sugerem que a
perovskitas com estrutura convencional (cibica, tetragonal e ortorrémbica, com octaedros
Snlg conectados em 3D) absorvem mais energia solar do que as perovskitas de baixa
dimensao. As transi¢oes mais significativas observadas em perovskitas 0D foram dentro
do octaedro, o que justifica o porqué os novos materiais apresentaram respostas Opticas
semelhantes. As perovskitas 0D apresentam maior grau de deformacgao estrutural dos
octaedros a medida que o nimero de iodetos compartilhados aumenta, aspecto corroborado
por dados tedrico e experimentais. No geral, as estruturas de banda das perovskitas
0D sao planas e o acoplamento spin-érbita é mais significativo em sistemas contendo
I. Ao considerar CogHogNyByX 19 € C3oHosNgBX¢ - 2 H0, identificamos um efeito mais
expressivo de X do que B nas propriedades estruturais, 6pticas e eletronicas, onde a banda
de valéncia é amplamente determinada pelos estados X p, e o intervalo de banda diminui

quando Cl™ é substituido por Br, e entao I .

Palavras-chave: Perovskitas sem chumbo, Perovskitas de estanho, Perovskitas 0D.
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hydrogen bonds of —NH3" and —CHjs (Ad;_g), octahedra effective
coordination number (ECN®"), average (d3*~') and standard deviation
of Sn—1I bond lengths (05°7!), octahedra diagonal I-Sn—1I angle ( ©)
and standard deviation (¢©), octahedra adjacent I-Sn—1 angle (6) and
standard deviation (¢?), distortion index (DI), and bond angle variance
(BAV). . o
ENCUT analyses (NBANDS default) for cubic hybrid CH3NH3Snl;
perovskites optimization: k-points mesh (KM), Number of k-points (NK),
volume (V), cubic volume (af), lattice parameters (ag, by, by), relative
total energy (AEy.), cubic deviation (CD) and the relative deviation of
aforementioned parameters in relation to the highest k-pints density. .
ENCUT test (NBANDS default) for cubic CH3NH3Snl3 perovskites
optimization: relative total energy (AFE,,), average (d ;) and standard

deviation (i) of stronger hydrogen bond of —~NH3" group, average

(d¢ §;) and standard deviation (o ;) of stronger hydrogen bond of —CHs
group, difference of the average hydrogen bonds of ~NHs;" and —CHj
(Ady_g), octahedra effective coordination number (ECN®"), average
(d52~1) and standard deviation of Sn—1I bond lengths (o°"~1), octahedra
[-Sn—1I diagonal angle (©), octahedra adjacent I-Sn—1I angle (), and
respective standard deviation (¢©)/(co?), distortion index (DI), and bond

angle variance (BAV). . . . . .. ..o oo
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Table 17 — Structural parameters of the cubic (C), pseudo-cubic (PC), orthorhombic
(O), tetragonal (T), hexagonal (H), pseudo-hexagonal (PH) lowest energy
phases of ASnls perovskites: average (dﬁ/g ) and standard deviation
(olj\i /If ) of stronger hydrogen bond of —NH,"/—~PHs" group, average
(d¢ ;) and standard deviation (o) of stronger hydrogen bond of
—CHj group, difference of the average hydrogen bonds of —NH, "/~ PH;s"
and —CHj (Ady_g), octahedra effective coordination number (ECN®?),
average (d>"~1) and standard deviation of Sn—1I bond lengths (o5"~T)
octahedra diagonal I-Sn—1 angle ( ©) and standard deviation (o®)
octahedra adjacent I-Sn—1 angle () and standard deviation (o?)
distortion index (DI), and bond angle variance (BAV)
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DFT

DI
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ENCUT

ETL

FTO

GGA

HF

HK

HSEO06

HTL

ITO

KD

KM

KS

NBANDS

NK

PAW

PBE

LIST OF ABBREVIATIONS AND ACRONYMS

Bond angle variance.
Conduction band minimum.
Cubic deviation.

Center of mass.
Density-functional theory.
Distortion index.

Effective coordination number.
Electron localization function.
Energy cutoff.

Electron transport layer.
Fluorine-doped tin oxide.
Generalized gradient approximation.
Hartree—Fock.
Hohenberg-Kohn.
Heyd—Scuseria—Ernzerhof.
Hole transport layer.

Indium tin oxide.
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k-points mesh.

Kohn—Sham.

Number of bands.
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Projector augmented wave.
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1 INTRODUCTION

Perovskite materials are widely studied today because of their unique characteristics
that allow broad applicability. The number of perovskite articles increased fast since the first
perovskite solar cell production in 2009.% For instance, perovskite researchers worldwide
published more than 16000 papers from January 2009 to December 2019.* However, it still
exists many open questions in the perovskite field. As visionary Richard Feynman used
to say, there is plenty of history at the bottom, and this statement applies perfectly to
the microscopic properties behind the noteworthy perovskite features. The space here is
small to account for all interesting experimental and theoretical studies already reported
about halide perovskites. Out of many published works, here it’s presented a brief review
by considering relevant topics, for instance, composition, dimensionality, application as

solar cells, and open questions.

1.1 Why Study Perovskite Materials?

All-inorganic and hybrid organic-inorganic perovskite systems have been
under much research spotlight in the last years because of their real possibility
of achieving widespread applications, i.e., perovskite studies have been motivated
by the promising scale-up of low-cost solar cells, and other standout uses in the
optoelectronic field. For instance, the singular optoelectronic properties of perovskites
have resulted in a plethora of proposed applications beyond solar cells, including resistive
random-access memory,”® light-emitting-diodes,® photodetectors,” solar-to-fuels conversion,®

0 I"and X-ray detectors.'? In

photocatalysis,” electroluminescent devices,'” scintillation,’
particular, regarding the application as a light-absorbing layer in solar cells, perovskite may
have a good impact on decreasing the fossil fuel demand by representing an inexpensive
and sustainable energy source. Strikingly, perovskite solar cells have been considered cheap
substitutes for expensive conventional crystalline silicon cells. However, the durability of
perovskite solar cells must be improved, which is essential for commercialization.'® In
addition to its cost advantages, perovskites solar cells have outstanding features such as

1416 extended light-harvesting,'” high exciton lifetime,'® high

13,14,16,18

tunable bandgap energy,
charge-carrier mobility, long diffusion lengths, and low-cost processing methods,

which allows producing flexible/printable devices as well as building tandem solar cells.'?

In part, the perovskite interest has been motivated by early investigations of lead
perovskites, namely, the CH3NH3PbI3 (henceforth MAPbI3, where MA = CH3NH;3™", i.e.,
the methylammonium cation) and related materials. The first MAPbI3 perovskite solar
cell was able to convert 3.8 % of the solar daylight energy into electricity, making the race

for better efficiency begin. Twelve years later, the efficiency of perovskite cells achieved
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values higher than 25.0 %,2°%? and it exits a real possibility of outperforming the power
conversion efficiency (PCE) limit of 33.7 % estimated with the Shockley—Queisser limit of
a single-junction cell.?*?* As a result of the fast-growing efficiency, this class of material
has become a promising pathway to solving the increasing energy consumption/demand
from fossil fuels. And, since the renewable and clean solar energy potential is higher than
the human primary energy consumption, solar energy is a benign replacement for fossil

fuels.?®

Despite the various required attempts to stabilize the devices, all singular features
have been put perovskite solar cells as promising substitutes for the conventional silicon
cells. However, the commercialization of MAPDI3 and related lead perovskites have been
hindered or questioned because of instability caused by moisture, heat, extended light
exposure, and lead toxicity, which may yield problems in the fabrication, installation,
and discard.?® Internal factors also add to the list of negative points, for instance, ion
migration, instability of other layers, and reactions between the interfaces.?”?® Recycling
procedures and encapsulation cannot exclude dangers arising from the scale-up production

29-31 Recently, lead was classified as one of the ten

of lead-based perovskite technologies.
most harmful materials for human life and the environment by the WHO (World Health
Organization).*® Thus, lead-free perovskites alternatives with long-term stability have
received increased importance. The focus was a high efficiency in the first years of the
perovskite solar cell study but more recently started to address also the stability.®? In this

sense, stable and efficient lead-free perovskites are perfect targets.

Inspired by the efficient perovskite-solar-cell devices designed with the pristine
MAPDI3 perovskite, which have shown significant efficiency, but low stability under
operating conditions, many components have been examined for complete/partial
substitution of each site of ABXj3 perovskites as a trail for obtaining stable-efficient
devices. Among the library of ions employed in the design of new perovskites,
single/mixed FA (FA = HC(NH,),"),3 MA3* Cs* > Rb"36 have been used as A-cations,
monovalent-cations (e.g., Ag"), divalent cations (e.g., Pb**, Sn®t, Ge**, Mg®t, Cu*"),
and trivalent cations (e.g. Bi**, Sb*") have been the options for B-sites;*" concerning
the X-sites, halide anions (C1 , Br , 1) are the major library of employed ions. Studies
have shown higher performance for perovskite materials displaying a mixing of ions in
each site of ABX3,%® e.g., materials with double CsFA,* triple CsMAFA,* and quadruple
RbCsMAFA*! mixture of A-cations have been obtained with enhanced properties compared

to non-mixed/pristine ones.

Different replacement candidates for hazardous lead content of the archetypal
MAPDI3 and related materials have been proposed to obtain eco-friendly perovskite
materials. In particular, tin-based perovskites have shown promising efficiencies,*? which

can be explained by the comparable electronic properties with Pb-based counterparts.
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However, ASnXj3 perovskites experience the same deterioration process of Pb-perovskites,
which influenced a complete or partial substitution of cation and halide sites of both lead
and tin-based perovskites to enhance the stability.*>*> However, other destabilizing factors
occur in tin perovskites, including the self-doping process provoked by tin oxidation and
the non-uniformity of films.*®47 All combined destabilizing factors contribute to yield
instability and low device efficiencies of ASn X3 perovskite. Hence, it is urgent to improve

the atomic-scale understanding of perovskite materials to enhance stability and PCE.

1.2 Perovskite Solar Cells

Perovskite solar cells are formed by stacking thin films, where the perovskite layer
absorbs photon energy equal to or higher than its bandgap energy. The perovskite layer
stays between two important-selective contact layers, the electron-transport-layer (ETL)
and the hole-transport-layer (HTL). Selectively, the holes and photo-excited electrons
are collected, respectively, by the HTL and ETL. As sketched in Figure 1, based on the
film’s disposition, the solar cells have different architectures, where the main architectures
are the planar-regular, planar-inverted and mesoporous.*® In cells with planar-regular
architecture (glass/FTO/ETL/perovskite/HTL/metal), the light incidence occurs to the
side of transparent conducting oxide, which commonly is an indium tin oxide (ITO) or
fluorine-doped tin oxide (FTO). Planar-inverted architecture has ETL and HTL inverted
compared to the regular architecture, i.e., glass/FTO/HTL/perovskite/ETL/metal; hence,
the light incidence occurs by the side of HTL, which must have higher transmittance. Under
the HTL (regular structure) or ETL (inverted structure) is deposited a metal (e.g., Au,
Ag, and Al) that completes the circuit yielding to the carrier formation.’® One benefit of
photovoltaic applications of perovskite solar cells is the possibility of inexpensive scale-up
production. The production methods include vapor-assisted process, one-step(two-step)
depositions, and sequential deposition methods. For instance, the one-step deposition of
the pristine MAPbI3 perovskite follows a few steps (7) organic solvent solution of Pbl,
and MAI precursor added on top of the TiOs layer and spin-coated. (i) increase in the
spinning rate until the MAPDbI3 layer formation, and (%) the film annealing. Further

details of perovskite fabrication are in the work of Jeong-Hyeok*’ and Jamal.®

Organic compounds have been used as charge carrier transport layers in perovskite
solar cells, with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),>!
2,27, 7-Tetrakis[N,N-di(4-methoxyphenyl)aminol-9,9’-spirobifluorene (spiro-OMETAD),
poly(triaryl amine) (PTAA),”® and poly(3-hexylthiophene) (P3HT)* used as the HTL,
while [6,6]-phenyl-C61-butyric acid methyl ester (PCBM),>® Cgy°® and fullerene-derived
compounds used as the ETL. Nevertheless, research has been done to replace organic
HTL by inorganic compounds, including CuSCN,’" Cul®® and NiO,.*”% Among the

ETL candidates, the inorganic TiO, has been the most employed, but other inorganic
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Figure 1 — Schematic representation of the planar-regular and inverted architectures. The
mesoscopic architecture reassembles the planar-regular with the exception that
it contains a mesoporous material in contact with the perovskite layer.

H Metal HTL B Perovskite
M ETL FTO/ITO Substrate

Planar Regular
Planar Inverted

Source: Source: Done by Mailde S. Ozério

metal oxides have also employed, such as ZnO% and SnO,.%! In particular, SnO, has been
considered a promising replacement of the traditional TiO, ETL.%? Although organic-based
transport layers give high efficiency and hysteresis reduction, metallic oxides present higher
mobility for charge carriers and also higher stability.°® Additionally, organic-based transport
materials are synthesized in multiple steps and increase the cost of the cells. For instance,

high purity spiro-OMETAD is about ten times more expensive than gold and platinum.%3

Many perovskite materials were employed as a light-absorbing layer in perovskite
solar cells, where MAPDI; perovskite has been widely investigated. In the MAPbI;, Pb*"
occupies the center of octahedra and it is hexacoordinated by iodide (Pblg*"), while MA
is coordinated by 12 iodide ions. Eight Pblg*™ octahedra form the cavity occupied by
the MA cation. MAPbI; perovskite is a cubic structure with Pm3m space group at high
temperature (7" > 330 K). The cubic to the tetragonal phase transition at 330 K causes a
symmetry reduction from Pm3m to I4/mcm. A further transition occurs at ~160 K, where

the tetragonal phase transforms to the orthorhombic phase with space group Pnma.%*

Solar cells based on MAPbI; and their derivatives face some commercialization
roadblocks despite having relevant features. These perovskites suffer from instability caused
by moisture, migration of ions, extended light exposure, instability of perovskite neighbor
layers, reactions between interfaces, and lead toxicity, which may yield problems in the
fabrication, installation, and discard.??® On degradation mechanism promoted by oxygen
and light exposure, one proposed: (i) MAPbI3 Jight, MAPbDI;*, follow (i7) O MAPDIS7, 05°~
and, then, (77) MAPbI; + O*~ —— CH3NH, + Pbl, + % I, + HyO. Thus, oxygen receives
one photo-excited electron from the perovskite surface and generates superoxide (O5° ),
which decomposes the perovskite layer by deprotonating the MA-cation.%® Although light
is essential for the functioning of the perovskite solar cell, extended light exposure yields

to degradation, ion migration, TiOy deterioration (ETL), formation of structural defects,
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phase separation in mixed-halide perovskites, and distortion of octahedron.*? Thus, to
achieve the desired scalability, perovskite solar cells technology must be improved to present
long-term extrinsic stability under real operating conditions, which implies a lifetime of
about 25 years under higher heat, sunlight radiation, external bias, and atmospheric

environment (presence of moisture, oxygen, nitrogen, and other gases).

The mainstream perovskite materials suffer from an irreversible degradation when
contacting aprotic polar solvents like water.®® The perovskite structures form hydrated
compounds because of hydrogen-bonding interactions with the halide. For instance, to
describe the degradation mechanism of the pristine MAPbI; perovskite, the following
chemical equations have been proposed: 4MAPbDI3 + 4 HoO <— 4 [MAPDI; - H,O] «—
(MA),Pblg - 2H50 4 3 Pbly + 2 Hy,O. This equation suggests the reversibility of the process.
However, in the presence of higher moisture, the process becomes irreversible and, thus, the
perovskite structure degradation occurs (MA),Pblg -2 HyO — 4 MAI + Pbl, + 2 H,0.57

One of the many procedures developed to minimize the stability and toxicity
problems is encapsulation, which considers one additional layer to protect susceptible
layers from external degrading factors like oxygen and moisture exposure. However, the
benefits of encapsulation have been examined because of possible negative consequences,
including the increase in cost, reduction of efficiency, and damage to the device’s flexibility.
The encapsulation cannot avoid disaster and dangers from the large-scale production
of lead perovskites.?? 3! In fact, lead is one of the top ten materials most harmful to
the environment and human life.3?> Thus, to enhance the stability of perovskite solar
cells, other approaches rather than encapsulation are preferable.® Some alternatives
include testing hydrophobic HTL, additives, non-hygroscopic polymer between HTL
and perovskite layers, molecule adsorptions on perovskite surface, and the reduction
of perovskite dimensionality.*? However, not only the perovskite layer suffers from the
degradation process. The performance of perovskite solar cells also depends on the stability
of other layers (ETL, HTL, and either of the metal contact).

Finding lead-free perovskites with long-term stability is one urgent scientific
ambition that has received major attention. In this sense, the focus of the perovskite solar
cell study moved from efficiency to addressing the toxicity and stability more recently,?
which implies more efforts to obtain stable and eco-friendly devices without scarifying
the efficiency. Despite efforts worldwide, the ideal perovskite solar cells remain a dream
by generating many open questions to be achieved. For instance, from an atomistic
point of view, achieving an in-depth understanding of microscopic properties that help
boost stability and efficiency is deeply desired. This issue triggered complete/partial
replacement of AB-cations and of X-halide sites to improve the structural stability of
ABXs perovskites.*** In particular, to obtain eco-friendly and stable perovskite materials,

different candidates for lead replacement were proposed, e.g., the lead has been substituted
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Figure 2 — a)- Crystal structure of a cubic perovskite, where the A-cation sites (green
sphere) represent MA = CH3NH;", FA = HC(NH;),™, Cs™ and so forth. The
B-cations (blue sphere) are usually bivalent, while X (purple spheres) are
monovalent anions (e.g., C1, Br~ and I ). b)- Each A-cation is surrounded by
eight equivalent BXg*  moieties.

a)

ABXj;
‘Q -0
MA, FA, Cs*  Pb*, Sn**

Source: Source: Done by Mailde S. Ozorio

by Sn?", Ge*™, Mn?", and Cu®". However, only tin has shown comparable efficiencies,*?

which have been explained by the similarity between tin and lead electronic properties.

Tin perovskites suffer from the same intrinsic and extrinsic degradation process as
their lead counterparts, as well as from the non-uniformity of films and the self-doping
process induced by tin oxidation.?%4” While relativistic effects protect lead from oxidation,

41 69,70 A1l these factors have contributed to yield lower

Sn** can easily oxidize to Sn
device efficiencies of ASnX3 perovskites compared to lead-based ones. Among lead-based
perovskites, FAPbI; (FA represents the formamidinium cation, i.e., HC(NHy),") is a
material with the potential to provide better performance than MAPbI3 because of its
wide absorption range of the solar spectrum. However, stable perovskites and high-quality
films FAPbI; formation are more difficult than with MAPbI;.”" Photo-luminescence and
X-Ray diffraction show that CH3NH3Pb (I;_,Br;)s; and other halide mixed perovskites
suffer from reversible segregation of phases, e.g., in regions rich in iodine and bromine,
when subjected to light excitation. Therefore, mixing halide sites leads to instabilities
and problems regarding the operation and applicability of these materials.”>»™ Phase
segregation and how to avoid it is complicated because the mechanism associated with
segregation and restoration is not understood.”™ One suggests these processes may occur
because the physical properties of hybrid perovskites differ from pure organic and inorganic

semiconductors.”™
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1.3 Perovskite Materials

The perovskite term was employed for the first time to label materials with the
same crystal structure as CaTiOs and named after Russian mineralogist L. A. Perovski.”™
Convectional perovskite structures have a general ABX3 formula, where A and B are
cations, and X usually stands for halide or oxide. As shown in Figure 2, the perovskite
structure displays a three-dimensional (3D) corner-sharing connectivity of the anionic
BXg octahedra, with the A-cation providing the charge compensation for the neutrality of
the whole system. Nowadays, under the umbrella name of perovskites are included many
structures with different crystal structures to the conventional CaTiO3 perovskite, e.g.,
zero- (0D), one- (1D), and two-dimensional (2D) perovskites. A schematic representation
of perovskite dimensionality is shown in Figure 3. As a consequence of the large structural
versatility, “perovskite” materials have emerged with many singular properties, which have
allowed their use for the most diverse purpose, as well as promising applications spanning
ionic and magnetic conductors, superconductors, semiconductors, ferroelectrics, dielectrics,

and photovoltaics.”

The size of A-cation play significant role in the stability of the crystalline structure,
where the ideal size has been estimated by octahedra factor, p = rg/rx, and the
Goldschmidt tolerance factor, 7 = (ra + rx)/v2(rg + rx), in which the ionic radii of
A, B and X are represented by 75, rg and rx, respectively.”’ In principle, for a perfect
cubic structure 7 = 1, which is not satisfied for many cations in the A positions that are
much small or larger.* However, cubic/distorted perovskites structures are empirically
favored in the range of 0.8 < 7 < 1.0. For 7 < 0.8 and 7 > 1.0 increase the possibility of the
formation of lower symmetry tetragonal and orthorhombic phases as well as non-perovskite
structures (e.g. 2D-layered, 1D-chain, and OD-isolated BXg octahedra).?*%! For instance,
the effective ionic radii of MA, Cs™, Pb®" and I are, respectively, 217 pm, 188 pm, 119 pm
and 220 pm.*> ™" Thus, the tolerance factor of CsPblz (0.85) and MAPbI3 (0.91) fits in
the range of stable perovskite structure, thus, suggest that cations accommodate well in

the cage formed by 3D corner-sharing Pblg octahedra.

Mixed compositions of cations and anions give 7 values of stable perovskite
structures, i.e., compared to non-alloyed ABXj perovskites, alloyed (A,A4", ,)B(X.X 1 .)3
perovskites tend to present improved structural stability. To obtain the tolerance factor of
mixed perovskites with (AyAll,y)B(XZXJ 1--)3 chemical formula it is necessary adjustments
to acquire approximated effective ionic radii of A-cations (r4(ef f)) and X-anions (rx(eff)),
which can be predicted by ra(eff) = yra + (1 — y)ry and rx(eff) = zrx + (1 — 2)ry,
respectively.* The effective ionic radii of each organic cation (r.7r) come from Kieslich’s
method,™ Teff = Tmass T Ti, Where 7455 stands for the distance between the center of
mass (CM) of cation and the furthest non-hydrogen atom i to the CM, and r; correspond
to the Shannon effect ionic radii of atom i. The (MAg15FAqs5)Pb(Brg 1510.85)3 perovskite
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Figure 3 — Schematic representation of three-dimensional (3D) and low-dimensional (2D,
1D, and 0D) perovskite structures.

3D Perovskite 2D Perovskite

Source: Source: Done by Mailde S. Ozério

presents an effective tolerance factor of 0.98. Despite being a good starting point for ions
selections, the effective tolerance factor can fail in predicting the structural stability of
mixed perovskite. Indeed, other factors play a decisive role in determining the intrinsic

stability, such as the absence of purity and ion migration.*?

