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1.1 Introduction

The worldwide deployment of photovoltaic technology to combat the growing
energy demand often encounters the “golden triangle” of solar technology defined
by an optimal balance among cost, efficiency, and stability parameters [1]. During
recent years, perovskite-based photoabsorber materials have emerged as a promis-
ing alternative for cost-effective and solution-processable photovoltaic devices. The
diversity of options related to processing, composition, and device setups makes
this research an interesting and rapidly growing domain of energy materials. In
particular, methylammonium lead iodide (CH;NH,PbI,, MAPbL,), which is the
prototype among organic-inorganic hybrid perovskites, represents a semiconductor
with a direct band gap of 1.55eV corresponding to an absorption onset of 800 nm,
making it an efficient absorber of the visible light. The photon-generated excitons
in MAPDI, have a weak binding energy of less than 50 meV, which means that most
of them can dissociate very rapidly into free carriers at room temperature [2-5].
Compared with organic photoabsorbers, the electrons and holes produced in this
material exhibit small effective masses comparable with inorganic Si, resulting in
high carrier mobility [6]. The recombination of charge carriers occurs on a timescale
of hundreds of nanoseconds, resulting in long carrier-diffusion lengths ranging
between 100 and 1000 nm in thin films with thickness less than a micrometer [7].
However, MAPDI, solar cells lack thermal stability due to the structural transition
from tetragonal to cubic phase at 55°C, which is within the operation window of
perovskite solar cells (PSCs). In addition, MAPbI, compositions tend to degrade
under the attack of moisture and oxygen to lose their light harvesting properties.
Moreover, fundamental problems such as light-induced trap-state formation are
less understood, concerning mainly the reproducibility of devices and posing a
barrier on the commercialization of organic-inorganic hybrid perovskites.
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Figure 1.1 The structural complexity of organic-inorganic hybrid perovskites and the
related raise of efficiency and stability. Sources: Based on Saliba et al. [8], McMeekin
et al. [9], Gong et al. [10].

In this chapter, chemical processing of mixed-cation perovskites based on
multiple substitutions on the A-site of the perovskite is discussed in terms of
their entropic stability and resulting improvement in the fundamental properties.
During the last years, the landscape of synthesis and structure of organic-inorganic
perovskites has become more complex due to attempted iterations in compositions
to achieve high(er) efficiency and long-term stability of perovskites in photovoltaic
(PV) devices. Figure 1.1 schematically illustrates the configurational complexity
possible in multiple-cation perovskites that has led to the increased efficiency
[8-10]. Nevertheless, the more complex the perovskite, the higher the versatility of
functional properties, depending on configurational structure, grain morphology,
and optoelectronic properties. Apart from that, an important concept concerning
the crystal structure, namely, the Goldschmidt tolerance factor, which allows the
prediction of stable crystal phases for certain elements and molecules and their
stability, is explained.

1.1.1 Stability Issues of Organic-Inorganic Hybrid Perovskites

Ideal solar modules, which in most cases are placed on the rooftop of the buildings,
must be robust against moisture, heat, and light for a long period of time. Despite
the high efficiency of PSCs, their long-term stability is still behind the commercial
requirements. Although, the organic-inorganic hybrid lead halide perovskites,
MAPbI, and FAPbI,, are excellent semiconductors for PV applications having
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demonstrated optimized photovoltaic efficiencies of 21.6% [11] and 25.2% [12],
respectively, they are chemically vulnerable against water and superoxide molecules,
as well as high intensity light. Especially, moisture is known to initiate the degra-
dation process [13], and various degradation mechanisms have been postulated.
However, detailed experimental evidences for a unifying mechanistic model are
missing.