1.3.1 Three-Dimensional Halide Perovskites

Among three-dimensional (3D) halide perovskites, the archetypal methylammonium
lead iodide (MAPDI3) structure has been widely studied and also motivated studies
of its derivatives, in part due to their fast-growing efficiency as a light-absorbing
layer in solar cells.®> A myriad of three-dimensional ABX3 halide perovskite structures
has been reported so far. On the basis of A-cation composition, the perovskites can
be hybrid organic-inorganic or all-inorganic with MAPDI;, and CsPbls as respective
examples. The most common examples of A-cations are methylammonium (CH3NH;",
MA), formamidinium (CH(NH;),", FA), Cs™ and Rb*. Examples of B-cations are Pb*",
Sn**, Ge*T and Cu®",'**? which also can be alloyed. Lead replacement by lead-free

alternatives has been a straightforward strategy to eliminate the toxicity of perovskite
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materials. In its turn, in perovskite materials for photovoltaic applications, the X-site
usually stands for halide ions (C1™, Br™ and I"), a mixture of them,™ or either the mixture
of halide with other ions, such as thiocyanate and tetrafluoride.”®" The changes in halide
composition usually result in a wide response to the optoelectronic properties (e.g., the
optical absorption wavelength).?> Due to their high reactivity, F rarely occurs, but some

compounds have been reported experimentally.®!

Due to problems of toxicity and stability of lead-halide single A*Pb** X5 perovskites,
the 3D lead-free halide double perovskite A5 Bt B3+ X structures have been garnering
increasing interest, for instance, the class of Cs;AgBiXg perovskites, where two Pb-bivalent
cation is substituted by a monovalent (B') and a trivalent cation (B3T), while X
usually represent one or more halide elements.®> % These structures share the same
3D inorganic-framework connectivity of the AT B%** X3 structures, but within an increased
flexibility due two different corner-sharing octahedra units, i.e., each BXg unit is
surrounded by six B’ X units and vice-versa.®® Another example of 3D structure has a
A3 B* X general formula (e.g., CsySnl® and CsyPtI®7), and they are vacancy ordered
perovskite-like structures because they do not have similar 3D corner-sharing BXg

octahedra of a conventional perovskite structure.®®

1.3.2 Low-Dimensional Halide Perovskites

One additional avenue to address the toxicity and stability issues of archetypal
perovskite is to move towards lead-free low-dimensional perovskite, which has promising
prospects because of their increased structural flexibility, i.e., varied shapes and sizes
compared to the 3D ones. Low-dimensional perovskites have inorganic octahedra
interspersed by organic cations in one, two or three directions, creating two-dimensional

perovskites (2D)%% threads (one-dimensional perovskites, 1D) %192

or simply small
interspersed octahedra clusters (zero-dimensional perovskites, 0D).1?% 2D halide
perovskites include nanosheets and nanoplatelets; nanowires and nanorods are archetypal
examples of 1D perovskites; 0D perovskites include nanoparticles and quantum dots
(QD),* where quantum dots solar cells fabricated with Csg5FAq5Pbls presented certified

PCE of 16.6€eV in a short time.?

2D perovskites are generally derivative of 3D structures by slicing along
one crystallographic plane.®® Ruddlesden-Popper hybrid organic-inorganic 2D halide
perovskites has the general A'5A, 1B, X3n41 chemical formula, where A" represents a
bulky aromatic or long-chain aliphatic alkylammonium spacer cation with a huge library
of possibilities (e.g., 2-phenylethylammounium (PEA) and butylammonium (BA)), while
A stands for monovalent cations (e.g., MA and FA), B is usually a divalent cation (e.g.
Sn?* and Ge?"), X represents a halide, and n refers to the number of inorganic-octahedra

layers.”S The stability of those 2D perovskites tends to decrease as large as the number of
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layers. The electron mobility reduces with the reduction of the number of layers, which yields
the bandgap energy to become large and not desirable for some particular applications,
such as solar cell absorbing layer. Among 2D perovskites, the double perovskite derivatives
have been found of considerable interest. 2D low-dimensional halide double perovskites
consist of layered sheets of alternated corner-sharing BXg and B X units, and they are
derivatives from the respective 3D Ay BB’ X double perovskites by taking a slice along a
particular plane.”” Another type of layered double perovskites experimentally observed
have the AyM B3t X, general formula, e.g., Cs;CuSbyCly5.%8

One-dimensional perovskites can display one-dimensional corner-, edge-, and
face-sharing metal-halide connectivity.”®® 1D perovskites allow larger structural versatility
than their 3D counterparts because they can accommodate organic cations of different
lengths in addition to the inorganic and small organic cations. Many 1D perovskites have
been reported, for instance, hybrid organic-inorganic structures C,NoH4PbBr,,”” and
all-inorganic structures CsCuy X3 (X = Cl™, Br~ or I).'% All-inorganic 1D perovskites
show increased structural stability because of the absence of organic moieties degradation
compared to the hybrid ones. However, despite the wide structural versatility, research in

this class of low-dimensional perovskites is still in the initial stage.”

In its turn, many lead-based hybrid organic-inorganic 0D perovskites revealed

outstanding white,!*! blue-violet,'? and blue!®® light emission. Among all-inorganic ones,

many studies have been focused in the class of lead-based Cs;PbBrg 0D perovskite, 04108

which have singular properties, including super-paramagnetism of green emission crystals,'?

improved stability, intrinsic emission of Pb-cation, and higher exciton binding energy.'?”

Overall, the increased quantum confinement effects of low-dimensional perovskite result

20,21

into different electronic properties than of 3D counterparts, and as a result, a wide

range of new applications, including spintronics,!'? light-emitting diodes,*!! lasers,'!?

114 15

catalysts,!'? X-Ray and y-Ray detection''* and capacitors.®

The non-toxic Sb®" and Bi*" are prominent inside octahedron of 0D perovskites,
i.e., antimony and bismuth (B) form stable halide-anionic complexes with a large variety
of size and shapes, e.g., isolated octahedron (BXZ™),"1% 117 edge-sharing (B, X1y ), 18
and face-sharing (ByXj ).! Hybrid and all-inorganic 0D perovskites turned up with

118,119 ;

photoluminescence quantum yields increased air-stability,”® and high-exciton-binding

energy features.'” The structural versatility of the organic/inorganic cations and the
halide-anionic complexes have a significant role in these features. As a result, several works
have explored different applications for low-dimensional Bi-based perovskites, including

solar cells,'?!122 capacitors,''® photodetectors'?® and X-Ray imaging.'** In particular,
two face-sharing BisIg®~ octahedra perovskites, the MA3Bily and CssBislg 0D perovskites

displayed PCE of 1.64 %! and 3.00 %,'%? respectively.

Hydrophobic interactions between the organic cations and inorganic octahedra can
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boost the stability of low-dimensional perovskite structures by avoiding the physisorption
of oxygen and water molecules.?® On the other hand, compared to the traditional 3D

125 which is a consequence

structures, the PCE decrease in the low-dimensional perovskites,
of the reduction of carrier mobility caused by the quantum confinement effects promoted
by the organic components’ interspersion. In this context, a construction based on the
mixing of different dimensionality structures emerges as one suitable route to overcome the
reduction of efficiency of low-dimensional perovskites.'?> To that finality, it is important
to find an in-depth understanding of the properties behind the features of low-dimensional
perovskites. In particular, the vast structural flexibility of 0D perovskites suggests their
potential for being included in these constructions.'?® Therefore, there is a great interest

in investigating and designing new 0D perovskites materials for photovoltaics applications.

1.4 Open Questions

Perovskite is one of the hottest topics of research, which features suggest a myriad of
applications. However, the perovskite field has many unanswered questions, which include
the design of stable, efficient, and durable perovskite solar cells under operating conditions.
It is important to achieve a better understanding of the mechanisms triggering the useful
perovskite features, and the limitations hindering their optoelectronic applications. Despite
many works worldwide to overcome related issues, even the most studied perovskites are not
yet completely understood.'?” As a result, this stimulated the interest in the low-dimensional
perovskites, which requires further theoretical and experimental investigations to explore
their broad properties that arise from their structural versatility. From the experimental
side, better fabrication methods are desirable for obtaining defect-free or defect-tolerant
bulk crystals, as well as thin films of high quality. From a theoretical perspective, it
is urgent a further understanding of perovskite materials, which includes the discovery
and design of materials and establishing the link between mechanism, functionality, and
structure.®® Inter-facial processes, multi-scale dynamics, and crystal engineering were

suggested as the next step of halide perovskite atomistic simulations.?®

1.5 Objectives

Given the issues associated with employing lead in perovskite technologies, much
effort has been done towards the design of lead-free and stable perovskite structures. In
particular, our main goals were the investigation of lead-free materials with different
structures, namely, tin iodide ASnls perovskites, and the characterization of three
novel zero-dimensional (0D) structures, which were experimentally determined by X-Ray
diffraction analysis. Two of those 0D structures were employed as a model to understand
the physical-chemical effects of replacing the inorganic sites of zero-dimensional perovskite

structures. Below is a brief description of the goals achieved in this Ph.D. thesis.
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e ASnl; Perovskites: We investigated changes in the physical-chemistry properties of
ASnl3 perovskites induced by orientation/alignment of the A-cations in the inorganic
cage of different polymorphic ASnlz phases (cubic, tetragonal, orthorhombic, and
hexagonal). This work resulted in one scientific paper untitled "The role of the
A-cations in the polymorphic stability and optoelectronic properties of lead-free ASnly

perovskites".'?Y The main results of this work are given in Chapter 3.

e Novel Zero-dimensional Perovskites: As a result of a theoretical-experimental
effort, we investigated for the first time three new zero-dimensional perovskite
structures, namely, CooHogNyBislyg, CuoH39NgBislg and C3gHosNgBilg.2 HoO 0D
perovskites, in which octahedra morphology changes from one system to another.
The results were published under the title "Novel Zero-dimensional Lead-free
Bismuth Based Perovskites: From Synthesis to Structural and Optoelectronic
Characterization"." In this thesis we present the theoretical results regarding
the structural, electronic, and optical properties of these three new 0D lead-free

bismuth-based perovskites (see Chapter 4).

e Effect of Halide Anionic Complex: By considering the experimental-determined
CooHogNyBislig and C3gHosNgBilg.2 HoO structures as models, we investigate the
effect of Bi*" and I" substitution of in the structural, electronic, energetic and
optical properties. We considered Sb®*/(Cl™ and Br ™) as a replacement of Bi*" /1"
sites. Those substitutions allowed a better understanding of the role of the
halide anionic complex in the physical-chemical properties of 0D perovskites. The
results were published under the name "Theoretical Investigation of the Role of
Anion and Trivalent Cation Substitution in the Physical Properties of Lead-Free

Zero-Dimensional Perovskites".?> The theoretical results are given in Chapter 5.
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2 METHODOLOGY

In this thesis, the methodology is organized in the following sections: () Many-body
problem, (#7) Born-Oppenheimer approximation, (7) Density-functional theory, (iv)

Periodic-boundary conditions, and (v) Projector-augmented-wave method (PAW).

2.1 Many-Body Problem

Quantum mechanics allow a better understanding of matter through the description
of the material properties at the microscopical-atomistic level. In particular, the quantum
mechanics formalism presents essential strategies to explore multi-electronic systems, which
comprise the use of the Schrodinger equation to solve a problem of N electrons and M
nuclei, i.e., the many-body problem. The many-body Hamiltonian of the time-independent

Schrodinger equation is given by:
AV ({r;}. {R,}) = B0 ({r;}, {R;}), (2.1)

where {r;} =ry, ro, ...,rn, and {R;} = Ry, Ra, ..., Ry represent, respectively, the set of
all electronic and nuclear spatial coordinates. W ({r;}, {R;}) is the wave function that
describes the many-body system, and Ej represents the energy eigenvalue. Finally, H
represents the non-relativistic Hamiltonian operator, which is given by H=T,+T, +
Vne + Vm + Vee, where the two first right-side terms are kinetic energy operators, Tn
representing the nuclei kinetic energy and 7, the electron kinetic energy. The last three
represent the Coulomb electrostatic interactions, where Viie, Vo and V.. indicate, in this
order, the nuclei-electron attraction, the nuclei-nuclei, and electron-electron repulsion.
The mathematical expression of the kinetic energy and Coulomb electrostatic interaction

operators, in atomic units,! are given by

N 1 M Vi N 1N
Tn__i * Te:_f V2
PO PN
N M M M N N
~ 7 ~ 7.7, R 1
Vne:_ 7‘7’ Vnn: e and ‘/66: , (22)
;;H,-—Rﬂ ;§|R2_Rﬂ| ;jm v — 1)

where Z; and Z; represent, respectively, the charges of ¢ and j nuclei.

2.2 Born-Oppenheimer Approximation

The Schrodinger equation has analytical solutions for simple systems with

non-complicated Hamiltonian form, such as hydrogen atoms, isoelectronic species, free

L Atomic units h =1, me =1, e =1 and 4mey =1
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particles, and the harmonic oscillator. However, numeric methods and approximations
are required to solve the time-independent Schrodinger equation for complicated
multiple-electronic systems. Among several procedures for solving the time-independent
Schrodinger equation of multi-electronic systems (systems composed of many N electrons
and M nuclei, e.g., clusters, molecules, nanoparticles, and condensed state solid materials),
one comprises the approximation performed by the splitting of many-body wave functions

into two parts, i.e., one for the electronic (1), and other for nuclear (x) that satisfy the
U({r:}; {R;}) = v({r:}, {R;})x({R;}) product.

The mentioned procedure is well-known as the Born-Oppenheimer approximation
(BO-approximation) in honor of its developers, Max Born and J. Robert Oppenheimer.'*°
The BO-approximation is valid when there is a negligible coupling between nuclear and
electronic states, in other words, when the electronic-vibrational decoupling occurs. The
justification for the BO-approximation arises from the relative velocity of electron and
nuclei, i.e., since nuclear mass is around 1800x higher than the electron mass, the nuclei
move slower than electrons. Thus, according to the slow change of nuclear coordinate, the
electronic cloud instantly follows the motion of nuclei. Hence, the electronic distribution
is obtained for a set of fixed nuclei coordinates in the context of the BO-approximation.
The function x depends only on the nuclear coordinates, and for each nuclear coordinates
exists one corresponding wave function. Similarly, ¢ depends on the electronic coordinates,
and it is parametrically dependent on nuclei coordinates. Consequently, each set of fixed

nuclear positions determines one different electronic wave function.

For each set of nuclei coordinates the nuclear kinetic energy can be neglected
and Coulomb’s potential for nuclear repulsion, Vnn, becomes just an additive constant
in the electronic Hamiltonian (ﬁe + Vnn, where ﬁe has only the contributions of N
electrons in an electric field generated by M fixed nuclei, i.e., ﬁe = Te + Vne + Vee)
Therefore, in the BO-approximation, finding the total energy of a system composed of
N electrons and M-fixed nuclei consists of solving the following Schrodinger equation:
[ﬁe + Vnn} U ({r:}, {R,;}) = Ex({R,;D)¥({r;},{R;}), where the V,, operator becomes
just an additive constant to the total energy of the system, which is given by: E,({R;}) =
ex({R;}) + Vi , where g4(R;) represents the eigenvalue that satisfies the following
electronic equation: Ho({r;}, {R;}) = ex(R;)¥({r;:}, {R,;}’), where R’ represents that the
electronic wave functions parametrically depend on the nuclei coordinates. Hence, due to the
decoupling of the global wave function, it is possible to solve the time-independent electronic

Schrodinger equation without solving the respective nuclear Schrodinger equation.

2.3 Density-Functional Theory

Density functional theory (DFT) is a well-succeeded quantum mechanic technique

that allows predicting useful information from matter through computational simulations.
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Instead of many-electron wave functions, DFT is based on electronic density to predict the
stationary ground state energy of electronic structures p(r).'*! One of the major advantages
of DFT front of the wave-function approaches is the computation time. Neglecting the
spin coordinates, the wave functions depend on 3N (where N is the number of electrons)
spatial coordinates, and the use of electronic density allows to reduce a problem of 3N
degrees of freedom for one, the electron density p(r) with only 3 spatial variables (z, ¥y, 2).
In systems with many atoms, this approach becomes computationally more feasible than
methods based on wave functions. As a result of the low computational cost and good
experimental-theoretical agreement for many simulated materials, the DFT¥% 133 has been

34

employed to characterize the properties of several materials, including clusters,'* and

solid-state systems at the atomistic level.!»? 29

2.3.1 Hohenberg-Kohn Theorems

The starting point of DF'T comes from two fundamental theorems formulated by
Pierre Hohenberg and Walter Kohn in the 1960’s decade.'®? These theorems, so-called
Hohenberg-Kohn theorems, consider a system composed of N interacting electrons driven

by the many-body Hamiltonian. They say:

Theorem 01 the ground state of any interacting many-particles system is a unique

functional of the electron density py of the ground-state density, |1o) = |¥[po])-

Theorem 02 A universal functional for energy in terms of density p(r) can be
defined for any external potential V. (r). For a given external potential, the exact energy
of the ground-state is the global minimum of this functional, and the density that minimizes

the functional is the exact ground-state density.

The first theorem establishes that exists an one-to-one correspondence between
the external potential v(r) and the ground-state density p(r) of a N interacting electron
cloud. Any change in potential affects the electron density, but the density will be kept
constant if the external potential is unchanged. Thus, up to an additive constant, the
ground-state density corresponds to a unique external potential and one wave function.
Besides determining the external potential, the density determines the total number of N

electrons by integration,

/p(r) dr=N | (2.3)

and implicitly all properties determined by the Hamiltonian in a BO-approximation,'3!

for instance, the ground state energy. The proof of the first theorem comes from the
reductio ad absurdum procedure. It assumes that two different external potentials yield the
same ground-state density. From these conditions, an absurdum relation (i.e., Fy + E{] <
Eo+ E(/)) is found, which shows that two different external potentials do not have the same

ground-state density.
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For a gaseous system composed of N interacting electrons, the total energy as a
function of electron density can be expressed by E[p(r)] = Viu|[p(r)] + Fuk[p(r)], where
Vewt[p(r)] gives the external potential contribution generated by the M nuclei and Fyk|[p(r)]
represents the universal Hohenberg—Kohn functional, which corresponds to the sum of the

kinetic energy, T'[p(r)], and the electronic repulsion, V,.[p(r)], in an interacting electron
gas (Fuk[p(r)] = Tlp(r)] + Vee[p(r)]).
According to the second theorem, E[p(r)] > Elpo(r)] = Ey, i.e., the electron density

that minimizes the total energy functional is the ground-state density (po(r)), where Ej
represents the energy of the ground state. However, in the Hohenberg-Kohn formalism, the
exact expression of Fyuk[p(r)] is not known, which makes necessary an approximation for

obtaining the energy. This problem was solved in a formalism proposed by Kohn-Sham.

2.3.2 Kohn-Sham Formalism

The formalism proposed by Walter Kohn and Lu Sham in 1965, the so-called
Kohn-Sham method,'*? consists of describing a system composed of N non-interacting
electrons with the same electron density of the real system. In this formalism, the total

electronic energy is partitioned as follows:

N

Blp(r)] = Y- (e5) |-

=1

v2

o) > 2//p ddr

+/p r)dr + Em[ ()] , (2.4)

the first term of the equation represents the kinetic energy, which is obtained by Kohn—-Sham
orbitals (¢¥%), which determine the electronic density through the p(r) = N f;|¢XS(r)|?
expression, where f; is the occupation of electronic states. The second term of the equation
(2.4) is the Hartree’s potential energy, while the third term represents the interaction
energy between the electron density, p(r), and the field created by M static nuclei. Finally,
the fourth term includes the exchange energy, electronic correlation, a correction for
electron self-interaction in Hartree potential, and a correction for kinetic energy because

of the difference between the non-interacting electron system and the real system.

According to the second Hohenberg-Kohn theorem, the global minimum of the
energy (equation (2.4)) comes from the exact ground-state density, but the energy functional

can also be minimized concerning the Kohn-Sham orbitals using the orthogonality condition

/¢¥S(r)*¢§<s(r)dr = 0ij » (2.5)

The minimization of the energy functional is given by

J

Elo Z Z & (/ 55 (r) )dr)] _o0, (2.6)

=1 j=1
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Figure 4 — Kohn-Sham self-consistent field.
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where ¢;; represents Lagrange multipliers. Performing a variational calculation, one obtains
a set of single-particle Schrodinger equations, which originate the so-called Kohn-Sham

equations given by

=3V Vg 0)] 050) = 56 (r) 2.7
Vapste) = ofo) + AL 22l 28)

where V,;f(r) is the effective Kohn-Sham potential, which is composed of three potentials
that are the same for all electrons in the system. The first represents the external potential,

the second the Hartree potential, and the last one the exchange-correlation potential.

As shown in Figure 4, the KS equations must be self-consistently solved. The
initial-trial electron density, p;(r), is used to generate the effective potential that determines
the Kohn-Sham single-particle orbitals, which are used to obtain a new density p;y1(r) =
SN filoKS(x)[? (where i 4 1 changes within the cycle completion). This procedure is
repeated until the convergence criteria are satisfied with no difference between the two
consecutive electron densities. From the converged results, one obtains the ground-state

density, which gives the KS orbitals, the potentials, and all remaining observables.

Hence, Kohn-Sham proposed one interesting way to determine the kinetic-energy
from a non-interacting electron system by considering the anti-symmetry of the wave

function, and the electronic density can be determined by the Kohn-Sham orbitals.
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2.3.3 Exchange-Correlation Functionals

In principle, DF'T provides the exact solution to the electronic many-body problem.
However, the exact formula of the universal exchange-correlation functional ensured by
the Hohenberg-Kohn theorem is not known. Therefore, several approaches have been
developed to describe the exchange-correlation functional. This section describes only the

approximations used in this project, the Generalized Gradient Approximation (GGA)'?°

and the hybrid HSE(06.!36-139

The GGA approximation is a semi-local approach that considers the local electron
density at the point r and the gradient of the density at the same r point. We have the
equation

ESS ()] = [ p(r) fue(pl0), 19p(x) el (2.9)
where the form of the f,. function is not unique, therefore it is the

differential among different formulations, e.g., Perdew-Wang functional (PW91), and
Perdew-Burke-Ernzerhof functionals (PBE, PBEsol).

The hybrid HSE06 functional is derived from the hybrid PBEO functional, 4’ which
has the following form,

EYBEY = 0.75x EPPE 1+ 0.25x EMF 4+ EPBE (2.10)

where EYBE and EPBE are the exchange and correlation contributions from the semilocal
PBE functional. The PBEO functional has 25% of the exchange energy of the Hartree-Fock
method, that is 25% of
N N 1
BN =35 [ [ oS0yl ay oS (e mdrd (211

j=i i=1 v — |

where ¢;(r)%% and ¢;(r)¥S are Kohn-Sham orbitals. In the HSE06 functional the non-local

term EYF has a short-range (SR) and a long-range (LR) contribution. Due to the small

non-local dependency, the long-range contribution can be represented by the semi-local
contribution of the PBE potential. Therefore, the HSEO6 functional can be expressed by

EWP = 0.75x VPR (W) 4 0.25x BT 5R (w) 4 EFPPMR 4 EPPP (2.12)

where the term EYBE LR represents the long-range semi-local contribution, while
EPBE SR() and EIF: SR(w) represent, respectively, short-range semi-local and non-local
contributions. For w = 0 the HSE06 functional is equivalent to the PBEO functional, and for
w — oo it converges asymptotically to the PBE functional. In this project w = 0.11 bohr™*

was used, which provides a balance between quality of results and computational cost.!!

2.3.4 Van der Waals Corrections

Van der Waals interactions are present in many systems, in particular hybrid

perovskites, and they represent a large set of interactions, such as dipole-dipole, a
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dipole with induced-dipole, and London dispersion forces.'*? The last corresponds to
instantaneously fluctuations of electronic density, which are not accurately described by
the local functional (LDA) as well as semi-local functional (e.g., GGA-based functional).
Hence, efforts to include those interactions resulted in the development of corrections to
the total energy of DFT approach, i.e., the addition of the dispersion energy, Fg;sp, to the

KS total energy of a converged calculation: Eppr = Exs + Fdisp-

One of the available methods to obtain the dispersion energy is called DFT-D3,'4?

in which the energy dispersion has contributions of two-body (E?)) and three-body (E®)),
i.e., By = E® 4+ E®. However, the three-body term yields to bad results to lattice
parameters and, hence, it is not recommended for solid systems.!** For this reason, the

three-body term is not implemented in the VASP code (Vienna Ab initio Simulation

package),' 116 which was the package employed to run the calculations of the current
thesis. The terms of DFT-D3 are given by:
cxXY _
E(Z) = Z Z Sn Z fd,n(ny) and E(g) - Z fd,(S)(nyz>EXYZ ) (213)
XY n=6,8,10,... XY XYZ

where the sum is over all XY pairs in the first equation. To assure the accuracy, s, is
an adjustable factor for all n > 6. However, n is truncated in n = 8 because for n > 8
the results do not have an improvement and the additional term lead to instability for
more complicated systems.!*® The term CXY corresponds to average coefficient of the n-th

order of XY pair, which inter-molecular distance is R, and, finally, fq, represents the

XY

'damping" function that determines the range of dispersion of energy correction.

2.4 Periodic Boundary Conditions

The structure of a perfect solid system can be interpreted as many connected unit
cells that repeat periodically in the crystal forming the Bravais lattice, which is defined by
vy, Vo and vy translation vectors (T = ayv; +agva+agvs, with a; integer numbers). Hence,
the atoms of the unit cells have a new position r' when translated from the initial position
r by the translation vector T, i.e., r =r + T and the solid is invariant to the translation
vector. The periodic potential at r must be equal at r', i.e. the relation U(r) = U(r + T)

must be satisfied in a periodic system.

As a consequence of the Blochl Theorem, due to the periodicity of the system given
by U, x(r)e® T =y, (r + T)e™ - ¥, the Kohn-Sham eigenfunctions v (r) of a periodic

ik.r

e’ of a plane wave function e*¥,

system can be described by the product ¢(r) = w, k(r)
and a periodic function uy(r). In these equations, the k wave vectors are related to the
crystal momentum and for each k exists a set of solutions, which can be indicated by a
band index n. The k vector set forms the reciprocal space, whose associated primitive
cell is well-known as the first Brillouin zone. Any periodic properties of real space can be

represented in the reciprocal space, e.g., a translation vector G can be easily defined as
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G = h1g1 + hogo + hsgs, with h; and g;, respectively, integer numbers and primitive wave

vectors in the reciprocal space; and finally the periodic function can be rewritten as:

1 1 k+G[2<E.
U i(r) = 7 S ok + Gt (2.14)
G

where k and €2 represent, respectively, the wave vectors and the volume of unit cell of
the first Brillouin zone. The optimization of ¢(k + G) is the key-point to the total energy
minimization, and, just the periodic functions with the kinetic energy lower than the cutoff
energy (3 |k + G|’ < E,) are included in the basis set. Thus, the total energy (Ej) are
given by the sum of the kinetic energy contribution and the effective potential V. ;(G),
ie, Ex =1k +G]> < E.+ V. (G).

2.5 Projector Augmented Wave Method

Due to the high kinetic energy of electrons close to the nuclei region, the
application of plane waves to describe the core electrons becomes an enormous challenge
for periodic systems calculations. However, since the core electrons have a minor role in
the physical-chemistry properties of the materials compared to the valence electrons, many
methods have been developed to turn such calculations more reasonable. Among these
methods are the pseudo-potential (PP), linear augmented plane-wave (LAPW), and one
of the most important, the so-called Projector Augmented Wave (PAW) method, which
brings ideas from both PP and LAPW methods, i.e., the PAW method is an all-electron
method that combines ideas that comes from the LAPW linear method with the simplicity
of the pseudo-potential approach.

In particular, the PAW is an ab initio electronic structure calculations technique
developed by P. E. Blochl.'4" PAW is an exact implementation technique for ab initio
density functional theory calculations, and it is implemented in a large number of codes
for electronic structures calculations, e.g., VASP, ABINIT, and Quantum EXPRESSO.
The PAW method allows greater computational cost-efficiency for density functional
theory calculations by considering local and semi-local auxiliary wave functions to build
Kohn-Sham orbitals with the correct description of regions close to nuclei in addition to the
behavior of the plane waves for valence electrons. It defines a spherical region with radius
R™ around each nucleus (n), where R" is the delimiting frontier between an augmented
region (inside the sphere) and an interstice region (outside the sphere). Since one wave
function is used to describe both regions, the PAW procedure can be characterized as an
all-electron method, but the wave functions inside and outside the sphere have different

descriptions.
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2.5.1 The Linear Transforming Operator

In the PAW method, the electrons of the augmented region are described by
auxiliary wave functions (\fln), while electrons outside the augmented region are described
by the all electron wave function ¥,,. This method is possible because the KS orbitals are
expanded in plane waves, where the wave function of a single electron (¥,,) is obtained
through the linear transformation of an auxiliary wave function (0,,), i.e. |¥,) = T|¥,,)
with 7 = 1+ 3, 3:(|6%) — [62))(p¢|, which just modifies the wave function of the
augmented region. In the end, the wave function that describes the complete system is
defined by [¥,)) = |F,) + 3, Si(|¢) — [6%)) <ﬁf|q/n> , where (from left-to-right sequence)
|W,,) represents the auxiliary wave function; for each atom a, the |¢¢) is the partial wave
function in the augmented region, and |¢¢) is an auxiliary pseudo-wave function that
cancels the plane waves part of an auxiliary function inside the augmented sphere. Finally,
p¢ represents a projected function, which takes part in the linear transformation 7. Hence,
the exact wave function in the PAW method is obtained by performing a linear combination
of () auxiliary wave functions, (i7) partial wave functions, and (7i) subtracting the term

added to the plane wave functions in the augmented region.

The behavior of wave functions change depending on the region of space, for
instance, rapid oscillations close to the nuclei and a very smooth behavior in the bonding
region. In particular, the rapid oscillations of wave functions near the core region is a
drawback for simulations of materials due to the increasing demand of computational
resources. Hence, the augmented wave methods brought the strategy to solve the difficulties
of performing electronic structures calculations by considering the split of wave functions
into two parts, i.e., the use of smooth auxiliary wave functions inside an atom-centered
sphere and other convenient basis set outside the sphere. For instance, through the PAW
method, the first step is to use the linear transformation operator 7, which transforms
the smooth auxiliary wave function of the core region (|¥),) onto the all-electron wave
function for the bonding region (|¥)), i.e., |¥), = T|¥,) , and T takes the form:

T=1+>T¢° (2.15)

where a is an atom index, and T ¢ is different from zero inside a spherical augmentation
region {2, enclosing atom a. Inside €,, the smooth auxiliary wave function can be expanded
in partial auxiliary waves ¢¢, i.e., |[0,) = 3, ¢%,|¢%); where ¢%, are expansion coefficients,
and for each ¢¢ exist one all-electron partial wave ¢¢ satisfying |¢¢) = T |¢¢). Thus, since

|W),, = T|¥,), applying the T operator to the |¥,) expression
) = 3 clo)
T“ijn> = ZCZzT’$?>

W) =D chilef)
i (2.16)
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we can conclude, due to the linearity of operator 7, that both smooth and all-electron
wave functions have the same expansion coefficients ¢, i.e., ¢, = <pZ 1T, > where pf are
smooth projector functions that must satisfy >, [¢$)[(p¢| = 1 and (p§ |q§‘]’> = J;; inside each
Q, region. Outside €2,, T does not modify the wave function. In other words, this imply

that |W), = |U,) as well as ¢¢ = ¢? outside the augmentation region.

From the equality Y2; [¢2)[ (%] = 1, we can write:
= > Tl (2.17)

Since |¢) = T|@%), it follows that |¢2) = (1 + X, T%)|$¢), which implies that |¢¢) =
(14+TH|0%) < T = (|¢%) — %)) for all i and a. Thus, equation 2.17 becomes:

T = 2(168) — 160 (5] (2.18)

Replacing 2.18 in 2.15, we have:
= 14223 (198 ~ 166t (2.19)

Thus, using 2.19, the Kohn-Sham all-electron wave function (|¥),, = 7 |¥,)) can be written

|,,) )+223(1e0) —160) (P19 ), (2.20)

which one may represent in the compact way:

,,) +Z |we) — W), (2.21)

by introducing two one-center expansions W% = 3, |¢%) (5% ¥,,) and ¥ = 3, [¢%) (52| ¥,,).
Or in the simplified notation as shown in the PAW original paper:

V) )+ 2016 - |6:)) (Bil W) - (2.22)
In summary, we have:

|¢%): the all-electron partial wave functions, which are used as atomic basis-set for
the all-electron Kohn-Sham wave function (|W,)) inside the augmentation sphere

(Q, region).

|2): smooth auxiliary partial wave function, which are used as basis-set for the

smooth auxiliary wave function (|¥,,)), and coincide with |¢¢) outside the Q, region

(ie., |6§) = [¢9)).

« (j%|: smooth projector functions, which satisfy the conditions 3, [¢%)|(5¢| = 1 and
<ﬁﬂ$§> = 0, inside each €, region.
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2.5.2  Transforming Operators

Due to the role of auxiliary wave function (¥,) as a variational parameter, the

PAW method allows that observable quantities from the all-electron wave-function ¥,,

be obtained from ¥,. In other words, by considering the transformation |¥), = T|¥,,),

one expectation value (A) obtained as (A) = >, f, (¥, |A| ¥,,) can also be obtained from

(A) =3, fn <ﬁ/n ’fl‘ \i/n>, where n refers to the band index, f, to the occupation of the
state, and A is given by:

A=TFIAT. (2.23)

By replacing equation 2.19 into 2.23, we have:

_ (1 4 Z Ta)i A (1 + Z T“) = A [1 + Z (T + 7 + T“TT“)] (2.24)

Replacing 2.18 into 2.24 (replacing 2.19 into 2.23 gives similar result, but the equations

become more complex to be solved), we found:
A=A {1 + 20 |20 I (4681 = (881) + 2 (1) — 19)) (5;°)
a 1 ]

+ (Z 1) ({0 = (651) - (1) — \qﬁQ)W\)” (2.25)

Since }=; |<z531>(]§‘]1] = 1, the equation above can be rewritten as:

A:A{1+§a:

So1Be) (o8] — (@01) o168 (551 + il S (195) — 165)) (5]
+ (Z 15:%) (651 = (51) > (165) — 165) <py~“|ﬂ }

] (2.26)

S @158 D (195) = 199)) (071 + 22 15:) ({081 = (41) 2 |¢;><p;~“|”

J

{1+Z

(2.27)

i- A{1+z S5 ({02165) — (416 <15’j“!” (2.28)

Or more simply (in the original notation):

A=A

L+ 151 ((6ilds) — (61l65)) (ﬁj@ (2.29)

1]
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A=A+ 32150 ({61 Al6y) = (6:141641)) (B (2:30)

While the overlap matrix of all-electron representation is given by the unity operator,
the overlap operator S of the PAW method is given by ( S=T IT) the term in square
brackets in the equation 2.29:

=1+ Z [B:) ((&iles) — (@il @5)) Byl (2.31)

that reduces to the unity operator if the (¢;|¢;) = (é,\q%) condition is imposed. Moreover,

the smooth auxiliary wave functions are orthogonal with respect to the overlap operator,

Le. (0,|S19,0) = G-

2.5.3 Charge Density

We already mentioned before that the expectation value of some operator A in the

PAW method can be alternatively obtained as:
= fu (0| A ¥, (2.32)

From the description of equation 2.30, the equation 2.32 assumes the following form:

“g(*

(A +015) (66141 95) — (6:141941)) <z5j|)

\Iln> (2.33)

In order to evaluate the charge density (n(r)), in the equation 2.33, we determine

the expectation value of the real-space projection operator |r)(r| (i.e., A = |r)(r]).

( |+lez (@ |¢j>—<c5¢|r><r|c5j!)><ﬁj|)
which can be written as:

= 3 (Tl x| B) + 30 o (Tali) (0ulr) (xls) (5510 )

n,(4,5)

B ;) Fu (Walpi) (Gilr) (x16;) (B[P0 ) - (2.35)

"y

\I/n> ,(2.34)

Thus, as suggest in the equation 2.35, the PAW charge density can be given by
three terms n(r) = n(r) + n'(r) — 7' (r), where 71 represents a pseudo-charge density from

the smooth auxiliary wave function (¥,,), and is given by:

- Z [ <an’r> <r‘\ijn> , (2.36)



53

On the other hand, n' and #! are onsite charge densities treated on a radial support grid,

and they are given by:
nt(r) = 3 S (Talpi) (&ilr) (xlo;) (551 D) (2:37)
n,(i,5)
and

it (r) = ;{) Fu (W) (il (xl@; ) (B3] W) - (2.38)

2.5.4 Kinetic Energy

As done for the charge density, in order to obtain the kinetic energy (Ej), we

determine the expectation value of the quasi-local operator —V?/2 in the equation 2.33,

6,) (3~ 2918,1)) <]5j|> ‘ ).

(2.39)

which is needed to evaluate the kinetic energy.
~ 1 B
n i,]

which can be written as:

Bo= S o (Tl = 5+ 52 (Rl (6] = 5700 (B

= Y fa (Bl (8- 5VA8 ) (). (240)

n,(4,5)

1
i|-5 2
2

Thus, from equation 2.40, the PAW kinetic energy is given by three terms Ej =
Ey + E} — E}, where E), represents the kinetic-energy from the smooth auxiliary wave

function (\f/n), and is given by:
. - 1 . -
Be= Y fu (0] = 50, ), (241)

On the other hand, E} and E,% are onsite kinetic energy treated on a radial support grid,

and they are given by:

E} = (Z.) fn<\i/n|@><¢i| - ;v2|¢j><ﬁj|®n>, (2.42)
and .
Bl = ;) fn<ﬁ/n|ﬁi><é§i| - 2v2|q§j><]5j|\i/n>. (2.43)

2.5.5 The PAW Total Energy

As the charge density and expectation value, the PAW total energy can be divided
in E=FE + E' — E', which have the following form:

E=Yf <\I/n b > /d /d (£ 2)(7 + ) +/drﬁ6+/drﬁexc(ﬁ) (2.44)

r—r

1
i v
2
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E'= > fa <‘T’n|ﬁz> <¢i —;Vz%

n,(i,7)

> p]|\IJ /dr/d (n +Tr—n +n” /drn €xe(n

(2.45)

1 -
SV ¢j> Bl,) /dr/dr ", +7) + [ deite, ()

(2.46)

where n? and 7 reassemble the point charge density of the nucleus, and compensation

Er=Y f, <‘i’n|ﬁz> <€51

n,(%,5)

charge density, respectively. In its turn, €,. represents the exchange-correlation energy, and

U represents an arbitrary potential that vanishes (72 = 7') in the augmentation sphere.

2.5.6 Hamiltonian Operator

Like the charge density (n), the potential has the form v(r) = o(r) + v!(r) — o'(r),
which allows the Hamiltonian of the smooth auxiliary wave-function to be written as:

. 1 ~ 1 ~
H= —7V2 + 0+ 1pi) ( il — §V2 + 0o, — (] — §V2 + 5|¢j>) (B (2.47)

7.7

And this Hamiltonian relates to the smooth auxiliary wave function as H \i/n = enS@n,

where S is the overlap operator as given by equation 2.31.

2.5.7 Forces in the PAW method

In the PAW method the forces are given by three components, i.e., F = Fy+Fa+Fp,

where

~ N
Fy= [acvi, [a'” a "t [aei(Von + Vog) — [deieVo - Y VieUnw (2.48)
— 3

F) ==Y Va0 <<¢i| - ;W + v1|¢j> _ <¢§,~| - ;VQ + @1|¢3j>> (2.49)
PO _ _szl;fn@@n i

W) ( U |VRO| B, (2.50)

n,m

2.5.8 PAW: Approximations

At first glance, the PAW method is exact for DFT calculations, and requires
an infinite number of atom-centered partial wave functions and projectors. However,
for practical purposes some approximations are required in the PAW implementation.
For instance, consider the frozen core approximation in order to turn calculations less
cumbersome. Moreover, it is a common practice to consider finite basis set as well as finite

number of partial waves and projectors.
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2.5.9 Difference between Blochl and Kresse Implementations

The PAW derivation of the energy functional of Kresse!?® follows closely the
derivation of Blochl, but with changes in exchange correlation energy as well as the
decomposition of the Hartree energy. In particular the exchange-correlation term in the

Blochl formalism follows the expression:
EDON = B i+ i) + Y (BY [n® +nl] — ES [A% + 7). (2.51)

On the other hand, Kresse’s expression for the exchange—correlation energy follow the

form:
EEresse — B [h+ fie + 0] + > (ES [n® +nl] — ES, [n® + 1l + %), (2.52)

where the difference between the formulas is a term (72) for valence compensation of charge

density.'*

2.6 Optical Properties

The analysis of optical properties, such as absorption coefficient, is an important
way to evaluate the photovoltaic potential of perovskite materials. To estimate the optical
properties of the perovskites, we calculated the absorption coefficient by considering the

following equation:
_ 2Kw

alw) = — (2.53)

c
were Kk, w, and ¢ represent, in this order, the extinction coefficient, the incident photon

frequency, and the light speed in the vacuum. The complex refractive index (n) is given
by n = n + 1k, where n and k represent the refractive index and extinction coefficient.
The complex refractive index can be related to the real (¢;) and imaginary (ez) part of
frequency-dependent dielectric function (€) as € = i1? = €] + i€y. Thus, from the equality
relation €, + ies = n? + 2nik — k2, we conclude that ¢, = n? — k? and €, = 2nk, which a

simple algebraic procedure gives the following equation for k:

Vel el —¢ ?
121] ’ (2.54)

R = 5

which substitution in the equation 2.53 gives the absorption coefficient formula employed

in the current work:

a(w) = \/fw [\/6% + €3 — 61:| ° (2.55)

To compute the absorption coefficient as a function of incident photon energy, we

calculated the frequency-dependent dielectric matrix, which was derived by considering
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the PAW methodology.'®® Thus, neglecting local field effects, the imaginary part of the
dielectric matrix can be obtained using the equation:
4d2e? 1

Thmlﬁo—2 D 2wk (€ — €uk — W) X (Ucktenq|tok) (Uok|Uckteyq).  (2.56)
c,u.k

ea(w) =

The indices v and ¢ refer to valence and conduction band states. The terms u.x and eg,
represent, respectively, the cell periodic part at the k-point k and the unit vectors for the
Cartesian directions. The real part of the dielectric matrix is obtained through the usual
Kramers-Kronig transformation:

(W) =1+ P/oo62 Y (2.57)

w

where P designates the principal value.
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3 THE STRUCTURAL, ENERGETIC AND OPTOELECTRONIC PROPERTIES
OF TIN PEROVSKITES

Henceforth, we present the investigation of lead-free ASnl; perovskites
within different A-cations and polymorphous phases. In summary, to address the
energetic-structural stability, we investigated the enthalpy of formation and cohesive
energy of cubic, hexagonal, tetragonal and orthorhombic phases by considering the effects
of orientation of A-cation, as well as their effects in the relative total energy, lattice
parameters, unit-cell volume, dipole moment, and hydrogen-bonding interactions. Equally
important, we also analyzed the electronic and optical properties, for instance, charge
transfer and absorption coefficient. The main results are organized into the sections:
(7) computational details, (47) bulk of tin perovskites, (i) relative energy stability, (iv)
stability of tin perovskites, (v) structural properties, (vi) charge density analysis, (vit)

optoelectronic properties, and (viii) summary.

3.1 Computational Details

The DFT calculations were done in the VASP package (version 5.4.1), which
supports solving the many-body problem of a periodic system through the DFT
methodology by considering the plane-waves basis set and the PAW method.!*"14® To
improve the description of the interactions between organic and inorganic parts of the hybrid
organic-inorganic ASnlz perovskites, the D3 van der Waals (vdW) correction proposed

143,151 were added to the DFT total energy calculations, which were obtained

1135

by Grimme
using the Perdew—Burke-Ernzerhof (PBE) exchange-correlation energy functional'®® for
the self-consistent optimizations. Furthermore, we applied the hybrid HSE06 functional®¢
for enhanced characterization of the fundamental bandgap energy of the lowest energy
ASnl3 perovskites. Because of the slow convergence of the stress-tensor as a function of the
number of plane waves, we employed cutoff energy of 841.82¢eV to obtain the equilibrium
volume of ASnlz perovskites. From equilibrium structures, we employed cutoff energy of
473 eV to calculate physical-chemistry properties of ASnls perovskites, including enthalpy
of formation, cohesive energy, band structure, density of states, and optical properties.
The employed cutoff energy of 473 €V is 12.5 % larger than the largest value among the
recommended cutoff energy of the ASnlz elements species (Sn, I, Bi, O, H, C, N/P) of
POTCARs, which is a VASP input file consisting of pseudo-potential information. Regarding
the optical calculations, for obtaining an accurate description of the optical bandgap, we

used a CSHIFT parameter of 1 meV for the Kramers-Kronig transformation.

We calculated the equilibrium volume of pseudo-hexagonal, hexagonal, pseudo-cubic,
cubic, orthorhombic, and tetragonal structures of the ASnlz perovskites. To compare the

energetic stability of the different phases, all ASnl; calculations were done employing a
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k-point density of 40 Afl, which coincide to a k-mesh of 6x6x6 for the pseudo-cubic and
cubic structures. Except for the high-cost HSE06 calculations, we increased the k-point

density to 80 A" for other properties, such as optical responses and density of states.

3.2 Bulk of Tin Perovskites

In order to acquire a deep understanding on how the substitution and orientation
of the A-cation affect the physical-chemistry properties of different phases of lead-free
ASnl perovskites, we selected three organic A-cations, namely, the MP (CH3;PH3")
and two mainstream organic cation in the perovskite field, i.e., the FA (HC(NHy),")
and MA (CH3NH3"). The MP and MA organic cations have similar shape within the
respective presence of P and N the only differentiation. The size of cations increases
on the basis of the effective radii from MA (2.17A) to FA (2.53A).7 We calculated
cubic/pseudo-cubic, tetragonal, orthorhombic and hexagonal /pseudo-hexagonal structures
for ASnl; perovskites, and preferably considering crystal phases with some experimental
evidence. For instance, through X-Ray diffraction analyses it was identified that the cubic
(Pm3m) MASnI; structure occurs at 295 K, which undergoes to the tetragonal (14/mem)
structure at 140 K in a solid-to-solid phase transition.'?* %3 Likewise, the orthorhombic
phase of FASnl; (Pnma) observed at 100 K goes to the tetragonal phase (P4/mbm) at
175K, and then a phase-transition to form the cubic phase (Pm3m) at 275 K.'5% 154 On
the contrary, to the best of our knowledge, experimental MPSnl; crystal structures have

not been reported until the moment, but the experimental interest in the synthesis exits.!®

Regarding the connectivity, the cubic, tetragonal and orthorhombic phases of
ASnl; perovskites exhibit three-dimensional (3D) corner-sharing connectivity of the Snlg
octahedra. They have a 3D framework connection along the three axes and differ from
each other by the unit cell size, as well as the net dipole moment and orientation of
A-cations. To analyze the role of inorganic framework connectivity, we further incorporated
a low-dimensional hexagonal ASnl; structure (P63mc), which was experimentally reported
for FAPDI3,'%6:157 and it has a unit cell composed of two formula units (Z = 2) with a 1D
(one-dimensional) face-sharing connectivity of Snlg octahedra in the [001] direction, while

no Snlg connectivity along the [100] and [010] directions.