Niu et al. [14] reported that the perovskite decomposes back into methylammo-
nium iodide (MAI) and Pbl, with water (3), HI decomposes from methylamine (4),
and after oxidation (5) or under radiation (6), molecular iodine is produced. In other
studies, hydrate complexes, or even metallic Pb clusters, are found in degraded per-
ovskite [13], which will not be discussed further here:

(3) CH,;NH,Pbl, = CH,NH,] + Pbl,
(4) CH;NH,I 2 CH;NH, + HI
(5)HI+ 0, 2 21, + 2H,0

(6)2HI 2 H, + 1,

In the case of degradation under light and oxygen, Aristidou et al. [15] claimed that
the free electron in the excited CH,NH,PbI, (7) can transfer to oxygen to form super-
oxide molecule (8), which can deprotonate the MA moiety to release methylamine
and iodine (9):

ho
(7) CH,NH,Pbl, —> CH,NH,Pb
CH,NH;Pbl

(8) 0, — 0,

Deprotonation
(9) CH,NH,Pbl, + O}~ ————— CH,NH, + Pbl, + 1/2I, + H,0

Wang et al. [16] investigated the degradation behavior of perovskite polycrystalline
films depending on the grain morphology and found that the perovskite single crys-
tals were stable in ambient air for more than two years, which highlights the intrinsic
stability of the hybrid perovskites and the effect of grain size and grain boundaries on
the stability. Therefore, increased grain sizes were found to show better stability. For
instance, thin films with an average grain size of 678 nm showed 10% degradation
under humid atmosphere (relative humidity [RH] 85%), whereas 85% degradation
occurred for smaller average grain size (297 nm).

Besides the chemical reactions and their implications, the limited thermal
instability of perovskites is strongly connected to temperature-driven phase tran-
sitions. Pristine MAPbI, forms the tetragonal phase at room temperature, while a
phase transition to the cubic phase occurs at 55 °C, which is within the operating
temperature range of a solar cell device and below the surface temperatures (up
to 85°C) generally achieved in the field tests (Figure 1.2). The phase transition
not only causes changes in the crystal lattice but also can affect optoelectronic
behavior and film morphology. Goldschmidt developed a concept [17] that gives
fundamental guidelines to predict stable perovskite structures. Since the phase
transitions are strongly related to thermodynamic parameters, the entropy of
mixing or configurational entropy plays a critical role in understanding the

3



4 | 1 Chemical Processing of Mixed-Cation Hybrid Perovskites

CH3NH3Pbl; phase instability

.1' ﬁ eatin <X AR - oolin ‘Q‘ é ‘ ‘b
VAT <o pdigy o & 2
©% 9% ¢° T o @ ®iap eiap TOT .,mm
. 6846 6 064 o4 b‘ﬁb"
Lo, b Cubic Tetragonal Orthorhombic

Figure 1.2 Phase transition in MAPbI, perovskite at different temperatures leads to
the phase instability within the solar cell operation frame. Source: Arabpour Roghabadi
etal. [13].

structure-property-stability relationship and in designing new perovskites. Section
1.2 briefly reviews the perovskite structure and Goldschmidt’s concept revealing
the role of A-site cation and its thermodynamic behavior in the lattice. Following
this, the chemical processing of multiple-cation perovskites is extensively discussed
considering the state of the art of organic-inorganic hybrid perovskite and recent
literature reports.

1.2 Crystal Structure of Perovskites

Discovered in 1839 by Gustav Rose and named after Russian mineralogist Lew
Alexejewitsch Perovski, perovskites represent a family of crystalline compounds that
adopt a similar crystal structure as the parent mineral calcium titanate CaTiOj,.
This class of materials can be generally described by the ABX;. In the ideal ABX,
perovskite structure, the large monovalent cation A occupies 12-fold coordination
site in the middle of the cube to form an AX;, cuboctahedron, while the smaller
divalent cation B forms corner sharing BX, octahedra in a 3D perovskite framework
(Figure 1.3). The ideal cubic perovskite structure is not very common due to the
sizes of the cations A and B, and the anion X and the mineral perovskite itself
are slightly distorted. Distorted perovskites have reduced symmetry, affecting the

Figure 1.3 The ideal cubic perovskite structure ABX; that has a three-dimensional
network of corner sharing [BX,] octahedra surrounding a larger A-site cation.
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crystal structure transition, which is one of the key aspects of the structural stability
issue for perovskite materials. Such structural distortions, when reversible, can be
used for mechanical energy harvesting purposes as demonstrated for the perovskite
barium titanate (BaTiO;) [18, 19].