To achieve our goals, we performed the calculations by preserving the Bravais lattice
of the different structures, which means that we employed constraints to the tetragonal,
orthorhombic, and perfect cubic phases satisfy a = =« = 90°. In addition, we considered
the constrains ag = by # g, ag # by # co, and ag = by = ¢y, respectively, for tetragonal,
orthorhombic and cubic structures. No constrains were applied for the low-dimensional
pseudo-hexagonal structures, and for the pseudo-cubic structures angles constrains were
considered (o = 8 = = 90°). The procedure provided a path to investigate the outcome

of Snlg dimensionality in the ASnl3 physical-chemistry properties, as well as the effects
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induced by the orientations and alignments of A-cations at the respective Wyckoff positions

of ASnl; polymorphs.

3.3 Relative Energy Stability

As indicated in Figure 5, the relative energy stability of the ASnls structures
shows clear dependence on how the organic A-cations are orientated/aligned in the
inorganic cage, which has also been verified for the lead-based MAPbI3 counterpart.'®
To explain the role of the orientations of A-cations in the relative stability of ASnls
phases, we analyzed intrinsic parameters, including A-cation size, dipole-dipole, and the

hydrogen-bond interactions.

Figure 5 — a) Schematic representation of the ASnl; perovskites unit cells, where blue,
silver and purple spheres stand for the A-cation, Sn, and I sites, respectively.
The different orientations of arrows in the blue spheres suggest the numerous
orientations calculated for the A-cation in the inorganic-framework cage of
ASnl3 perovskites. Conferring to the experimental evidence, we considered
two formula units for the tetragonal phase of FASnl3. b) The column on the
right side exhibits the ASnl3 volume per formula unit, as well as the relative
total energy (AFE},) obtained by contemplating the perfect cubic structure (C)
as energy reference for the remaining pseudo-hexagonal /hexagonal (PH/H),
pseudo-cubic (PC), tetragonal (T), and orthorhombic (O) phases.

| T T T T T T N O T I A I |

AE,, (meV/fu.)

1 I I I I I |
ORTHORHOMBIC TETRAGONAL Cel Bt O C W 10

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

3.3.1 The Effect of A-cation Size

The average and standard deviation volume per formula unit are 242.50+3.16A° for
MASnIs, and of 254.60 % 5.07A° /253.23 & 3.56A” for FASnI;/MPSnl; perovskites, which
is a direct effect of the A-cations steric radius expanding from MA (2.03 A), FA (2.24 A) to
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MP (2.38 A)." The size of A-cations show an almost irrelevant response in determining
the relative energy of a particular ASnls polymorphs, which may be associated with the
very similar values of the N(P)-H and C-N(P) bond lengths. Replacing the organic
A-cation does not yield a substantial change in the relative energy trend of polymorphs.
Hence, the results suggest the role of other factors in the equilibrium volume rather than
of A-cations size, which can be visualized by how the A-cations orientations affect the

equilibrium volume.

3.3.2 Hydrogen Bond Interactions

In order to understand if/how the role of hydrogen bond interactions influence
the ASnl3 polymorphs relative energy stability, we considered all H---I (hydrogen-iodide
distance) and XHI angles (X = N, P or C) within a cutoff radius of 3.5 A. As shown in
Figure 6, we noticed shorter and directional H---I distances for NH---I/PH---I than CH---I
for all ASnls perovskites, where the CH---I distances is wider than 3.0 A (see Figure 7).
The A-cations are somewhat dislocated from the unit cell center, i.e., the C—I distances
are larger than P—I/N—-I because of the weak PH---I/NH---I hydrogen bond interactions
of the —PH3/—NH, groups,'®® which displayed a linear relation between the hydrogen
bonds (H-bonds) and NHI/PHI angles, and by increasing the angles towards 180° the
bond lengths become smaller. However, the weak hydrogen bond has a minor effect in
contributing to the relative energy stability tendencies because all structures have similar

behavior regarding the H-bonds.

Despite being weak, the H-bond interactions play a significant role in the structural
cohesion of those ASnl; perovskites because they are attractive forces between the A-cations
and the inorganic framework. For instance, the MA and MP have three hydrogen donors
(-NHj3 and —PHjs) that helps stabilize the structure, while the planar cation FA has four
hydrogen atoms from —(NHy)s. As a result, the cohesive energy values of Table 1 suggest
higher structural cohesion for FASnl3 than for the MASnlI3 structures, and both with
high structural cohesion than MPSnl;. Although MA- and MP-cations display similar
geometry, the weaker structural cohesion of MPSnl; relates to the very weak H---I bond
interactions involving the —PHj3 moiety. The MA > MP sequence for the cohesive energy
per hydrogen donor agrees with the strengths sequence of the shortest H-bonds of those
moieties (see Table 1). It’s well know the negative effect of moisture and oxygen-rich
environment on the stability of Sn—1I bonds,'®"6? thus, MPSnl; structures may be more
affected by oxygen and water molecules than MASnl; and FASnl3 because of their weaker

structural cohesion.

3.3.3 The Role of Dipole-dipole Interactions

The dipole moments we found for the A-cation molecules correspond to 2.34 D
for MA, 1.95D for MP and 0.26 D for FA, which are in an excellent agreement with



61

Figure 6 — All H---I distances and XHI angles (X = C, N or P) versus the relative total
energy of ASnl;z perovskites.
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preceding values reported in the literature.'®3715¢ As for lead-based perovskites,'%® A-cations
orientations influence in the relative energy of the ASnls structures. The net dipole moment
change as the orientation of anisotropic A-cations change, and as a result, the A-cations
change the dipole-dipole interactions in the unit-cell and its images. Based on structural
analysis, since there is only one cation in the unit cell, the net dipole moment will not
be zero in the cubic/pseudo-cubic structures. Affected by the weak H---I interactions, the
A-cations orientate towards the inorganic layers of pseudo-hexagonal /hexagonal structures,
and the null resulting dipole moment is not achieved because of the reduced dimensionality
and symmetry of the inorganic framework. Proper alignment of the organic cation in the

orthorhombic and tetragonal structures resulted in a null/almost-null net dipole moment.

The head-to-tail orientation of MA results in a null/(almost null) net dipole
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Figure 7 — All XHI angles (X = C, N or P) versus the H---I distances for ASnl3 perovskites.
The red, dark green and light blue color represents the fitting of all data of
NHI, CHI and PHI angles versus distance curve, respectively. The light green
and blue curves represent the fitting for lowest energy perovskites dots.
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moment, which contributes to reduce the relative total energy AF,,; of the tetragonal and
orthorhombic phases of MASnl; perovskites (see Figure 8). On the contrary, the dipole
moment cancellation does not occur completely in the lowest-energy orthorhombic phase
of MPSnl3 and FASnl; perovskites because of weakened dipole-dipole interactions in the
MPSnl3 and FASnl3 structures, and the dipole moment of FA- and MP-cation plays minor

effects on AFE;,;. Indeed, the resulting dipole moment is null for structures degenerated
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Figure 8 — The lowest-energy structures for a) MASnI3 b) MPSnl; and ¢) FASnl;3 cubic,
orthorhombic, tetragonal, and hexagonal phases. Relative total energy using
the cubic structure as reference are given in meV /f.u.. By the side of the cubic
and hexagonal structures (in parenthesis) are indicated the respective values of
pseudo-cubic and pseudo-hexagonal structures.
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Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

with the lowest-energy of FASnl3 and MPSnl; orthorhombic structures, i.e., with energy
difference of only 6 meV /f.u. and 3 meV /f.u. for MPSnl3 and FASnl;, respectively. Different
combinations of relative orientations of A-cations occur in the ASnlz polymorphs. The
reduced variability of structures causes the decrease in the AFE;,; range among structures.
Overall, contrary to the A-cation size and the hydrogen bond interaction, dipole-dipole

interactions have a significant influence on the relative energy configurations.

3.4 Stability of Tin Perovskites

The structural stability is a crucial guideline for experimental syntheses and even
can help predict perovskite materials with feasible applications. To achieve knowledge
about the stability of perovskites, the enthalpy of formation (AH?) is a better criterion
than the relative total energy.!” At T = 0K, the enthalpy measure the spontaneity of
Al + Snly() 0K, ASnl3 () reactions (AH$ = AG$), given by the equation of state:

AGY = E(ASnlg(S)) - E(AI(S)) - E(SDI2(S)) y (31)
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Table 1 — Structural and energetic properties obtained for the lowest energy of ASnlg
perovskite structures: enthalpy of formation, AHJ?), bulk cohesive energy,
E..n, the average I---H distance of stronger hydrogen bond interactions of
~NH,*/-PH3" group, d¥ ;, and of —CHs group, df 4, difference of hydrogen
bond lengths of ~NH," and —CHjz groups, Ady.y), effective coordination
number of tin, ECN®? average tin-iodide bond lengths, d>"~! I-Sn—I angle of
octahedron diagonal, ©, I-Sn—I angle involving adjacent iodide species, #, and
the lattice parameters (ag, by and cg) of pseudo-hexagonal (PH), hexagonal (H),
pseudo-cubic (PC), cubic (C), tetragonal (T), and orthorhombic (O) phases.
The experimental values are indicated below the respective theoretical results
when available.

AH? Eon  dYE dC, ECNSt gSn-1 gisal g py co
(meV/fu) (eV/fu) (A) (A) (NNN) (A) (deg) (A) (A) (A)

C  —3211 —39.329 271 332 575 314 171.05 6.26 626 6.26
C 3.12153 6.24 6.24 6.241%2
. PC —3560 —39.333 271 3.32 570 314 17075 629 6.20 6.29
=0 —13451  —39432 261 3.2 600 316 180.00 891 1254 845
< T —121.62 —39.419 265 3.18 6.00 3.16 180.00 8.67 8.67 12.50
= 8.73 8.73 12.501%2
H 3864 —39.336 284 332 574 320 17604 852 852 7.73
PH —94.09 —39.391 273 324 589 320 17681 872 846 871
C —21934 —35130 293 312 562 317 17475 6.34 6.34 6.34
= PC —22091  —35132 294 313 553 318 17468 641 631 630
£ 0 -31596 —35.227 302 320 576 317 17513 9.15 1263  8.45
= T 27239 —35.183 3.05 3.00 6.00 3.16 180.00 8.83 883 12.57
H —20921 —35120 290 3.15 596 320 177.01 883 883 7.67
PH —230.91 —35142 289 317 591 320 17684 9.06 859 7.69
C 4017  —44.116 2.78 3.28 549 3.8 171.13 635 6.35 6.35
C 3.1653 6.31 6.31 6.31'%
PC 3114  —44.125 281 322 521 3.9 16993 628 629 6.52
2O —4814  —44.204 2.77 3.1 522  3.19 171.63 840 1252  9.63
& O 8.82 12.42 8.861%
EOT 3436 —44.190 299 322 597 314 17669 888 883 6.19
T 8.86 8.86 6.25'%
H —2531 —44.181 2.86 3.13 572 320 17553 858 858 7.85

PH —46.09 —44.202 2.88 3.15 5.73 3.20 17572 852 864 791

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 20212

where E(ASnl3)), E(Snly)), and E(Al,)), represent the respective bulk compounds
total energy. The bulk total energy of MAI, FAI and Snl, were achieved by performing
the structural optimization of the experimental structures.'®® 1" The bulk total energy
of MPI was obtained from the relaxed structure resulted by the replacing of N for P in
MAI). The required energy for the perovskites formation at 7' = 0K is shown in Table 1.
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The values we found for AG% suggest that the MASnl3 and FASnl3 perovskite
phases have lower thermodynamic stability at 0 K than the respective MPSnl; phases.
Our results show that MPSnlj is thermodynamically stable as lead-based counterparts,
which stability was predicted in previous theoretical works.!™" "1™ As shown by the cohesive
energy, structure-wise MPSnl; may be more affected by intrinsic and extrinsic factors,
which could explain its actual lack of experimental synthesis. For more cohesive MASnl3
and FASnl; perovskites, higher structural stability is expected within FASnI3 more stable

than MASnIs, which is in line with the relative stability upon illumination.'™

Experimental analysis of both FASnl3 and MASnl; perovskites reveals that
the orthorhombic phase is the most stable at low temperature, which suffers a
phase-transition to the tetragonal and next to the cubic phase with a continued increase of
temperature.'®* 17 Therefore, our DFT calculations (0 K) are in line with the experimental
findings by predicting higher stability of the orthorhombic phase at low temperatures. We
found slightly unstable cubic and pseudo-cubic phases of FASnlI3. Overall, changes in the
stability trends may occur if one considers entropy effects, e.g., within cubic, tetragonal,

and even hexagonal structures being more stable at high temperatures.

3.5 Structural Properties

The A-cation’s size, orientation, anisotropy and hydrogen bonds parameters yield
to intrinsic Snlg octahedra tilting. To understand how those effects influence the symmetry
of the structures, we used FINDSYM program'™ to get the space group of the perovskite
structures. To the best of our knowledge, it does not exist experimental reports on
the space group of orthorhombic MASnI3 phase.'®®!™ Then, we calculated various
orientations/alignments of MA-cation in the cage of an orthorhombic cell displaying
the size of the orthorhombic MAPbI; counterpart.’”!™ Our calculation suggest that
the lowest energy orthorhombic phase of MASnI3 have a a~b"a™ tilting (Glazer tilting

notation)!™

and space group Pnma (point group Dap,). As observed for the orthorhombic
MASnI3 phase, an anti-ferroelectric alignment of MA-cation also occurs in the tetragonal
phase. The lowest-energy of the MASnI3 tetragonal phase displayed the same octahedral
tilting and symmetry of the orthorhombic phase, which may be explained by the high

dipole moment of MA-cation.

We have observed different orthorhombic phases for FASnl; perovskites in
the literature, such as Pnma, Amm2, and Imm2.54156:180 Here, the lowest energy
orthorhombic FASnl; phase has lower symmetry (Cc space group), and it is close in
energy with a Pbam space group structure, which has experimental evidence.!®! In its
turn, the inorganic frame of the lowest-energy tetragonal FASnl; phase shows an a’a’c*
octahedra-network tilting towards the c-axis and satisfies the rules of P4/mbm space

group. The orthorhombic MPSnl; phase displays different tilting than that of MASnI3
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because of the MP-cation orientation/alignment. The MPSnl; tetragonal phase has an
anti-ferroelectric alignment of cations, and a a~b"a~ octahedra tilting. These results

suggest the effects of organic cation features on the inorganic-frame tilting of perovskites.

At high temperature a net spherical environment for the A-cations arises from the
free and random cation motion. However, as lower the temperature, the degree of freedom
of the A-cations drastically reduce, and because of the frozen picture of MP (Schénflies
symmetry is Cs,), MA (Cs,), and FA (Cy,) cations generally causes the symmetry to
reduce from Oy, to P1 in the pseudo-cubic/cubic structures. The octahedra Snlg tilting
causes internal distortions, such as deviation of tin effective coordination number from the
ideal value (ECN®" = 6), tin off-center in I-Sn I segments, as well as deviation from the

ideal 90°/180° angles of ISnI adjacent/diagonal bond angles.

As stated in Table 1, the alignment of the MA-cations contributes to decreasing
structural distortions and canceling the dipole moment in the tetragonal and orthorhombic
MASnI; perovskites. Cubic/pseudo-cubic structures can be used to assimilate the impact
of octahedra distortions. The aq, by, and ¢y parameters are a direct measurement of the
three diagonal of the unit cell octahedron, which is equivalent to the distance between
adjacent tin cations and also the distance between non-adjacent iodide ions. In conclusion,
all factors that trigger octahedra distortions affect the lattice parameters, the unit cell
volume, and dependent properties.

We found negligible theoretical-experimental deviations for the ay and ¢ lattice
parameters of the MASnI; tetragonal structures, respectively, only —0.69 % and 0.00 %.%2
For tetragonal FASnl3 structure, the lattice parameters deviations are also small, i.e.,
0.23% for ay and 0.97% for ¢y. The experimental lattice for MASnl; and FASnl;

1927154 oxhibit satisfactory agreement with our theoretical results (see Table 1),

perovskites
i.e., the theoretical-experimental deviation is of 0.64% and —0.32% for FASnl; and

MASnI;3, respectively.

3.6 Charge Density Analysis

We considered the Bader charge partition'®*183 to get information about charge
transfer and the charge depletion/accumulation of lowest energy ASnl; perovskites.
Represented by Qerf, the effective Bader charges were calculated as the difference of
valence electrons (Z,q) of neutral atoms and their respective Bader charge (QP), i.e.,
Qerf = Zya — QB. As stated in Figure 9, the net charge transfer within the A-cations is
the sum of the Bader charges of each constituent atom. By subtracting the densities of
separated organic (A-cation) and inorganic constituents from the ASnl; density we got

the electron density difference of lowest-energy ASnl3 systems.

The results suggest that carbon of both FA- and MA-cations are charge donors to
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Figure 9 — The effective Bader charge analysis of each element, and site of ASnlj
perovskites (A, Sn, I, C, N, P, and sum of H) of the pseudo-hexagonal (PH),
hexagonal (H), pseudo-cubic (PC), cubic (C), tetragonal (T), and orthorhombic

(O) phases.
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N, which also accepts electronic charges from the hydrogen of the —NH, group. Charge
reduction in hydrogen contributes to the Coulomb attractions of H---I, i.e., to the formation
of weak hydrogen bonds. It occurs about 0.75 e of charge transfer from the organic cation

to the inorganic framework, which is in line with previous works, 84

and arises mainly from
NH, moieties because of high electronegativity of iodide compared to the hydrogen of
the —N—H---I moiety. Carbon acts as an acceptor of electrons in the MPSnl3 perovskites,
which justifies the charge depletion in the —PHj3 segments. The electronic coupling of
P and H orbitals causes a small accumulation of charge on the hydrogen atoms of PHj
moieties. As a result, it occurs a shorter charge transfer from the hydrogen of —PHj group
to the iodide of the inorganic framework because the coulomb attractions between them are
reduced, which justify the weaker H---I interaction and stability of MPSnl; compared to
MASnI3 and FASnl; perovskites. As shown in Figure 9, the inorganic frame is not formed
by pure ionic Sn—1I bonds, i.e., the effective charge on Sn/I of 0.90 e/—0.55 e deviates from

the values 2.00 e¢/—1.00 e expected for a pure ionic behavior.
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Figure 10 — Top: electron density accumulation (green) and depletion (purple) in the
ASnl3 perovskites obtained by electron density difference between the charge
of ASnl; and the respective frozen-isolated fragments (4 + Snlj). Bottom:
Plane along tin-iodide bond lengths showing the electron localization function,
which increase from blue to red.
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Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

As shown in Figure 10, the electron localization function (ELF) and density
difference analysis yielded further evidence for the character of Snlg bond length and the
charge transfer. Our results show that NH, and PH3 groups are the major source of charge
transfer from A-cation to the inorganic frame. Then, there is a good agreement between
the charge density analysis and the strength of the hydrogen bonds in those moieties. In
addition, as shown in the ELF plots (see Figure 10), all ASnl3 perovskites have Sn—1I bond

lengths displaying an intermediate ionic-covalent character.

3.7 Optical and Electronic Properties

To find further information concerning the optical and electronic properties of the
lowest-energy ASnls phases, we evaluated more properties such as density of states, band
structures, absorption coefficient, and so on. Figure 11 show the local density of states
and band structures for ASnl3 phases, which highlights the inorganic part prevailing the
band structures and density of states, i.e., the overlap of I p, Sn s-, and Sn p-states of
Snlg moieties. Among the investigated ASnls perovskites, MASnlI; systems have the minor
contribution of MA-cation states to the valence and conduction bands. The MA-cation
states do not display a significant role 4.00 eV above or below the valence band maximum
(VBM). As a result, band structures of the frozen Snl; inorganic framework display
similar behavior to the bands of whole MASnl; perovskites (see Figure 12). The states
of FA and MP organic cations have some smaller (but significant) contributions to the

band structure of FASnl3 and MPSnls, respectively. For FASnl3 perovskites, a similar
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Figure 11 — Plots of band structure and density of states per formula unit for the
pseudo-hexagonal /hexagonal (PH/H), pseudo-cubic/cubic (PC/C), tetragonal
(T), and orthorhombic (O) phases of MASnlI3, MPSnls and FASnI3 perovskites.
The VBM was set to 0eV in all cases.
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contribution of C s- and N p-states appears near £2.00eV above VBM, while localized N
p-states occur almost £3.00eV below the VBM.

The density of states and band structure plots are in perfect agreement by
suggesting small-direct fundamental bandgap energy for cubic/pseudo-cubic, tetragonal,
and orthorhombic perovskite structures, and wide-indirect fundamental bandgap energy for
hexagonal /pseudo-hexagonal non-perovskite structures. Band structure plots show close
trends for structures of the same phase. The band structures of non-perovskite systems
are very flat, while those of perovskite are more dispersed, which could be explained by
the difference in connectivity Cubic/pseudo-cubic structures have the direct fundamental

bandgap energy at (% (R point), tetragonal and orthorhombic phases have direct

2 27 2>
fundamental bandgap at (0,0 0) (F point). By exception, the direct fundamental bandgap

of FASnl; tetragonal phase occurs at (0,0, 2)% (the Z point).
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Figure 12 — Comparison of the band structure of pseudo-hexagonal (PH), hexagonal (H),
pseudo-cubic (PC), cubic (C), tetragonal (T), and orthorhombic (O) phases
by considering the whole ASnl3 perovskite and the frozen inorganic-framework
fragment without the A-cation (indicated by X). The VBM was set to 0eV in
all cases.
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In order to extract additional information about ASnl; perovskites, from the
frequency-dependent imaginary dielectric-function, we got the absorption coefficient for
all lowest-energy ASnl3 perovskites. We show the results in Figure 13. We found high
absorption coefficients ( > 10° cm™!) for all ASnl3, in which onset of the absorption starts
in the near-infrared for perovskite structures, while of the hexagonal/pseudo-hexagonal
occurs in the ultra-violet. As a result, the hexagonal/pseudo-hexagonal non-perovskite
phases require higher photon energy compared to 3D perovskite structures, which make
the low-dimensional hexagonal /pseudo-hexagonal structures inappropriate to be used as a
light-adsorbing layer in a solar cell. The 3D inorganic-framework connectivity of perovskite
structures seems to be desirable for achieving the features of perovskite-based solar cells,
e.g., a broader absorption range of solar energy. In fact, 52 % of sunlight reaching the
earth’s surface corresponds to the infrared region, 43 % occurs in the visible-light range,

and only 5% corresponds to the ultraviolet photons.'®® Overall, the onset of absorption
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Figure 13 — Absorption coefficient for the pseudo-hexagonal(PH), hexagonal (H),
pseudo-cubic (PC), cubic (C), tetragonal (T), and orthorhombic (O) phases

of MASnl3, MPSnl; and FASnl; perovskites. The vertical lines show the
fundamental bandgap values.
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energy is at the same point as the fundamental bandgap energy for all phases; and the

transitions are allowed by symmetry.

The A-cations play a minor role on the absorption coefficient of those ASnls
perovskites, to conclude that we calculate separated the absorption coefficient of inorganic
part (Snl3 ) and compared to that of whole ASnl; structure, which displayed no significant
difference in the trends (see Figure 13). The absorption coefficient of perovskites and
non-perovskite structures display an enormous difference regarding the absorbed photon
energy. Accordingly, our results suggest that any factor that can affect the connectivity
of the inorganic framework may also affect the absorption coefficient. As a result, we
expect that more large A-cations than those investigated in this work may affect the

optoelectronic properties if able to break the inorganic-framework connectivity. Thus, we
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Table 2 — Direct  fundamental/optical ~ bandgap energy at PBE+4+D3 level,
(E;:PBE +D3/E;’$BE +p3), and HSE06 fundamental bandgap energy (E;,HSEOG)
for the pseudo-hexagonal (PH), hexagonal (H), pseudo-cubic (PC), cubic
(C), tetragonal (T), and orthorhombic (O) phases of ASnls perovskites. The
fundamental indirect bandgap values of pseudo-hexagonal and hexagonal
structures are given below the direct bandgap values. All bandgap values are
given in eV.

f f : opt
E, pppips  Egnspos k-point  Epppips

C 058 0.91 R 0.58

PC  0.57 0.90 R 0.57

. O 073 1.10 r 0.73

= T 078 1.15 r 078

< H 242 3.17 M' 242
= 1.93 2.59 K-T

PH 2.47 3.20 V2 247
2.03 2.59 Y-I'

C 064 0.99 R 0.64

PC  0.67 1.02 R 0.67

. O 066 1.03 r 0.66

g T 064 0.99 r 0.64

o H 235 3.31 M 235
- 1.92 2.58 K-T

PH 2.41 3.16 Y 2.41
1.98 2.54 Y-I'

C 073 1.10 R 0.73

PC 0.79 1.15 R 0.79

. O 083 1.21 r 0.83

= T 050 0.84 Z 0.50

< H 25l 3.41 Y 2.51
2.12 2.71 K-T

PH 257 3.36 V2 257
2.25 2.82 X-T

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

found good insights into the optoelectronic properties despite neglecting the entropy effects

to describe the high-temperature phases.

The fundamental and estimated optical bandgap energy we got with PBE+D3
calculation for the lowest-energy ASnls phases are outlined in Table 2. A preceding
literature report claimed that satisfactory theoretical-experimental agreement for
fundamental bandgap energy of lead-based perovskites results from error cancellations
between relativist spin-orbit coupling and GGA result. For tin perovskites, however,

the GGA calculations underestimate the experimental fundamental bandgap energy
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of ASnl3 structures because of their reduced spin-orbit coupling effects compared to
lead-iodide ones.'®% 187 Because of inorganic-connectivity reduction, Snlg corner-sharing
structures (perovskite structures) have the fundamental bandgap energy closer to each
other than the one-directional Snlg face-sharing hexagonal /pseudo-hexagonal structures.
Our results for the fundamental bandgap energy show good agreement with preceding
GGA-based calculations,'® 18 which was experimentally estimated as 1.20eV for the
tetragonal MASnI; phase, and 1.41¢V for orthorhombic FASnI3.'%% Hence, the high-cost
HSEO6 functional present better experimental agreement to the tetragonal MASnls
phase than GGA-functional, within an absolute difference of only 0.05eV. However,
experimental-theoretical deviations can be minimized by increasing the exact exchange
energy of Hartree-Fock,'® but considerable deviations can also come from the structural

difference between calculated and experimental structures.

3.8 Summary

In this chapter, we presented an ab initio investigation based on DF'T calculations
to investigate the role of orientation/alignment, size, dipole, and hydrogen bonding
interactions of three distinct organic cations in the physical-chemistry properties of ASnls
perovskites. We reported for the first time the study of MPSnl3, and its comparison
with the MASnl; and FASnl; perovskites. Under an agreement with experimental phase
transitions trends, we found that the orthorhombic phase of ASnl3 systems displays higher
structural stability at low temperatures than the other phases (e.g., cubic, tetragonal, and
hexagonal phases). The effect of dipole moment on the relative stability of ASnlz structures
shows a more decisive role than other investigated factors, including the size of cation
and hydrogen bonds. Hydrogen bonding interactions cause a major impact on driving
the higher structural stability of tin perovskites. In fact, by acting as an attractive force
between the inorganic framework and A-cation, the weak hydrogen bonding interactions

enhance the structural cohesion.

Regarding the optoelectronic properties, the effect of A-cation is secondary. Besides
the absorption coefficient, we found that the inorganic framework formed by Snlg octahedra
dominates the band structure and density of states around the Fermi level. The Snlg
connectivity affects all optoelectronic properties. Small fundamental bandgap energy,
dispersive bands, and a broader absorption of photon energy are some characteristics of
the 3D ASnl; perovskites. Wide fundamental bandgap, flat bands, and reduced absorption

range of solar spectra characterize the 1D hexagonal /pseudo-hexagonal ASnlj structures.
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4 NOVEL ZERO-DIMENSIONAL HYBRID PEROVSKITES

Zero-dimensional perovskites display inorganic octahedra clusters interspersed
with organic/inorganic cations in three-dimensional directions.™ ! This class of materials
has increased quantum confinement effects, improved structural stability, and extensive
flexibility of shape and sizes compared to the 3D archetypal perovskite structures.!1%®
Non-toxic bismuth and antimony employed in the constructions of octahedra of 0D
perovskites form stable anionic complexes with halide with different morphologies.’ 117118
Because of the versatility of octahedra composition and a large library of stabilizers
inorganic/organic cations, 0D perovskites have peculiar features, e.g., high exciton binding
energy,'?? increased air-stability,”® and photoluminescence quantum yields.!'® 19 As a result,

0D systems found many potential applications, including spintronics,!'? capacitors,'®

! 113 photodetectors!?® and X-Ray imaging.'?*

light-emitting diodes,'!! lasers,''? catalysts,
Solar cells based on 0D perovskites display low efficiency,'?! 1?2 but a construction based on
the mixing of different perovskite dimensionality appears as one suitable route to overcome
the lowered efficiency of low-dimensional structures,'?® and the large structural flexibility
of 0D perovskites suggest their potential in these constructions.!?® Overall, it is urgent to

study the microscopic origins behind the 0D perovskites features.

This chapter presents the theoretical analysis of three novel lead-free and stable
bismuth-based 0D perovskites synthesized by our experimental collaborators. The
theoretical results are organized in the following sections: (7) computational details, (%)
crystal structure of zero-dimensional perovskites, (7) equilibrium structural parameters,
(iv) electronic structure, (v) optical properties, (vi) chemical bonding analysis, and the

(vii) summary of the results.

4.1 Computational Details

We used the GGA-PBE exchange-correlation functional for all self-consistent

optimizations. The vdW D3 correction proposed by Grimme!'#3 51

was employed to
enhance the description interactions between the organic and inorganic parts of the 0D
bismuth-based perovskites. We applied plane-wave cutoff energy of 841.82¢eV to achieve
the equilibrium volume of 0D perovskites via stress-tensor calculations. Once found
the equilibrium volume, we run all remaining calculations (e.g., optical properties, the
density of states, and band structures. ) with a plane-wave cutoff energy of 473.53 V.
The convergence criteria for the total energy and atomic force were 1 x 107°eV and
0.025eV Afl, respectively. For the stress-tensor calculations of 0D perovskites (see Figure

14), the Brillouin zone was sampled by employing a k-point density of 20 Afl, which yielded
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Figure 14 — Crystal structures of the three novel lead-free zero-dimensional perovskites:
CQOH20N4B12110, C42H39N6Bi219, and 030H25N6Bil6 : ZHQO The dashed lines
indicate the unit cell. The kind of Bilg connectivity and the unit formula of
each 0D perovskite structure are shown below the unit cell representation.

a) CyHyN,Bisl,g b) C4H3NgBisly ¢) C3oHasN¢Bils.2H,0

N edge-shared face-shared isolated

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 34393448,
2020*

to k-point meshes of 2x2x2 for perovskites CogHogNyBislig and C3gHosNgBilg - 2 Hy O,
and 1x2x1 for CyoH39NgBislg. For the electronic calculations (e.g., optical properties and
density of states calculations), we employed a k-point density of 40 A_l, which generated
k-meshes of 5x4x4 , 2x4x2 , and 5x5x4 for perovskites CogHogN4Bislig, CioH39NgBislg,
and CzoHosNgBilg - 2 HoO, respectively.

4.2 Crystal Structure of Zero-Dimensional Perovskites

The crystal structures of the three novel 0D perovskites are shown in Figure 14.
The [Bi,I,]* octahedra of those 0D perovskites are interspersed by large organic cations,
namely, bpy = 4,4’-bipyridine, dmphen = 2,9-dimethyl-1,10-phenantroline, and terpy
= 2,2%6,2"-terpyridine. The di-protonated bpy (Hybpy®" ) is present in the perovskite
CooHgoNyBislio; the mono-protonated dmphen (Hdmphent) occurs in the perovskite
CyoH39NgBiyly, and the combination of di-protonated (Haterpy®t) and mono-pronated
(Hterpy ") cations occur in the perovskite CsgHasNgBilg - 2 HoO. The inorganic moieties

have different morphologies in these 0D compounds, i.e., edge-sharing bi-octahedra



77

(Biglip! in the CoyoHgoNyBislyy perovskite), face-sharing bi-octahedra (B121937 in the
perovskite CyoH39NgBislg) or either isolated octahedron (BiIG?’f in the perovskite
030H25N6B116 -2 HQO)

As shown in Figure 14a, the triclinic unit cell (P1 ) of CyyHyoN4Bislio has two
Hybpy?" organic cation and one edge-sharing [Bisljo]*™ moiety, which is composed of two
[Bil5]*" identical square-based pyramids. The Bi—I bond lengths are between 2.9508(5)
and 3.2562(5) A, and iodide ions shared by fused octahedra have elongated Bi—I bonds,
e.g., I3-Bil" = 3.2562(5) A and Bil 13 = 3.2062(5) A, and the bridge angle Bil -13-Bil’
corresponds to 95.29(1)°. As a result of the non-symmetrical Bi—I bonds lengths and
bridge angles, each fused Bilg octahedron is distorted, and the iodine ligands out-of bridge
plane are kind of bent in direction of each other with a low bond angle (12—-Bil-14
= 176.25(1)°). The distance between the two bismuth cations (Bi;-Bi;") is equal to
4.7758(5) A. The inter-molecular distance that determines the interaction between the
organic cation Hybpy? " units with terminal iodide anions of [BipIyo]*  is 2.921 A t03.086 A.

The orthorhombic perovskite CyH39NgBislg has space group Pna2;, and for each
[Biylo]®~ unit it exists three monovalent Hdmphen™ cation. As stated in Figure 14b,
[BisIg)*  units have two octahedra fused by one face. The unit cell has four face-sharing
[Bizlo]*~ octahedra, which one with distinct orientations and far disconnected by the large
Hdmphen™ organic cations also displayed with distinct orientations. Three connected
aromatic rings characterize the Hdmphen™ cations, which exhibit large planarity and
surface area. In its turn, [Biplg]®” occupies the blank space left from the stacking
of Hdmphen™ cations, but contacts near octahedra generate a supramolecular chain
approximately normal to the stacking of organic cations where the shortest anion-anion
distance is 3.667(1) A. As noticed for the perovskite CooHaN4BiyIyg, larger bond lengths
occur for the bridge iodide ligands. The bond lengths varied from 3.1471(9) to 3.3590(8) A
for shared ligands. As expected from face-sharing eclipsed octahedra dimmers, a slight
twist angle of 2.0(5) A occurs. We found an inter-metallic bismuth-bismuth distance of
4.2175(7) A (Bi1---Bi2), and H---I distances bigger or equal to 2.967 A, which suggest the

existence of weak hydrogen bond interactions.

In its turn, as represented in Figure 14c, the triclinic structure (P1) of
perovskite C3oHosNgBilg - 2 H,O has a mono-metallic [BiIG]gf complex, two water molecule,
and two organic cations, i.e., one mono-protonated 2,27:6,2"-terpyridine molecule
(Hterpy™), and other di-protonated (Haterpy®"). Each [Bilg]*” octahedron of perovskite
CsaoHo5NgBilg - 2 HyO is far distanced. For instance, the distance between two bismuth
cations is 10.947(2) A. The octahedron display very low structural distortions, hence, there
exists a negligible difference among all six Bi—1 bonds. In this array, the cations chains
are spaced of 10.822(2) A from each other.
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4.3 Equilibrium Structural Parameters

To verify the role of the van der Waals correction in our theoretical description of
0D structures, we optimized the perovskite CogHgoNyBisljp with (PBE+4D3) and without
the D3 van der Waals correction (PBE). According to Table 3, the comparison of PBE
and PBE+D3 results for lattice parameters and internal properties suggests the D3 van
der Waals correction has a decisive contribution to a better description of the structural
properties of 0D perovskites. Indeed, the PBE+D3 results display the lowest deviation
from the experimental findings, being more suitable for the theoretical characterization of
those hybrid 0D perovskites.

Table 3 — Structural properties of perovskite CooHooN4Bislig calculated by employing
the PBE exchange-correlation functional with (PBE+D3) and without Van
der Waals D3 corrections (PBE): lattice parameters, and internal structural
properties, i.e., average bond length between the halide and metallic cation
(dB-X), effective coordination number of B-cation (ECN®), and average B, X,
volume (Vp,x,) The deviation from experimental results of bismuth-iodide
perovskites (A) are also reported.!

Method  ag bo o o B y dZ-X ECN” Vg, x,
o o o 3

A A A O (°) ) (A (NNN) (A7)

PBE+D3 &880 11.02 11.74 115.33 100.71 100.13 3.11 5.75 80.05

A (%) —-0.34 -0.09 —-042 0.77 1.01 0.04 065 250 2.46
PBE 9.00 11.36 1243 117.21 9888 99.67 3.13 5.75 81.24
A (%) 1.93 6.16 5.43 241 -0.82 —0.42 1.24 250  3.99

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 3439-3448,
2020!

Once we recognized the relevance of van der Waals correction, all calculations
were done by considering the PBE+D3 approach. In particular, as shown in Table 4, we
applied the D3 van der Waals correction to all PBE calculations to identify the undermined
hydrogen position of perovskite C3qHo5NgBilg - 2 H5O. The principal shortcoming of X-Ray
experimental structures originates from the unpredictability of the hydrogen atoms’
positions in some compounds. Perovskite CogHooNyBisl g dispenses the need for further
checking the positions of hydrogen atoms of the Hybpy®™ units, which are well-defined.
Despite the degrees of freedom, the sites of Hdmphen™ units are symmetrical, and the
perovskite CyoH39NgBislg structure has little bearing. Perovskite C3oHosNgBilg - 2 HoO has
more degrees of freedom because of the presence of two organic cations (one di-protonated
Hyterpy®t and one mono-protonated Hterpy™) and of two water molecules, which interact

with the organic cations via O---H hydrogen bond interactions. The modeling of different
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Table 4 — Tests to define the position of hydrogen atoms in the perovskite
Cs0HosNgBilg - 2 H,O by comparing the theoretical-experimental percentage
deviations (A) of lattice parameters, bismuth-iodide average bond length (d2i-T),
average non-adjacent [-Bi—1I average bond angle (0,,), adjacent I-Bi—1I average
bond angle (6,,), and average effective coordination number of bismuth (ECNB).
All calculations were performed employing the D3 van der Waals correction and
the PBE functional (PBE+D3).

Exp. DFT* A DFT® A DFT* A DFT¢ A DFT* A
ag (A) 10.67 11.28 5.72 1094 253 11.12 4.12 10.66 —0.09 10.86 1.78
bo (A) 10.82 10.53 —2.68 10.71 —1.02 10.80 —0.18 10.68 —1.29 10.77 —0.46
Co (A) 10.95 11.15 1.83 10.77 —1.64 10.57 —3.47 10.98 0.27 10.74 —-1.92
a (°) 81.04 83.12 2,57 80.57 —0.58 81.05 0.01 8&81.17 0.16 &81.76 0.89
B (°) 61.71 63.78 3.35 60.64 —-1.73 60.37 —2.17 61.69 —0.03 61.47 —-0.39
v (°) 61.46 56.20 —8.56 60.88 —0.94 60.94 —0.85 61.80 0.55 61.84 0.62
dBin—l (A) 3.08 3.10 065 3.10 065 311 097 3.10 0.65 3.11 0.97
@E’f} (°) 180.00 177.20 —1.56 178.65 —0.75 178.64 —0.76 179.17 —0.46 177.94 —1.31
95’;1 () 90.00 89.99 —-0.01 90.00 0.00 90.00 0.00 90.00 0.00 90.00 0.00
ECNBR 6.00 596 —0.67 597 050 598 —-0.33 6.00 0.00 5.99 -—-0.17
Exp. DFT* A DFT® A DFT* A DFT¢ A DFT* A
ag (A) 10.67 11.28 5.72 1093 244 1093 244 11.05 3.56 10.71 0.37
bo (A) 10.82 10.53 —2.68 10.69 —1.20 10.72 —-0.92 10.72 —-0.92 10.74 —-0.74
Co (A) 10.95 11.15  1.83 10.77 —1.64 10.56 —-3.56 10.67 —2.56 10.89 —0.55
a (°) 81.04 83.12 2,57 80.60 —0.54 80.49 —-0.68 8&81.22 0.22 &81.96 1.14
B (°) 61.71 63.78 3.35 60.59 —-181 60.63 —1.75 60.27 —2.33 6147 —-0.39
v (%) 61.46 56.20 —8.56 61.22 —-0.39 61.04 —-0.68 61.58 —0.19 62.18 1.17
dBin—l (A) 3.08 3.10 065 310 065 310 065 311 097 3.11 097
OBt (°)  180.00 177.20 —1.56 178.71 —0.72 178.69 —0.73 178.74  0.70 178.32 —0.93
6B (°) 90.00 89.99 —-0.01 90.00 0.00 90.00 0.00 90.00 0.00 90.00 0.00
ECNB 6.00 596 —0.67 597 050 597 050 597 050 599 -—-0.17

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 3439-3448,
2020*

hydrogen positions may yield multiple non-degenerated configurations with different

structural outputs and a massive deviation from the experimental results.

To perform the stress-tensor calculations, we examined several starting

configurations of perovskite CsoHo5NgBilg-2HoO by modifying the hydrogen atoms

b

positions of the two water molecules and the positions of hydrogen atoms between the

two organic cations. Table 4 shows the optimization results of ten trial positions, and

the respective experimental-theoretical deviation (A). Most parameters were compared,

including lattice parameters and internal properties like bond lengths/angles. Through

stress-tensor optimization, the initial positions of hydrogen atoms yield different local

minima with different structural parameters. For instance, as shown in Table 4, the

theoretical-experimental deviation of the lattice parameter within this set was as high as 8 %.
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The results reveal the need to address the ambiguities and the uncertainty of the positions
of hydrogen atoms in complex systems. Testing different initial positions for hydrogen
atoms allowed us to determine the best theoretical-experimental agreement and give clues
about the correct positions of hydrogen atoms non-properly determined by X-Ray analysis.
We identified the DFT? calculations as our best theoretical description of perovskite

C30Ho5NgBilg - 2 H5 O, i.e., by giving the best theoretical-experimental agreement.

Table 5 summarizes the structural characterization of all three novel 0D
perovskites, including both internal and external parameters properties. We found a
low theoretical-experimental deviation from experimental results for all the structural
parameters. In particular, for the lattice parameters (ag, bg, co, v, 5, ) the deviation
are ranging from —1.3% to 1.0 %. Thus, the results are solid and validate the method we

employed.

Table 5 — Theoretical (PBE+D3 calculations) and experimental values of lattice
parameters, and average values for: the bond lengths of Bi—-T1 (dZi-1)
non-adjacent bond angle of I-Bi~1 (©,,), adjacent bond angle of I-Bi-I
(04), and average effective coordination number of bismuth (ECN®!). The
experimental-theoretical deviation (A) and the respective population standard
deviation (o) by considering two octahedra (two unit cells for perovskite
C30HasNgBilg - 2 HoO) are given for all three structures.

CaoHaoNyBislyg CyoHz9NgBislg C30HasNgBilg - 2 H,O
Exp. DFT A Exp. DFT A Exp. DFT A

ag (A) 883 880 —0.34 2355 2332 —098 10.67 10.66 —0.09
by (A) 10.70  11.02 —0.09 10.43 10.37 —0.58 10.82 10.68 —1.29
co (A) 11.79 1174 —0.42 2192 21.85 —0.32 10.95 10.98 0.27
a (°) 114.45 115.33  0.77 90.00 90.00 0.00 81.04 81.17 0.16
B (°) 99.70 100.71  1.01 90.00 90.00 0.00 61.71 61.69 —0.03
v (°) 100.09 100.13  0.04 90.00 90.00 0.00 61.46 61.80  0.55
dBhi-T(A) 309 311 065 310 312 065 3.08 310 065
dBiz=T (A) 312 313 0.32
OBl (°) 17479 174.83  0.02 171.61 170.66 —0.55 180.00 179.17 —0.46
OBz () 172.00 172.31  0.18
OBir () 89.96 89.97  0.01 90.02 90.06 0.04 90.00 90.00  0.00
B2 (°) 89.88  89.89  0.01
ECNBi 5.61 574 232 532 548 301 600 6.00 0.00
ECNB: 5.09 540  6.09
o 0.76 1.62 0.36

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 34393448,
2020*

The results reveal little experimental-theoretical deviation for the local structure

parameters, except for the effective coordination number of bismuth (ECNB'), which
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displays deviations as high as 2%/6 % for perovskites CogHaoNyBislig/CaaHz9NgBisly,
which is consistent with fused octahedra. In fact, an increasing structural distortion
from an ideal octahedron (i.e., equal Bi—I bond lengths, IBil bond angles of 90° or 180°)
occurs when the number of shared iodide increases. The isolated octahedron of perovskite
C30HosNgBilg - 2 H,O displays the lowest structural distortion. The face-sharing octahedra
of perovskite CypH39NgBislg exhibit the highest distortion, followed by the edge-sharing
octahedra of perovskite CogHooNyBislig. Thus, we expect that greater deviations may
occur in structures with more complex fused octahedra since the discrepancies increase

with the octahedron fusion degree.

4.4 Electronic Structure

Figure 15 — Density of states and band structure calculated at PBE+4D3 level
for all three 0D perovskites: 020H20N4B12110, b) C42H39N6B1219, and C)
030H25N6B116 -2 HQO
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Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 3439-3448,
2020*

Because of the discrete nature separation of inorganic moiety by the large organic
cations, which severely decreases carrier mobility, the three 0D perovskites display nearly
flat band structures, Figure 15. Despite the band structures appearing equally flat for all
0D perovskites, compound CyH39NgBislg presented considerably larger hole and electron
effective mass than the remaining ones. This fact can be justified by the greater distance
between inorganic moieties when compared to CogHooNyBislig and C3qHosNgBilg - 2 HoO
perovskites. Our PBE+D3 (HSE06, frozen PBE+D3 structures) calculations reveal that
all materials are semiconductors with fundamental bandgap energy of 0.98 eV (1.80€eV),
1.53eV (2.35eV), 1.41eV (2.24eV) for perovskites CooHgooNyBisljg, CioH39NgBislg and
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CsoHosNgBilg - 2 H5O, in this order. Thus, because of the non-local Fock exchange, the
results found with HSE06 are larger than PBE results.

Valence band maxima (VBM) and conduction band minima (CBM) are at V' /R
for perovskite CooHaoNyBioIyo within (5, —1, O)i—g/ (3,1, %)i—g coordinates; for perovskite

C42H39N6Bi219 the VBM is at I’ (0, 0, O)iior and CBM between I' — X ( 3 0, 0)(21%, VBM

10°
and CBM are at the same point R (%, %, %)Z—z for perovskite CsyHosNgBilg-2H,0O. As
Figures 15 show, all materials display almost similar density of states contributions. The
p-states of iodide dominated de VBM, while CBM has comparable contributions of the

p-states of C and N of organic cations.

4.5 Optical Properties

The absorption coefficient calculations found at the PBE+D3 level consider
the direct transitions from the valence to the conduction bands. According to the
Figure 16, the optical bandgap energy shows the onset of optical activity, which
represents the optical bandgap energy of 1.01eV, 1.53¢eV, and 1.41eV, respectively, for
CooHooNyBislg, C4oHz9NgBislg, and C3oHosNgBilg - 2 HoO perovskites. However, the initial
activity associated to the cation-anion transitions is negligible when compared to the
intra-octahedra transitions, I(p)—Bi(p), where absorption occurs around 2.5€eV according
to the density of states. The poor carrier mobility related to the nature of the interactions
between anion and cation justifies the difference in the intensity of cation-anion and
intra-octahedra transitions. Thus, to estimate the onset of optical activity, we employed
the extrapolation of the absorption coefficient curve. As a result, we found optical bandgap
being approximately the same for all 0D perovskites and in better agreement with the

experimental findings.

Table 6 — Optical bandgap energy (in eV) found for the perovskites CooHooN4Bislyy,
C42H39N6B1219 and 030H25N6B116 . 2HQO through the interception of phOtOH
energy axis by the extrapolation done to the absorption coefficient curve

(Ef¥gp.ps), employing the HSE06 shift (E[Tgpos), and according to

experimental data (E_f, . ).

. opt opt opt
0D Perovskites E ppeips Eynspos E

g g,Exp.
CooHooN4Bisl;g 2.30 3.10 2.31
CaoH3gNgBislg 2.20 3.00 2.19
CsoHasNgBilg - 2 H, O 2.25 3.09 2.22

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V_;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 3439-3448,
2020*

We applied an HSEQ6 shift to enhance the description of the bandgap energy. The
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Figure 16 — a) Experimental absorption curves from 1eV to 4eV for the perovskites
C20H20N4B12110 (1), C42H39N6B1219 (2) and C30H25N6Bﬂ6'2H20 (3) with
the corresponding optical bandgap energy b) Theoretical absorption coefficient
calculated at PBE+D3 level for perovskites 1, 2 and 3. The PBE+D3
fundamental bandgap energy (orange line), the onset of the intra-octahedra
transitions (purple line), and the optical banda-gap energy found as
x-interception by the extrapolation done to the absorption coefficient curve
(gray line) are also given.
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2020!

theoretical optical bandgaps are shifted to about 3V, close to one another, but displaying
quantitative difference with the experimental value. This theoretical-experimental
divergence may be related to limiting aspects of theoretical simulations, which do not
consider possible defects in experimental samples and exciton effects. In particular, the
structural defects can introduce mid-gap states, leading to a smaller optical gap than that

found for the calculated perfect crystal structures.
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4.6 Chemical Bonding Analysis

Regardless of the kind of connectivity, all 0D perovskites display an ionic behavior
for Bi—1I bonds as revealed by the Bader charge analysis, Figure 17. Long-range interactions
are associated with the small charge difference among BizIy‘S* octahedra. For instance,
two iodides of perovskite CogHooNyBislig are transversely symmetric in the apical position
(Lip.). These apical iodide ions display increased 0.08 e of charge accumulation than the
average value observed on the remaining iodide ions because of the —NH---I,, interaction
between Hybpy?' cation and octahedra. The results explain the close optical behavior of
three 0D perovskites and reinforce that the main optical activity comes from the transitions

inside the octahedron.

Figure 17 — Effective Bader charge (e) and electron localization function (ELF)
calculated at PBE+D3 level for the inorganic moieties of the perovskites a)
C20H20N4B12110, b) C42H39N6Bi219 and C) C30H25N6Bi16 . 2H20 In the ELF
plots, blue regions mean charge depletion and red represent the regions of
charge accumulation.

ELF Effective Bader charge

-0.57

Source: Reprinted from OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V.;
NOGUEIRA, A. F.; DA SILVA, J. L. F. Materials Advances, v. 1, n. 9, p. 3439-3448,
2020!
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4.7 Summary

We presented a theoretical investigation of the structural and optoelectronic
properties of three novel stable and X-Ray determined zero-dimensional perovskites with
CooHooNyBislig, CyoHz9NgBislg, and C3oHosNgBilg - 2 HoO chemical formula. We identify
an enormous challenge to describe undetermined atom positions to perform the theoretical
characterization. For instance, the positions of hydrogen atoms of water molecules could
not be defined by X-Ray analysis of CsoHo;NgBilg -2 H2O. Despite the large degree of
freedom to determine those positions, DFT calculations showed to be working to solve this
issue, i.e., regarding the lattice parameters and internal properties of C3gHo5NgBilg - 2 H5 O,
we could determine the hydrogen positions that yield an excellent agreement between
calculated and experimental structure. The D3 van der Waals correction made to the DFT
calculations has a decisive role in improving the theoretical structural description of those
hybrid organic-inorganic systems. Regarding the electronic and optical properties, all three
structures are not suitable for a single harvesting layer in solar cells because of the wide
optical bandgap energy, which is all larger than 2.10eV. However, since the structures
are stable, they could be tested in the construction of multi-dimensionality structures to
improve the stability of devices, for instance, by combining the efficiency of 3D Systems

with the stability of low-dimensional 0D perovskites.
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5 ROLE OF THE INORGANIC HALIDE COMPLEXES SUBSTITUTION IN
THE PHYSICAL PROPERTIES OF LEAD-FREE ZERO-DIMENSIONAL
PEROVSKITES

The lead toxicity and instability of mainstream perovskites provoked an increased
interest in the design of new perovskite materials. In particular, zero-dimensional (0D)
hybrid organic-inorganic perovskites are innovative materials given the outstanding
potential application for the most diverse purpose, including X-Ray imaging,'?*

12 catalysts,''® and photodetectors.!?® It

capacitors,'!® light-emitting diodes,''! lasers,
is urgent to gain an in-depth understanding of the physical-chemistry properties of 0D
perovskites for the control and improvement of 0D perovskite-related technologies. In
this sense, experimental and theoretical studies have been done to get clues about the
microscopic properties behind 0D perovskite features.!: 317 To the best of our knowledge,
before our published work,? no previous systematic studies were performed to explain how

the halide anionic complex substitution affects the properties of 0D perovskites.

This chapter has the theoretical results regarding the structural, electronic, and
optoelectronic properties of twelve zero-dimensional perovskites, which were generated
by considering the experimental CoqHooNyBislig and CsoHosNgBilg - 2 HoO structures as
models.! We considered the edge-sharing octahedra B, X, and the isolated octahedron
(BX§) sites using Bi** and Sb*" as B-cations and C1~, Br™, and I for X-halide sites. To
present the theoretical results, the chapter displays the following sections: (¢) computational
details, (7i) zero-dimensional perovskite structures, (777) cohesive energy, (iv) electronic

and optical properties, and (v) summary.

5.1 Computational Details

GGA-PBE calculations without the weak van der Waals do not yield accurate
modeling of organic-inorganic interactions of the hybrid 0D perovskites systems,! thus,
our calculations were performed by employing the semi-empirical van der Waals D3
correction'*®1%! to the self-consistent DFT-PBE optimizations. To find the equilibrium
volume, we performed the stress tensor calculations by employing a k-mesh of 2x2x2 and
cutoff energy of 632eV, which is 1.5x higher than the largest cutoff energy among the
Bi, Sb, I, Br, Cl, and C, H, N, O species. The convergence criteria for the stress-tensor
calculations were values smaller than 0.025¢V A~ and of 1 x 10756V for the atomic
forces and total energy, respectively. Once we found the stability volume of 0D perovskite
structures, we calculated the density of states, band structure, absorption coefficient, and

other properties using a k-mesh of 4x4x4, and cutoff energy of 474 ¢eV.
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Because of the underestimation of the fundamental bandgap energy with GGA-based

190,191 we enhanced the description of the fundamental bandgap energy

calculations,
with HSE06 functional by considering the frozen PBE+D3 structures and sampling the
[-point. Moreover, spin-orbit coupling (SOC) effects were observed for many perovskite
systems'9%193 and I and Bi are susceptible to SOC effects. Thus, we considered the SOC
effects to enhance the optoelectronic properties description. We also increased to twice the

number of valence bands of the electronic states to have well-converged SOC results.

5.2 Zero-Dimensional Perovskite Structures

This work was based on two experimental lead-free zero-dimensional structures of
our previous work, namely, the Hterpy(Haterpy)|[Bilg] - 2 HoO (Cs0HasNgBilg - 2 H,O) and
(Hybpy)s[Bialio] (CooHagNyBislyg) structures, Figure 18.1 The crystal structure of those
systems displayed distinct octahedra morphologies. The unit cell of CogHooN4Bisl; has one
edge-sharing BiyI;o*" bi-octahedra and two di-protonated 4,4’-bipyridine cations (Hybpy?™),
while the unit cell of CgyHo5NgBilg-2H,O displays an isolated Bilg®>~ octahedron
surrounded by two protonated 2,2’;6’,2"-terpyridine organic cations, one is di-protonated

(Haterpy®") and the other mono-protonated (Hterpy™).

We performed an in-depth theoretical analysis of 12 distinct configurations by
considering the two experimentally determined perovskites by realizing the replacement of
I and Bi*" species with Br~/Cl~ and Sb®", respectively, Figure 18. In order to identify
the candidates for the replacement of I~ and Bi*" species of the [Bi,I,]*" sites, we looked
for alternatives that display close physical-chemical properties for both I and Bi** species,
and with good chances to generate equivalent experimentally halide inorganic complex, i.e.,
we considered Sb*" replacement for Bi** because both pair Bi*" / Sb*" have been shown

117,194-197 514

the ability to form isolated and edge-sharing octahedra on 0D perovskites,
even allowing obtain stable mixed bismuth-antimony perovskite structures.”>!1® Since the
organic cation is the same among structures of the same shape, to prevent unnecessary
frequency of the same organic cations, we will shortly represent CogHooNyBs X1g as By X1,

and C3oHasNgBXg -2 Hy0 as BX, where X = {Cl", Br, I}, and B = {Bi**, Sb*"}.

Hereinafter, we will discuss the findings achieved with our calculations. The results
give relevant insights and help to understand the effects induced by the inorganic-anionic
[Bi,I,]*" complexes substitution into the structural, electronic, energetic, and optical

properties of 0D perovskites.

5.2.1 Equilibrium Lattice Parameters

As shown in Table 7, we found the equilibrium lattice parameters of all 0D
perovskites and compared them with available experimental data.! The results suggest an

enhanced theoretical-experimental agreement because of the addition of the Van der Waals
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Figure 18 — Schematic representation of the experimentally-determined CoqHooN4Bislig
and CsoHasNgBilg - 2 H,O crystal structures,! which were employed as models
to investigate the role of inorganic halide complex via the Bi*™ and I~ species
substitution.

C3oH25NgBilg.2H,0 Ca0H20N4Bi 140

@C ON @0 H @Bi Ol
Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 72457255, 2022.”

(vdW) correction term to the plain DET-PBE results. The lattice parameters absolute
deviations range from 0.09% to 6.16 % without vdW corrections, and by considering
the vdW corrections, the absolute deviations range from 0.03 % to 1.29 %. Thus, these
results highlight the advantage of including vdW corrections to find improved structural

parameters for hybrid organic-inorganic perovskites.

To explain the response of structural parameters provoked by the changes in halide
anionic complex composition, we investigated the volume, atomic distances, bond angle
variance, and the effective coordination number (see Figure 19). As the lattice parameters
increase linearly from Cl™ to Br , and then to I, the volume and atomic distances are
notably affected by the crystal ionic radii of the halides: 1.67 A, 1.82 A, and 2.06 A for C1~,
Br, and I, respectively.”” The average octahedra volume increases in the Cl — Br — I
sequence because the B—X bond lengths increase linearly by following the same trend of
ionic radii, which are in line with previous works.'*® %9 Despite the small difference between
the crystal ionic radius of Sb*" (0.90A) and Bi*" (1.17A),”” we found a smaller effect
on the structural properties for B-cation than the X-halide of both CyyHogN4Bs X1y and

C30HosNg BX¢ - 2 Hy O structures, namely, the equilibrium volume and atomic distances.

The rate in which the equilibrium volume change with the halide substitution is
different for the By X9 and BXjg structures, so to identify the causes of this behavior,

we analyzed the variations in the shortest cation-cation distance (d°~¢, C—H), and the
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Table 7 — Lattice parameters, volume of the unit cell (14), and volume of [Bi,I,|*" (Vg,x,)
of the C30HQ5N6.BX6 -2 HQO and 020H20N4BQX10 perovskites calculated at PBE
and PBE+D3 levels. The chemical formula of the structures were abbreviated
as BXg and ByX o, where B = {Bi*", Sb*"}, and X = {Cl", Br, I"}. The
experimental results (Exp.) are shown for bismuth-iodide systems.!

B,X, Method ag(A) by (A) ey () a(® BC) () Vo(AY) Vi, (A7)

BiCls PBE+D3 9.63 9.76 10.95 80.62 6243 64.09 819.59 27.41
PBE 10.10 10.01 11.28 79.55 63.14 64.13 915.82 28.00
BiBr¢ PBE+D3 10.21 10.20 10.81 80.73 61.84 62.10 874.26 32.14
PBE 10.58 10.37 11.08 80.50 63.98 6290 971.66 32.91
Bilg PBE+D3 10.66 10.68 10.98 81.17 61.69 61.80 965.60 39.69
PBE 11.05 10.90 11.30 80.97 63.66 61.75 1071.43 40.60
Exp.! 10.67 10.82 10.95 81.04 61.71 61.46 973.43 38.94
SbClg  PBE+D3 9.62 9.73 10.91 80.38 62.25 64.16 813.15 25.82
PBE 10.06  9.99 11.28 79.31 6295 64.22 908.69 26.38
SbBr¢ PBE+D3 10.16 10.16 10.81 80.74 61.84 62.13 866.98 30.47
PBE 10.53 10.31 11.07 80.42 64.08 63.11 963.78 31.08
Sblg PBE+D3 10.63 10.67 10.97 81.13 61.53 61.73  959.65 37.66
PBE 11.01 10.88 11.24 81.05 63.63 61.78 1061.05 38.49
Bi,Clyp PBE+D3 820 10.04 11.00 113.70 102.32 99.29  778.27 95.38
PBE 8.39 10.36 11.57 115.94 100.50 98.83  857.72 55.94
BisBr;p PBE+D3 843 10.41 11.24 114.17 101.69 99.69  846.26 64.88
PBE 8.66 10.80 11.85 116.46 98.92 100.13  940.59 65.80
Bil;p PBE+D3 880 11.02 11.74 115.33 100.71 100.13 967.64 80.05
PBE 9.00 11.36 1243 117.21 98.88 99.67 1074.82 81.24
Exp.! 8.83 10.70 11.79 114.45 99.70 100.09  962.40 78.11
SboClyy PBE+D3 820 9.93 10.94 113.57 102.72 98.86 766.34 52.57
PBE 8.41 10.26 11.60 116.29 100.58 98.24  853.74 53.38
SbyBriyp PBE+D3  8.40 10.34 11.18 113.94 102.11 99.31 834.41 61.55
PBE 8.65 10.70 11.92 116.82 99.26 99.49 935.52 62.26
Sholyp  PBE+D3 876 10.94 11.69 115.05 100.85 100.06 955.89 76.03
PBE 9.01 11.26 12.34 117.13 98.96 99.54 1059.89 77.12

Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 7245-7255, 2022.2

shortest cation-anion distance (d°~®, X—H). The results show a linear increase of both
d“=® and d°~¢ occurs in the perovskite structures with the edge-sharing Bs X1y connectivity
as the halides change towards large ionic radii. In its turn, the BXg structures display
similar response for d“°* when halides replacement occur from Cl to Br, then I, while
the d“=¢ values have minor differences. Thus, these results may explain the reason for the

steeper increase in volume for By Xy, structures as halides are exchanged.
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Figure 19 — Equilibrium volume (1), average of B-X bond lengths (d2%), effective
coordination number of B-cation (ECN?), X — B — X bond angle variance
(BAV), shortest distance of octahedra-cation (d°?*) and cation-cation (d°°) for
all Bo X1y and BXg studied 0D perovskites.
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5.2.1.1 Local Structural Parameters

To analyze the local structural parameters, we calculated the bond angle variance
(BAV) and the effective coordination number of the nearest neighbor of B-cations (ECNP)
by considering the self-consistent effective coordination concept.?’® We employed the bond
angle variance (BAV) to quantify angular changes of BX¢ octahedra, i.e., the deviations of

X-B-X angles from 90° as proposed by Robinson et al..?! We calculated the BAV values

with the equation:

n 12 o 0)\2
BAV = 112(@- — ¢0)2, BAV = ZW

T ti=1 i=1

(5.1)

where n represents the number of faces multiplied by 3/2, thus in the octahedron n = 12,
which is the total number of ¢; angles involving the bismuth and two adjacent iodide atoms,
X-B-X, which in a perfect octahedron are all equal to ¢g = 90°. In its turn, the effective
coordination numbers of B- cations (bismuth/antimony) were obtained by applying the

following equation:

6
-\ > dijexp [1 — (g2 }
ECNB _ eXp 1 o @ 7 d’L _ J J (dm)> 7 52
) ’ s 62
-l e S (2]

where d;; is the B-X (X = Cl, Br or I) bond-length of octahedra, d,, is self-consistently

obtained weighted average bond length, which starts from d,,;, value, i.e., the shortest



92

B—X bond length of octahedron. For the particular case of the investigated 0D perovskites,
the octahedra in the unit cell have the same structural properties, e.g., the same volume

and the same effective coordination number for the B-cation (bismuth/antimony).

The ECN® values were compared to the value expected from an ideal octahedron
(ECN®? = 6.00 NNN) to evaluate the magnitude of distortions. The BX§4 systems presented
an ECN® ~ 6 NNN, which suggests that outside interactions within the isolated octahedra,
are not enough to cause distortions. More significant distortions appear in the edge-sharing
By X1y systems, which suggest that the edge-sharing octahedra connectivity contributes
to causing the distortions, which increase as we decrease the ionic radii of both B and
X sites. As shown in Figure 19, the different octahedra connectivity presented in BXg
and By X structures cause distinct BAV behaviors. Among the By X structures, the
common aspect is that the ByBrig structures have the lowest BAV, and the B cations
influence how the halide affects the BAV. On the other hand, regardless of the B species,

in the BXg structures, the BAV decreases as the crystal ionic radii of halide increase.

5.3 Cohesive Energy

To analyze how the substitution of the B and X species affect the stability of
0D perovskites, we calculated the bulk cohesive energy of 0D perovskites (E?%*), which

corresponds to the sum of three energy terms: (i) the inorganic complex cohesive energy

(E™o™9) | (i3) the organic molecule cohesive energy (E%Y), (iii) and the organic-inorganic

coh coh

binding energy (Ey™?~""9) (see Table 8). Thus, E"* is obtained by the expression:

coh

BYk = BT+ B2 4 B (5.3

The decomposition of the bulk cohesive energy stated in the 5.3 is justified
henceforward. The bulk cohesive energy of perovskite is found by the energy difference
between the total energy of perovskite bulk (Ef%*) and the total energy of free atoms
(E;), which was calculated by centering the free atom j in a large orthorhombic box to

avoid spurious interactions. Thus, the usual cohesive energy expression is given by:
N
bulk _ obulk
Ecoh - Etot - ZEJ ) (54)
Jj=1

where N reassemble the total number of elements, hence, N = N9 4 N°'9 where N9

and N° indicate the total number of inorganic and organic parts, respectively.

Similarly to the whole bulk system, the cohesive energy of inorganic and organic

parts can be calculated as:

Neorg Ninorg
org __ ptot—org ) tnorg __ ptot—inorg )
E"=EF SSE;, E"Y-F S E, (5.5)
7=1 7=1

coh
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Table 8 — Cohesive energy of the 0D perovskites (E.p), cohesive energy of the

inorganic framework (

inorg.
Ecoh

), and organic spacer cations (

Eorg.

coh

). Sum of

the organic-inorganic binding energy (E;"*"9~°"%) with the cohesive energy of

organic and inorganic moieties with of 0D perovskites (E54" =

Einorg. +

coh

org.
Ecoh +

E"r97°9) and their difference with the cohesive energy of the whole system

(A = Ecoh -

Esum

coh

Eeon B Egp BT B A

(eV) (eV) (eV) (eV) (eV) (eV)
Bi,Clyy —263.05 —24.21 —221.95 —16.89 —243.05 0.00
BisBrig —258.92 —21.95 —221.88 —15.09 —258.92 0.00
BisIqg —254.09 —19.63 —221.79 —12.67 —254.09 0.00
SbyClyg —262.23 —25.21 —221.96 —15.06 —262.23 0.00
SbyBriy —258.13 —22.39 —221.90 —13.84 —258.13 0.00
Sbolip —253.40 —1947 —221.80 —12.13 —253.40 0.00
BiClg —370.10 —12.19 —344.63 —13.28 —370.10 0.00
BiBrg —367.67 —10.98 —344.55 —12.14 —367.67 0.00
Bilg —364.77 —9.74 —-344.43 —10.60 —364.77 0.00
SbClg  —369.63 —12.75 —344.62 —12.26 —369.63 0.00
SbBrg —367.24 —11.29  —344.55 —11.40 —367.24 0.00
Sblg —364.41 —-9.72 —344.44 —10.25 —364.41 0.00

Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 7245-7255, 2022.?

where B9 and E=™°r9 indicate, respectively, the total energy of the organic and

inorganic frozen-neutral fragments, and

> Ej

=1

org

> B+

=1

<

Ninorg

E;.

J

1

Since the organic-inorganic binding energy is obtained by,

Eg’f’g—ino’f“g — E’fqélk o Etot—org . Etot—inorg
o .

From the sum of the equations 5.5 with 5.7, we obtain:

Einorg +

coh

Eorg

coh

Nino’rg

Neorg

org—inorg __ rrbulk ) )
+ B =Eg — > Ei— 2 B
j=1 j=1

which can be rewritten by considering the equation 5.6 as follow:

coh coh

N

Eznorg + Eor‘g + Egrgfznorg — Etb;élk . ZEJ
j=1

By comparing the equations 5.4 and 5.9, we obtain (equation 5.3):

bulk __ prinorg org org—inorg
EPulk — pinorg 4 pord | .

coh coh

(5.6)

(5.7)

(5.8)

(5.10)
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As shown in Table 8 and Figure 20, the principal contribution to the bulk cohesive
energy originates from the organic cations. In fact, the binding energy of the C-N, C-C,
and C—H covalent bonds are stronger than the binding energy of B-X bonds, which display
primarily ionic behavior. Regarding the trends caused by the octahedra substitutions,
we found a negligible effect of organic cation cohesive energy because organic cations
are unaltered, i.e., the organic cation is virtually kept the same among the same shape
(BXg or By Xyg) structures. The most prominent contribution comes from the structural
cohesion of the octahedra and their electrostatic interaction with the spacer organic
cations. For example, the structural cohesion increases by 8.96 eV from CooHooN4BisIg to
the CogHooN4BisClyg perovskite, where 4.58 eV of this value comes from changes in the
structural cohesion of the B, X, octahedra, and 4.22 eV results from the organic-inorganic

binding energy and only 0.16eV can be attributed to the organic molecule cohesion.

Figure 20 — Decomposition of the bulk cohesive energy of 0D perovskites (EZ4") into
organic-inorganic binding energy (E, ¢ """Y), the cohesive energy of the

organic (E77) and inorganic (E7.7) fragments, and their dependence with the

effective Bader charge of the inorganic fragments (Q).
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Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 72457255, 2022.?

As are shown in Figure 20, looking closer the B and X contribution to the total
cohesive energy of 0D perovskites, we observe a slight improvement in the structural
cohesion when Sb is replaced by Bi, which is of about 0.04 eV /atom and 0.02 eV /atom for
BX¢ and By X-based structures, respectively. However, the effect of the metallic B-cation
on the cohesive energy is minor compared to that of the X-site. Independently of the

shape (BXg or ByXyg), from the cohesive energy results, chlorine systems tend to display
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the most stable structures, which are followed by bromine, and then by the less stable
iodide systems. To find the source of these cohesive energy trends, we calculated the Bader

charge analysis!®% 183

which reveals an inverse behavior of ionic radii and effective charge
on halide anionic complex, i.e., the effective charge on octahedra increase as halide crystal
ionic radii decrease in the I” — Br~ — Cl~ sequence. These results relate to differences in
the halides electronegativity, which replacement causes the increase of the ionic character
of the anionic complex and then contributes to increasing the inorganic-organic interaction.
Thus, the inorganic complex becomes more cohesive as the ionicity of octahedra bonds

increases.
5.4 Electronic and Optical Properties
5.4.1 Density of States and Band Structure

Figure 21 — Local density of states per octahedra unity for the antimony and bismuth-based
zero-dimensional perovskites obtained at PBE+D3 level.
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According to the plots of the density of states shown in Figure 21, the p-states
of N and C from the organic molecules dominate the CBM of 0D perovskites. The
fundamental bandgap energy of perovskites decreases as the halide ionic radii increases
from CI”—Br~—I", which is related to VBM being mostly composed of p states X-halide,
i.e., the fundamental bandgap energy decrease because of the electron binding decreasing
from 3p — 4p — 5p.'6% A similar behavior for the bang gap increase/decrease sequence
is observed for antimony perovskites in Figure 21. Overall, we identified a smaller effect
of B-cations in the fundamental bandgap than of the halides, but comparing the effect
of Sb and Bi, the last has a slightly larger effect. We noticed a wide fundamental bang
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Figure 22 — Band structures were calculated with PBE4+D3 without SOC effects (black
lines) and considering SOC effects (dashed-blue lines) for all 0D perovskite
systems.
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gap energy for more cohesive perovskites, i.e., structures displaying high absolute cohesive

energy of inorganic octahedra and strong organic-inorganic binding.

As shown in Figure 22, the flat band structures indicate a high localization of
the electronic states, which implies a negligible difference between direct and indirect
fundamental bandgap energy. Heavy Bi and I elements may yield relevant SOC effects;
however, the Bi SOC effect is minor for the fundamental bandgap energy because it has
a small electronic contribution close to the Fermi level. On the other hand, due to the
majoritarian I-p states contribution around the Fermi level, we found that SOC effects are
significant in I-based systems. We observed a slightly decreasing in the bandgap energy
in the range of 0.15eV to 0.29 €V for iodide-based systems. For comparison, the bandgap
reduction on the Cl and Br-based systems is correspondingly 0.05eV and 0.12 eV. Moreover,
as indicated in Table 9, we found a direct to indirect bandgap transition for Sblg, Bilg

and BiBrg due to the relativistic effects.

5.4.2  Absorption Coeflicient

To get insights into the optical properties of 0D perovskites and the respective
inorganic complex and organic cations fragments separated, we calculated the absorption

coefficient between photon energy relevant for photovoltaic applications. As shown in
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Table 9 — Fundamental bang gap energy (E,) of all zero-dimensional bismuth- and
antimony-based perovskites with PBE+D3 and PBE+D3+SOC approaches

(bold).
Perovskite E, (eV) VBM CBM
BlQCllO 1.70 —05, 05, —0.5 —05, 05, —0.5 direct
1.67 —05,05,-05 —0.5,05 —0.5 direct
Bi,Bryg 141 0.5,-0.5,00 —0.5,0.5,—0.5 indirect
1.32 0.5,—-0.5,0.0 —0.5,0.5,—0.5 Indirect
Byl 0.98  0.5,—0.5,00 —05,0.5 —05 indirect
0.77  0.5,-0.5,0.0 —0.5,0.5,—0.5 Indirect
ShoClyg 1.12 —-0.5,0.5,-0.5 —0.5,0.5,—0.5 direct
111 05,05 -05 —0.5,05,—0.5 direct
ShsBryg 0.96 0.5,—0.5,0.0 —0.5,0.5,—0.5 indirect
091  05,-05.00 —05,05 05 Indirect
Shylyo 0.71  0.5,-0.5,0.0 —0.5,0.5,—0.5 indirect
055 0.5,-0.5,0.0 —0.5,0.5,—0.5 Indirect
BiClg 1.81 0.5,0.5,0.5 0.0,0.0,0.5 indirect
1.79 0.5,0.5,0.5 0.0,0.0,0.5 Indirect
BiBrg 1.66 0.5,0.5,0.5 0.5,0.505  direct
1.56 0.5,0.5,0.5 0.5,0.47,0.5 Indirect
Bil 1.41 0.5,0.5,0.5 0.5,0.5,0.5  direct
1.15 0.5,0.5,0.5  0.5,0.45,0.5 Indirect
SbClg 1.27 0.5,0.5,0.5 0.0,0.0,0.5 indirect
1.26 0.5,0.5,0.5 0.0,0.0,0.5 Indirect
ShBrg 1.22 0.5,0.5,0.5 0.5,0.505  direct
1.17 0.5,0.5,0.5 0.5,0.5,0.5  direct
Shlg 1.07 0.5,0.5,0.5 0.5,0.5,0.5  direct
0.89 0.5,0.5,0.5 0.5,0.47,0.5 Indirect

Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 72457255, 2022.?

Figure 23, for most 0D perovskites, the absorption contribution of organic cations in a
different range of photons energy is narrower than of the inorganic moieties. However,
almost the same absorption contribution of organic and inorganic moieties can be observed
in such particular cases, for instance, in the BClg-based 0D perovskites. As a matter of fact,
the broader absorption observed for the organic cation of the BXg-structures compared to
the By Xp-structures may be provoked by its one additional heterocyclic ring. Moreover,
the difference between the charge frustration (effective charge) and the octahedra formal
charge of the BXg structures is lower than of By X o structures, which might point to

substantial optical transitions between organic and inorganic components.

On the other hand, concerning the halide anionic complex part, the absorption

coefficient increasing trends follow the sequence Cl—Br—I, which relates to the increase of
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Figure 23 — Absorption coefficient of whole 0D perovskite (black lines) and their respective
organic cationic (magenta lines) and inorganic anionic (teal lines) fragments.
All results were obtained at the PBE+D3 level within DFT formalism.
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the electrons concentration that could be excited by the photon energy near the Fermi-level,

being smaller for chlorine-based structures and larger for iodide-based ones.

Those 0D perovskites quantum confinement lead to the very flat band structures,
and as a result, the complexity of identifying allowed /forbidden from interband optical
matrix element increase. In other words, the source of the high absorption coefficient of those
0D perovskites comes from the combination of each isolated optical transition with a small
probability. Hence, to achieve the optical bandgap we considered the Tauc-plot procedure by

considering the quantity (ahr)'/? for each photon energy, where the absorption coefficient
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Figure 24 — The blue line interception on the photon energy axes gives the optical
bandgap energy of 0D perovskites by considering the Tauc plot procedure
for direct-allowed transitions. The absorption coefficient («) of the ordinate

quantity (ahv)

in our work.?
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Table 10 — Band structure properties: Electronic fundamental bandgap energy (E,)
using different level of approximations (PBE+D3, PBE+D3+SOC, HSE06,
HSE06+SOC) at the I'-point. Optical bandgap (Egp”cal) employing the
TB+Agcissor+BSE framework as described in our published work.? The values
of the experimental optical bandgap energy (ng’et;g‘?l) are also provided when
available.! All properties are provided in eV.

B.X EPBE+D3 EPBE+D3+SOC EHSE06 EHSE06+SOC Eoptical Eoptical
Y g g g g g

g,exTp.
Bi,Cl,,  1.91 1.87 2.94 2.90 2.75
Bi,Br;,  1.62 1.53 2.57 2.48 2.25
BiyIyo 1.12 0.93 2.05 1.81 2.12 231
ShyClyy  1.39 1.39 2.34 2.33 2.71
ShyBry;  1.19 1.15 2.05 2.01 2.37
Sholio 0.95 0.80 1.68 1.53 2.28
BiCl, 2.14 2.11 3.21 3.18 2.94
BiBr 2.02 1.91 3.00 2.90 2.61
Bilg 1.73 1.50 2.75 2.46 234 2.22
ShClg 1.59 1.59 2.56 2.56 2.77
SbBrg 1.59 1.54 2.48 2.44 2.77
Sblg 1.51 1.30 2.32 2.13 2.27

Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 72457255, 2022.?

() comes from the TB+scissor+BSE approach described in our published work.? As
indicated in Table 10 and Figure 24, we found wide optical bandgap energy (> 2.10eV) for
all structures, which agree with previous reports of others 0D perovskites.!1%29? Regarding
the iodide-based [Bi,I,]*  systems, we found good agreement between calculated and
experimental optical bandgap energy, i.e., the absolute theoretical-experimental difference
is smaller than 0.19eV. Moreover, the wide optical gap and the consequent reduction of
photons absorption suggest that those 0D perovskites have small potential as solar cell

light-absorbing layer.

5.5 Summary

Using as models two-previously reported experimental 0D perovskites
(CooHaoNyBisljp and C3gHasNgBlg - 2 H,O) as models, Sh3" was considered as a candidate
to replace Bi*T; and I was replaced by C1~ and Br~ yielding to twelve 0D perovskites
in an overall combination. Thus, from first-principle calculations, we found significant
insights into how the halide anionic complexes affect the physical-chemical properties of
0D perovskites. Our procedure gives an in-depth comprehension of the driving mechanisms
affecting the relative structural stability, optical, electronic, and exciton properties of 0D

perovskites, which may generate routes to control different applications.

Our results show that the effect of the halide species tends to be larger than of
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the octahedra cation (Bi*t and Sb*"). As a consequence of octahedra connectivity, the
edge-sharing By X1 octahedra display increased distortions when compared to isolated BXg
ones. Regarding the structural cohesion, the chloride-based structures have higher stability,
followed by bromide-based perovskites, and then by the iodide ones. The electronic states
of the VBM are mainly composed of the p-states of halide, while CBM has a majority
contribution of the p-states of C and N of the organic molecules. Because of the decrease
of the X p-states binding energy, the fundamental bandgap energy decrease as the crystal
ionic radii of halide increase in the CI° — Br~ — I sequence. SOC effects show to be
significant only for the iodide-based perovskites in reason of their larger mass and the

significant role of I p-states in the Fermi-level region.

Contrary to the electronic and structural properties, spacer organic cations of some
structures contribute to the optical properties. The role of organic cation in the optical
properties is more significant for the BXg structures (mainly those with Br and Cl in the
Xg-site), which may be justified by one extra conjugated heterocyclic ring on the cation
compared to the cation of By X, structures. The optical bandgap energy is wider than
2.10eV, which suggests a drawback for the solar cells application; however, we hope that
the insights about the halide anionic complex replacement may contribute to addressing

applications beyond the photovoltaic field.
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6 CONCLUSIONS

Perovskites have well-known and outstanding macroscopic uses despite the poorly
understood microscopic properties underlying their properties. Connecting the macroscopic
and microscopic scales can be very challenging. Remarkably, computer simulations based
on quantum mechanics formalism have given insights regarding microscopic properties. In
this Ph.D. thesis, density-functional-theory simulations were used to predict the atomistic
properties of lead-free perovskites. We investigated the role of the orientation of the
A-cations in the inorganic cage of different polymorphic phases of ASnlz perovskites,
as well as the physical-chemical properties of lead-free bismuth and antimony-based
zero-dimensional perovskites. As a result of our effort to better understand the microscopic
properties of lead-free perovskites, we published three scientific papers.*>'?* The general

conclusions from these works are highlighted henceforward.

We observed a broader absorption of energy spectrum for tree-dimensional (3D)
ASnl3 perovskites than the one-dimensional ASnls (pseudo-)hexagonal perovskites and the
class of bismuth and antimony-based 0D perovskites. The optical bandgap energy of 3D
ASnlj perovskites is sharp and of low-dimensional perovskites wider than 2.00eV. These
results suggest that low-dimensional perovskites are not suitable for solar-energy harvesting
in single-junction solar cells. Organic cations displayed a minor effect on the electronic
and optical properties compared to the inorganic framework. The inorganic-framework
dimensionality explains the success or failure of the optoelectronic properties of perovskites.
The dimensionality reduction increases the quantum-confinement effects, which explains
the high-bandgap energy of low-dimensional perovskites. However, because of the enhanced
stability and structural versatility, low-dimensional perovskites may find novel applications

beyond the photovoltaic field, including light-emitting diodes, capacitors, and lasers.

For the ASnl; perovskites, the weak hydrogen-iodide bond interactions are stronger
when involving the hydrogen atoms of the —NH,/—PHj groups than of the —CH, groups.
Those H---I interactions are present in all calculated ASnl; structures and yield to defects in
the Snlg octahedra (tin off-center on the I-Sn—1I bonds). We found a significant role of the
dipole-dipole interactions in determining the relative stability of ASnls phases. Enthalpy
of formation of perovskite-like ASnl3 structures show the orthorhombic crystal structure
more stable than tetragonal, which is more stable than cubic. The trend of enthalpy of
formation agrees with the experimental phase transitions, which show the orthorhombic
structure more stable at low temperature (orthorhombic < tetragonal < cubic). The
inorganic framework connectivity has a strong contribution to the optoelectronic properties.
For instance, the I p-, Sn s- and Sn p-states dominate the density of states, band

structures and optical properties. The ASnl; systems have different optoelectronic responses
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depending on the inorganic framework connectivity, i.e., the ASnl3 structures displaying
3D corner-sharing Snlg octahedra (cubic, orthorhombic, tetragonal, and cubic phases)
have closer optoelectronic responses, which are different from the 1D faced-sharing Snlg
octahedra of non-perovskite (pseudo-)hexagonal ASnl3 phases. Regarding the differences,
the 3D structures present a wider range of absorption of the energy spectrum and smaller
bandgap energy than the 1D structures. For instance, The fundamental bandgap values
found with HSEO06 functional for 3D ASnlz perovskites were less than 1.25eV, whereas
the values were as high as 3.00eV (and above) for 1D ASnl; low-dimensional structures.
These values were calculated without including SOC effects but allow a clear distinction
of the effect of inorganic-framework dimensionality on the optoelectronic properties. In
its turn, for all structures, the effect of the A-cations in the optoelectronic properties is
minor compared to the inorganic-framework, but the A-cations have a significant role in

the energetic and structural stability.

The novel room-temperature stable and experimentally synthesized 0D perovskites
were investigated via theoretical-experimental techniques. The theoretical analysis suggests
the importance of including van der Waals corrections to the DFT total energy. In
particular, we observed that PBE results with D3 van der Waals corrections showed a better
theoretical-experimental agreement of structural properties (e.g., bond lengths/angles
and lattice parameters) than the calculations without van der Waals corrections. We
found greater structural deformation of Bilg octahedron displaying shared iodide ions. For
instance, the octahedron of face-sharing [BisIg]®  (three shared iodide ions) have greater
distortion, followed by the edge-sharing [BisIjo]*~ (two shared iodide ions), and then by the
almost non-distorted [Bilg]®~ (zero shared iodide ions) of CsoHasNgBilg - 2 HyO. Because of
the structural nature of 0D perovskites, discrete octahedra separated by spacer cations, we
found close optoelectronic responses, i.e., wide optical bandgap energy around 2.2eV. As
noticed for 1D ASnls, the wide optical gap energy is in line with the reduced dimensionality
of those systems, where quantum confinement effects play an important role. Our results
suggest that cation-anions have low-intensity transitions around the fundamental bandgap
energy and intense intra-octahedra transitions around 2.5¢eV. In a qualitative sense, we
found the PBE+D3 optical bandgap close to the experimental values by extrapolating the
theoretical absorption-coefficient curves. However, HSE06 deviated by around 1eV from
the experimental values, which suggests limiting factors in the calculations (e.g., absence

of exciton effects and defects, which may produce mid-gap states).

To understand the role of halide anionic complex substitution of the microscopic
properties in the class of 0D perovskites, we investigated the effect of composition
substitution using as models the systems CogHogN4Bs X1 and C3gHosNgBXg - 2 HoO, where
B = {Bi**, Sb*"} and X = {Cl, Br™, I }. Our results suggest the major importance of
the halide substitution in all the investigated properties, which effect is substantially higher

than the B-cation substitution. The octahedra of BXg structures have small structural
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distortions compared to By X9 because of the increase of the shared halides. We found
higher structural cohesive energy for chloride structures, followed by bromide- and next
iodide-based 0D perovskites. The p states of X and B from the B,X, inorganic moieties
(mainly the X p-states) dominate the VBM, while the CBM is composed by C and N p-states
of organic cations. Overall, the fundamental bandgap energy decrease as Cl is replaced
with Br™ and later with I, for instance, by changing the X-site in the sequence I" — Br~
— Cl, a tunable bandgap from 0.77 to 1.70 eV is observed for CooHooN,4Bis X1 perovskites.
We found significant SOC effects for iodide-based 0D perovskites, where the fundamental
bandgap is 0.77eV /0.98 eV by considering/non-considering SOC effects for CoqHaoN4Bisljg,
while 1.67eV/1.70 eV for CyoHgoN4BisClyg. The organic spacer cations (di-protonated and
mono-protonated 2,2’;6’,2"-terpyridine organic molecules) shown important role in the
optical properties of C3oHo5NgBiXg -2 HoO structures, mainly, on the structures with X
= {Br ,Cl" }. In its turn, the effect of the octahedra on the optical properties manifested

in all systems.

6.1 Scientific Papers

The findings reported in this Ph.D. thesis generated three scientific papers about
lead-free perovskite systems. Regarding the collaboration works, we published one article
on lead-based perovskites. Two other articles about cerium-oxide clusters were written
and published during the Ph.D. studies, which comprise the Master’s results. All works
developed from August 2018 to August 2022 are listed below.

6.1.1 Perovskites Systems
6.1.1.1 List of Published Articles

« OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V.; DA SILVA, J. L. F.
Theoretical Investigation of the Role of Anion and Trivalent Cation Substitution in
the Physical Properties of Lead-Free Zero-Dimensional Perovskites. The Journal
of Physical Chemistry C, v. 126, n. 16, p. 7245-7255, 2022

« OZORIO, M. S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F. The role of the
A-cations in the polymorphic stability and optoelectronic properties of lead-free ASnlg
perovskites. Physical Chemistry Chemical Physics, v. 23, n. 3, p. 22862297,
2021.

« OZORIO, M. S.; OLIVEIRA, W. X. C.; SILVEIRA, J. F. R. V.; NOGUEIRA, A.
F.; DA SILVA, J. L. F. Novel Zero-dimensional Lead-free Bismuth Based Perovskites:
From Synthesis to Structural and Optoelectronic Characterization. Materials
Advances, v. 1, n. 9, p. 3439-3448, 2020


https://doi.org/10.1021/acs.jpcc.2c00494
https://doi.org/10.1021/acs.jpcc.2c00494
https://doi.org/10.1039/D0CP06090A
https://doi.org/10.1039/D0CP06090A
https://doi.org/10.1039/D0CP06090A
https://doi.org/10.1039/D0MA00791A
https://doi.org/10.1039/D0MA00791A
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« SRIKANTH, M.; OZORIO, M. S.; DA SILVA, J. L. F. Optical and dielectric
properties of lead perovskite and iodoplumbate complexes: An ab initio study.

Physical Chemistry Chemical Physics, v. 22, n. 33, p. 18423-18434, 2020
6.1.2 Other Works

« OZORIO, M. S.; ANDRIANI, K. F.; DA SILVA, J. L. F. A hybrid-DFT
investigation of the Ce oxidation state upon adsorption of F, Na, Ni, Pd and
Pt on the (CeOy)q cluster. Physical Chemistry Chemical Physics, v. 22, n. 25,
p. 14099-14108, 2020.

« OZORIO, M. S.: DA SILVA, A. C. H.; DA SILVA, J. L. F. A hybrid density
functional theory investigation of the (CeOs)g clusters in the cationic, neutral, and

anionic states. Journal of Cluster Science, v. 31, n. 6, p. 1213-1220, 2020.


https://doi.org/10.1039/D0CP03512B
https://doi.org/10.1039/D0CP03512B
https://doi.org/10.1039/C9CP07005B
https://doi.org/10.1039/C9CP07005B
https://doi.org/10.1039/C9CP07005B
https://doi.org/10.1007/s10876-019-01728-z
https://doi.org/10.1007/s10876-019-01728-z
https://doi.org/10.1007/s10876-019-01728-z
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APPENDIX A - TIN-BASED PEROVSKITES

A.1 Convergence Test

We performed many tests to get the converged computational parameters of the
ASnl;3 perovskites. We selected cubic and orthorhombic structures of MASnl; perovskite
to analyze the k-point density and cutoff-energy convergence. Further, we analyzed the
effects of modifying these parameters in the structural properties, i.e., lattice parameters,

volume, bond lengths and octahedra distortions.

Figure 25 — a) Different representation of the initial non-optimized cubic CH3NH3Snl;
structure employed on our k-points density analyses. Each octahedral of
the corner are equivalent, thus each one contributes with % for the single
cell. The picture shows different projections of the C—N bond length of the
organic cation in the cage formed by octahedra. b) Orthorhombic CH3NH3SnlI3
perovskite structure.

Source: Source: Done by Mailde S. Ozdrio

The initial non-optimized cubic phase (ag = 6.30 A) of CH3NH;3Snl;3 displays a
C—N bond orientation parallel to the [001] and [010] lattice planes, and perpendicular to
the [100]. The Snlg*™ octahedron is perfect, i.e., six iodide ions occupy the vertices, which
are 3.15 A distanced from the octahedron center where is localized the tin cation. The

length of octahedron diagonal is a direct measurement of the lattice parameter of cubic
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Table 11 — Cubic CH3NH3SnlI3 perovskites optimization: k-points density (KD), k-points
mesh (KM), number of k-points (NK), volume (V), cubic volume (af), lattice
parameters (ag, by, co), cubic deviation (CD) and the relative deviation
(considering all significant numbers) of parameters in relation to the highest
k-points density.

KD KM NK A% AV 0,8 ACLS CD ACD ap ACLO b() Abo Co ACO
3

A) B A B A B D KA K A (%)

10 1x2x1 2 242.66 —8.48 6.24 —2.91 1.96 71591 598 —10.60 6.79 4.90 597 7.98

Q20 3x3x3 10 253.05 —4.56 6.33 —1.54 0.08 —68.33 6.30 —3.15 6.30 —0.57 6.38 —0.88
30 5x5x5 39 263.37 —0.67 6.41 —0.22 0.23 —-6.46 6.49 —0.30 6.33 —0.05 6.41 —0.31
wn 40 6x6x6 8026732 0.826.44 0.27 0.26 8.78 6.53 0.38 6.35 0.28 6.44 0.17
% 50 8§ x 8x 8 170 266.36 0.46 6.43 0.15 0.25 3.92 6.52 0.20 6.35 0.16 6.44 0.10
g 60 9x9x9 205 26580 0.25 6.43 0.08 0.25 2.12 6.51 0.11 6.35 0.14 6.43 0.00
Z 70 11 x 11 x 11 366 265.51 0.14 6.43 0.05 0.24  0.31 6.51 0.05 6.35 0.18 6.43 —0.09

80 12 x 13 x 12 518 265.14 0.00 6.42 0.00 0.24  0.00 6.50 0.00 6.34 0.00 6.43 0.00

10 1x2x1 224267 —8.31 6.24 —2.85 0.81 237.31 5.98 —8.05 6.78 7.04 5.98 —6.84
3 20 3x3x3 10 253.27 —4.31 6.33 —1.46 0.16 —34.30 6.29 —3.19 6.31 —0.47 6.38 —0.68
30 5x5x5H 39 26283 —0.70 6.41 —0.23 0.21 —11.54 6.48 —0.37 6.33 —0.11 6.41 —0.22
w40 6x6x6 80 267.07 091 644 0.30 0.25 3.66 6.52 0.34 6.35 0.26 6.44 0.30
% 50 8§ x 8x 8 170 266.09 0.54 6.43 0.18 0.25 3.44 6.52 0.22 6.34 0.10 6.44 0.21
g 60 9x9x9 205 265.69 0.39 643 0.13 0.25 3.57 6.51 0.17 6.35 0.14 6.43 0.07
Z 70 11 x 11 x 11 366 266.45 0.67 6.43 0.25 0.25 4.55 6.52 0.28 6.35 0.20 6.44 0.19

80 12 x 13 x 12 518 264.67 0.00 6.42 0.00 0.24  0.00 6.50  0.00 6.34 0.00 6.42 0.00

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 22862297, 2021'%°

structure (ag = 6.30 A), i.e., the distance between two adjacent tin cations (Sn—I-Sn) is
equivalent to the distance of two non-adjacent iodide ions of octahedron, I-Sn—1. Thus,
any deviation in the octahedral I-Sn—I ideal bond lengths (for example, tin out-off center)
and diagonal angles (different of 180°) will have a direct effect in the lattice parameters,
bond lengths, angles as well as in other structural properties, such as the volume of the

unit cell.

Using the cubic structure as reference, we increased the k-points from 10 A7 until
80 A using the VASP default NBANDS (32), and NBANDS = 50 (total number of valence
electrons). As summarized in Table 11, Figure 26 and Figure 27, for a better comprehension
of results, among other properties, we compare volume, lattice parameters, and cubic
deviations (defined as CD = |ag — bo| + |ao — col)-

Due to the small difference in the structural parameters obtained with NBANDS ~
50 and the default value of 32, we concluded that the default value is sufficient for
our analyses. Hence, we considered the default NBANDS of the orthorhombic phase to
perform its k-points convergence test. We employed a perfect orthorhombic Pnma (n®
62) perovskite (ag = 9.0A, by = 13.1A, ¢g = 9.5 A), where the by parameter corresponds
twice the octahedral diagonal (d), which are related with ag and ¢y lattice parameters by
2d = \/ad + 3. Thus, since d represents the distance of two non-adjacent iodide atoms of
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Figure 26 — PBE results for cubic CH3NH3Snl3 perovskite: volume, lattice parameters,
and relative cubic deviation in relation to the values found with the highest

k-points density.
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Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

Figure 27 — PBE results for cubic CH3NH3Snl3: relative total energy in relation to the
energy found with highest k-points density.
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Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

the octahedron (I-Sn—I diagonal), any angular deviation from 180° and also distortions
of I-Sn—1I bond length will have a domino effect on the lattice parameters, volume, and

other structural properties. To perform the k-points convergence test of this orthorhombic
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Table 12 — Orthorhombic CH3NH3Snl3 perovskites optimization: k-points density (KD),
k-points mesh (KM), Number of k-points (NK), volume (V), lattice
parameters, and the relative deviation (considering all significant numbers) of
aforementioned parameters in relation to the highest k-pints density.

KD KM NK \Y% AV ag Aay bo Abg Co Acy

(A7) %) (A) (%) A A (%)
10 I1x1x1 1 1025.71 3.49 9.29 1.23 13.27 4.87 8.32 —2.52
20 2xX2x%X2 8 996.53 0.54 9.17 —0.08 12.70 0.42 8.55 0.19
30 3Ix2x4 12 993.22 0.21 9.18 —0.03 12.69 0.31 8.53 —0.07
40 4x3x5 18 991.50 0.04 9.17 —-0.07 12.66 0.09 8.54 0.02
50 5xXx4%X6 36 991.01 —0.01 9.18 0.06 12.66 0.09 8.52 —0.16
60 TX5XT7 48 991.13 0.00 9.18 0.00 12.65 0.00 8.54 0.00

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

structure, we increased in 10 A" the k-points density from 10 A" t0 60 A", The results
of the k-point density of the orthorhombic structure are in Table 12.

As summarized in Tables 13 and 14, in addition to the k-points analysis indicated
in Tables 11 and 12, we also evaluated the octahedra distortions, average length and
standard deviation of the three most important H---I interactions involving the hydrogen

atoms of —CHj and —NH;"% groups, and the following properties:

1. Tin effective coordination number: the effective coordination number (ECN)
concept?® was applied to account the effective number of iodide ions surrounding the
Sn-cations in ASnl; perovskites, ECN". Hence, the following equation was applied:

dy; 6

' Zj dijexp [1 — (ﬁ) :|

) dfw = 6 ! (Al)
di;
2 exp [1 - (@) ]

where d;; represent each Sn—1I bond length of Snlg octahedra, the d:  represent a weighted

6
ECN®" = > exp [1 — (;{”)
J av

average bond length, and d,;, the smallest Sn—1 bond-length among all six present in the

Snlg moeity.

2. Bond angle variance: the bond angle variance (BAV) was applied to
characterize the changes of ISnl angles in each Snlg octahedra. As proposed by Robinson

et al.,**! the BAV values were obtained by the following equation:

n 12 o
BAV= L S an Bavoy GNP (A2)
n—1i4 i=1 1

where n is the number of faces multiplied by 3/2, thus in the octahedron n = 12, which
is the total number of ¢; angles involving the tin cation and two adjacent iodide atoms,
[-Sn—1. For a perfect octahedron ¢y = 90°.

3. Distortion Index: the Distortion Index (DI)?®® comes from the following
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equation:
1 & jdy; — |
DI=-) v A3
6L &, A

av
where d;; represent the distance from Sn-cation to the 7th iodide ion of Snlg octahedra,

while d,, represent the average of Sn—1I bond length.

Table 13 — Cubic CH3NH3Snl3 perovskites optimization: relative total energy (AFEy),
average (dY y) and standard deviation (oi¥y) of stronger hydrogen bond
of ~NH3" group, average (d° 4) and standard deviation (0¥ ;) of stronger
hydrogen bond of —CHjs group, difference of the average hydrogen bonds of
~NH3" and ~CHs (Adi_n), effective coordination number (ECN®"), average
(d52~1) and standard deviation of Sn—1I bond lengths (¢*~1), octahedra diagonal
[-Sn—1I angle ( ©) and standard deviation (¢©), adjacent I-Sn—1 angle ()

and standard deviation (¢?), distortion index (DI), and bond angle variance

(BAV).
KD AEy, d¥y oy d%y 0T Adi_y | ECNS" @51 ST e o° § o’ DI BAV
A mev) A) A) A) A)  A)|NNN) (A) (A) (deg) (deg) (deg) (deg) - (deg.)?
N 10 —2452.15 2.82 0.29 3.24 0.25 0.43 5.22 3.13 0.21 17827 2.03 90.00 1.25 0.06 1.56
I 20 —134.90 2.69 0.06 3.41 0.01 0.72 591 3.16 0.07 175.70 0.96 89.99 2.28 0.02 5.21
0 30 —11.31 2.69 0.06 3.53 0.03 0.84 5.05 3.21 0.21 171.69 4.14 89.85 4.70 0.05 22.09
Q 40 5.60 2.69 0.08 3.52 0.10 0.83 4.76 3.23 0.24 171.11 4.69 89.82 5.07 0.06 25.77
é 50 1.69 2.68 0.08 3.52 0.10 0.83 4.84 3.23 0.23 171.27 4.27 89.84 4.93 0.05 24.30
Z 60 0.43 2.69 0.07 3.52 0.08 0.84 4.88 3.23 0.23 171.25 4.20 89.84 4.93 0.05 24.30
70 1.05 2.69 0.07 3.51 0.08 0.82 4.88 3.22 0.23 171.23 4.36 89.83 4.96 0.05 24.63
80 0.00 2.69 0.06 3.55 0.05 0.86 491 3.22 0.23 171.03 4.08 89.83 5.02 0.05 25.18
10 —2463.64 2.79 0.27 3.27 027 048 5.23 3.13 0.21 17740 3.15 90.01 1.91 0.06 3.64
2 20 —134.85 2.69 0.06 3.41 0.01 0.72 5.92 3.17 0.06 17598 0.66 89.99 2.12 0.02 4.48
30 —11.93 2.69 0.06 3.53 0.03 0.84 5.09 3.21 0.20 171.55 4.11 89.85 4.76 0.04 22.66
»n 40 5.35 2.69 0.08 3.51 0.11 0.82 4.77 3.23 0.24 17092 450 89.82 5.13 0.06 26.39
% 50 0.96 2.69 0.07 3.53 0.08 0.84 4.84 3.23 0.23 170.78 4.38 89.82 5.18 0.05 26.90
é 60 0.36 2.69 0.08 3.53 0.07 0.83 488 3.23 0.23 171.29 441 89.83 494 0.05 2441
Z 70 1.49 2.69 0.08 3.50 0.11 0.81 4.83 3.23 0.23 171.43 441 89.84 4.87 0.05 23.76
80 0.00 2.69 0.06 3.52 0.06 0.83 4.95 3.22 0.22 170.89 4.09 89.84 5.08 0.05 25.79

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

Considering the aforementioned results and the computational cost, we considered
as converged the k-points density of 40 A Hence, we considered this k-points to achieve
the converged cutoff energy (ENCUT). Due to a large number of atoms in the orthorhombic
structure (4C, 4N, 24H, 4Sn, and 12I), we performed the ENCUT analysis with the cubic
structure multiplying the highest ENMAX among all perovskite chemical species by 1.00,
1.25, 1.50, 1.75, 2.00, 2.25, and 2.50. The results for the ENCUT analyses are given in
Table 15, Table 16 and Figure 28.

Overall, we can summarize our convergence analysis test as follow:

o The values of pseudo-cubic structure parameters obtained with NBANDS default
are very close to that of NBANDS = 50 (twice the number of electrons), which
indicates that the default NBANDS is sufficient for structural optimization of ASnlz
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Table 14 — Orthorhombic CH3NH3Snl3 perovskites optimization: relative total energy

(AE4y), average (dY ) and standard deviation (o y;) of stronger hydrogen
bond of ~NH;3" group, average (d{ ;;) and standard deviation (o ;) of stronger
hydrogen bond of —CHj group, difference of the average hydrogen bonds of
~NH3" and —CH3 (Ad;_n), octahedra effective coordination number (ECNSH),
average (d>"~1) and standard deviation of Sn—1I bond lengths (¢"~1), octahedra
diagonal I-Sn—TI angle ( ©) and standard deviation (o), octahedra adjacent
[-Sn—TI angle () and standard deviation (¢?), distortion index (DI), and bond
angle variance (BAV).

KD

ABu A%y 0¥y d< 5 00y Adpyg|[ECN™ &1 5T g 4® g o DI BAV

A mev) A A A A (RB)|NNN) (A) (A) (deg) (deg) (deg) (deg) - (deg)?

20
30
40
50
60

NBANDS = 126

10 2718.66 2.68 0.07 3.16 0.02 0.47] 5.99 3.32 0.02 180.00 0.00 90.00 8.09 0.00 59.47
166.40 2.64 0.01 3.23 0.13 0.60| 6.00 3.21 0.01 180.00 0.00 90.00 2.74 0.00 6.82

51.41 2.65 0.01 3.25 0.12 0.60| 6.00 3.20 0.01 180.00 0.00 90.00 2.77 0.00  6.98
5.57 2.65 0.02 3.24 0.13 0.59] 6.00 3.20 0.01 180.00 0.00 90.00 2.62 0.00 6.24
1.14 2.66 0.01 3.24 0.11  0.58| 6.00 3.20 0.01 180.00 0.00 90.00 2.68 0.00  6.55
0.00 2.66 0.00 3.25 0.11 0.59| 6.00 3.20 0.01 180.00 0.00 90.00 2.61 0.00  6.20

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

Table 15 — ENCUT analyses (NBANDS default) for cubic hybrid CH3NH3Snl3 perovskites

optimization: k-points mesh (KM), Number of k-points (NK), volume (V),
cubic volume (a§), lattice parameters (ao, by, bo), relative total energy (AFE:.),
cubic deviation (CD) and the relative deviation of aforementioned parameters
in relation to the highest k-pints density.

ENCUT KM NK \% AV (18 ACLS CD ACD aop Aao bo Abo Co ACO
(eV) A ) A ) A ) A % A %) A (%)
421 6x6x6 80 243.05 —9.13 6.24 —3.10 0.07 —73.07 6.25 —4.29 6.20 —2.36 6.27 —2.79
526 6 x6x6 80 260.09 —2.76 6.38 —0.93 0.15 —42.31 6.43 —1.53 6.32 —0.47 6.39 —0.93
631 6 x6x6 80 263.33 —1.55 6.41 —0.46 0.24 —-0.08 6.49 —0.61 6.33 —0.31 6.41 —0.06

737
842
947
1053

6x6x6 80 266.25 —0.46 6.43 —0.16 0.26 0.00 6.52 —0.15 6.35 0.00 6.43 —0.31
6x6x6 80 267.32 —0.06 6.44 0.00 0.27 3.85 6.53 0.00 6.35 0.00 6.44 —0.16
6x6x6 80 268.21 0.27 6.45 0.16 0.28 7.69 6.54 0.15 6.36 0.16 6.45 0.00
6x6x6 80 267.48 0.00 6.44 0.00 0.26 0.00 6.53 0.00 6.35 0.00 6.45 0.00

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

perovskites. Thus, we used the respective default NBANDS of cubic, tetragonal,

orthorhombic, and hexagonal structures.

o Overall, considering the results of the convergence test and computational cost, we

considered as converged the value of 40 A7 for the k-points density, and enough the
cutoff energy of 2.00x ENMAX. Hence, we applied a k-points density of 40 A" and
a cutoff energy of 2.00x ENMAX for all perovskite optimizations.
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Table 16 - ENCUT test (NBANDS default) for cubic CH3NH3Snl3 perovskites

optimization: relative total energy (AEy), average (d¥ ) and standard
deviation (¥ };) of stronger hydrogen bond of ~NH3" group, average (d¢ ;)
and standard deviation (¢© ;) of stronger hydrogen bond of —CHs group,
difference of the average hydrogen bonds of —~NH3* and —CHjz (Adi_g),
octahedra effective coordination number (ECN®"), average (d>"~1) and standard
deviation of Sn—1I bond lengths (o°"7!), octahedra I-Sn-1 diagonal angle
(0), octahedra adjacent I-Sn—I angle (), and respective standard deviation

(0©)/(0?), distortion index (DI), and bond angle variance (BAV).

ENCUT A d¥y oy dSy o€y Adp_g|BECNS® @801 gSo-1 @ 4© 9 o DI BAV

av

(meV) (A) (A) (A) (A) A)|(NNN) (A) (A) (deg.) (deg) (deg) (deg) - (deg)’

421
526
631
737
842
947
1053

208.83 2.67 0.01 3.30 0.02 0.63] 5.78 3.13 0.10 171.20 2.40 89.94 4.71 0.02 22.23

36.98 2.68 0.07 3.47 0.05 0.79| 5.15 3.20 0.19 171.29 4.01 89.85 4.87 0.04 23.75
10.70 2.69 0.06 3.53 0.04 0.84| 499 3.22 0.22 170.87 4.10 89.83 5.09 0.05 25.98
4.73 2.69 0.09 349 0.11 081 499 3.22 0.22 171.15 4.65 89.82 5.05 0.05 25.98
2.08 2.69 0.08 3.52 0.10 0.83| 4.76 3.23 0.24 171.11 4.69 89.82 5.07 0.06 25.77
1.93 2.69 0.09 3.51 0.12 0.82| 4.69 3.24 0.25 171.28 4.86 89.81 5.02 0.06 25.27
0.00 2.69 0.08 3.53 0.10 0.84| 4.75 3.23 0.24 171.07 4.34 89.82 5.04 0.06 25.40

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 2021'%°

Figure 28 — Cubic deviation, relative volume, and relative total energy as a function of

cutoff energy.
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A.2 ASnl; Perovskites

Table 17 — Structural parameters of the cubic (C), pseudo-cubic (PC), orthorhombic (O),

tetragonal (T), hexagonal (H), pseudo-hexagonal (PH) lowest energy phases of

ASnl; perovskites: average (dfv_/éj ) and standard deviation (o1} of stronger
hydrogen bond of ~NH,"/~PH;" group, average (d¢ ;;) and standard deviation
(of ) of stronger hydrogen bond of —CHjs group, difference of the average
hydrogen bonds of —NH,"/-PH;" and —CH3 (Ad;_y), octahedra effective
coordination number (ECN®"), average (d5"~') and standard deviation of Sn—1
bond lengths (¢5°71), octahedra diagonal I-Sn—1I angle ( ©) and standard
deviation (6©), octahedra adjacent I-Sn—1 angle () and standard deviation

(0%), distortion index (DI), and bond angle variance (BAV).

Fase dV7 oM dC, o€y Adip|NCES™ oNCE gsn-l Sn-l e o° 0 o’ ID VAL
A) A A A A NN) (NWN) (A) (A (deg) (deg.) (deg) (deg) (%) (deg.)’

cI 271 005 332 004 061| 575 000 314 010 171.05 181 89.95 474 193 2250
£ PC 271 007 352 040 081 | 570 000 314 012 17075 266 89.93 497 237 2467
£ ORC 261 005 312 003 051| 600 000 316 001 180.00 000 90.00 246 021 603
= TETR 265 003 318 010 054| 600 000 316 001 180.00 000 90.00 261 024 6.79

PH 273 015 3.24 0.07 051 5.89 0.08 320 0.07 176.81 1.79 89.99 338 149 11.95
CI 293 033 312 027 019 562 0.00 317 0.13 17475 275 89.94 298 333 8.90
PC 294 033 313 028 019 ] 553 0.00 318 0.15 17468 471 8991 343 297 11.79
ORC  3.02 0.08 320 0.04 018]| 57 008 317 0.10 17513 218 89.95 3.79 259 15.36
TETR 3.05 0.02 3.09 0.02 004| 600 000 316 0.06 180.00 0.00 90.00 140 033 1.97
PH 2.89 020 3.17 023 028 | 591 004 320 0.06 176.84 1.02 90.07 291 1.75 9.06
CI 278 022 328 000 050 | 549  0.00 3.18 0.15 171.13 1.52 90.00 4.67 3.97 21.85
PC 281 0.24 3.22 0.00 041 5.21 0.00 3.19 0.21 16993 298 89.93 541 4.34 29.27
ORC 277 0.06 311 0.00 035]| 522 000 319 0.20 171.63 6.95 89.85 6.94 490 48.19
TETR 3.23 027 322 000 -0.01| 597 000 3.14 0.04 176.69 288 90.04 212 098 4.50
PH 288 0.11 3.15 0.01 027 573 019 320 0.11 175.72  2.60 90.00 4.99 2.88 26.07

Source: Reprinted from OZORIO, M.S.; SRIKANTH, M.; BESSE, R.; DA SILVA, J. L. F.
Physical Chemistry Chemical Physics, v. 23, n.3, p. 2286-2297, 20212
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Figure 29 — MASnl; perovskites: bond length of X—H, C—N of A-cation and from C and
N of to iodide of inorganic framework.
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Figure 30 — MPSnl3 perovskites: bond length of X—H, C—-P of A-cation and from C and
P of to iodide of inorganic framework.
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Figure 31 — FASnl3 perovskites: bond length of X—H, C—N of A-cation and from C and
N of to iodide of inorganic framework.
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APPENDIX B - ZERO-DIMENSIONAL PEROVSKITES

B.1 Band Structures

Figure 32 — k-path selection for the band structure calculations of a) By Xjg-based and b)
BXg-based zero-dimensional structures.

a)

a-'.

Source: Reprinted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V ; DA SILVA, J. L.
F. The Journal of Physical Chemistry C, v. 126, n. 16, p. 7245-7255, 2022.”
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Figure 33 — Band structure of perovskite CooHogNyBislyy calculated with PBE+D3. The
indirect fundamental bandgap energy is 0.9756 eV with the top of valence
band at V point and the bottom of conduction band at R point. The direct
fundamental bandgap energy is 1.0143 eV and occurs at R point.
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Figure 34 — Band structure of perovskite CyH39NgBislg calculated at PBE+D3 level. The
indirect fundamental bandgap energy is 1.53eV. The top of valence band is
at [ point and the bottom of conduction band in three degenerated points
located between the path of I' and X points. The fundamental direct bandgap
energy is 1.53 eV and occurs at I' point.
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Figure 35 — Band structure of perovskite C3qHo5NgBilg - 2 HoO calculated with PBE+D3.
The direct fundamental bandgap energy is 1.406 eV and occurs at R point.
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B.2 Density of States

Figure 36 — Total and local density of states for PBE+D3 optimized CogHgooNyBislig
perovskite. The fundamental bandgap energy is 0.9802 eV
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Figure 37 — Total and local density of states for PBE+D3 optimized C4oH39NgBisly
perovskite. The fundamental bandgap energy is 1.530¢eV.
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Figure 38 — Total and local density of states for PBE+D3 optimized C3zoHo5NgBilg - 2 HoO
perovskite. The fundamental bandgap energy is 1.406 eV.
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Figure 39 — Density of states calculated with HSE06 for perovskite CogHooNyBislig. The
fundamental bandgap energy is 1.8004 eV
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Figure 40 — Density of states obtained with HSEQ6 for perovskite CyoH39NgBislg. The
fundamental bandgap energy is 2.3525eV
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Figure 41 — Density of states obtained with HSEO6 for perovskite CgoHo5NgBilg - 2 HoO.
The fundamental bandgap energy is 2.24 eV
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Figure 42 — Local density of states per octahedron unity obtained at PBE+D3 level for
the bismuth zero-dimensional perovskites.
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Figure 43 — Local density of states per octahedron unity obtained at PBE+D3 level for
the antimony zero-dimensional perovskites.
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Figure 44 — Representation of zero-dimensional perovskite structures: CoqgHooNyBs X1 and
C30H25N63X6 -2 HQO
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Figure 45 — Electron localization function of 0D perovskites: charge depletion (blue) and
accumulation (red).

Source: Reprlnted from OZORIO, M. S.; DIAS, A. C.; SILVEIRA, J. F. R. V DA SILVA J. L.
F. The Journal of Physical Chemlstry C, v. 126, n. 16, p. 7245 7255, 2022.2
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