1.2.1 Goldschmidt Tolerance Factor for 3D Structure

In the ideal cubic perovskite structure case, the lattice constant, a, is described in
Egs. (1.1, 1.2):

a= \/E(rA +ry) =2(rg + 1y) (1.1)

where r; is the ionic radii of constituting ions (A, B, and X). The ratio of the equations
for the lattice constant is given by the Goldschmidt tolerance factor, ¢, which has been
used extensively to predict the stability of the perovskite structure based on chemical
formula (ABX;) and to estimate the degree of distortion [17] that is defined as

(ry +ry)

- \/E(rB +ry)

It is well known that ¢ = 1 stands for a perfect cubic lattice, with the boundary con-
ditions for stable cubic perovskite structures being 0.9 < ¢ <1 and for a distorted per-
ovskite structure being 0.8 <t <0.89, leading to a tetragonal or orthorhombic crystal
structure. When the A-site cation is smaller than the ideal value, then ¢t becomes
smaller than 1, and as a result the BX, octahedra will be distorted to fill space.
However, when the A-site cation is too large to form a perovskite structure (¢ > 1),
non-perovskite structures such as a hexagonal structure are formed. Similarly, dif-
ferent structures such as ilmenite-type FeTiO, are formed for ¢ < 0.8, when the A-site
cation is too small to meet the boundary conditions and form a perovskite structure
(Figure 1.4).

The concept of the Goldschmidt tolerance factor works reasonably well with the
organic-inorganic halide perovskite materials, which have been used to determine
whether a combination of several ions can form a stable perovskite struc-
ture [17, 21, 22]. However, there are too many exceptions that cannot be entirely
explained by Goldschmidt tolerance factor. Therefore, in such cases, another
numerical parameter is necessary to anticipate the structure of a new perovskite
configuration especially the substituted ones [23].

(1.2)

1.2.2 Octahedral Factor

The octahedral factor is also known as constraint factor for perovskite structure that
is defined as the ratio of the ionic radii of the B-site cation and the halide anion X in
the general composition ABX; (Eq. (1.3)):

r
p=-—= (13)

rx
This factor represents the structural stability of the BX, octahedron. When it is in
the range of 0.44 < 1 <0.9, it generally leads to a stable perovskite structure. Along
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with the Goldschmidt tolerance factor, octahedral factor can provide an insight in
selecting ions and combinations thereof capable of forming stable halide perovskites
among many theoretically possible configurations as indicated in Figure 1.5.

It should be noted that in the case of hybrid perovskites, defining ionic radii for
non-symmetric A-site organic molecular cations is nontrivial, and also the reduced
electronegativity of heavy halide anions needs to be considered in terms of their
polarizability (size/charge) [20, 23]. To address these ambiguities, some modifica-
tions have been proposed in elucidating the structural parameters, such as the con-
sideration of effective ionic radii [23].



1.2 Crystal Structure of Perovskites

1.2.3 Role of A-Site Cation

The optoelectronic properties of the hybrid organic-inorganic halide perovskite
compounds are strongly governed by the metal halide framework. The valence band
is built by the s-lone pair of Pb** cation and p orbitals of the halide anion, while
the conduction band consists of unfilled 6p and 3p orbitals of lead and halogen ions
(Figure 1.6). Although the A-site cation does not directly play an important role for
the optoelectronic properties [25, 26], the shape, size, and charge distribution of A
cations are crucial for forming the perovskite structure. For instance, it was shown
that incorporation of a small amount of methylammonium (A = CH;NH;*, MA)
can stabilize the black phase of perovskite based on formamidinium (CH;(NH,),*,
FA), leading to photoconversion efficiencies >20% [27]. The device performance
could be improved by addition of an inorganic (Cs*) or organic (—C(NH,),*, GA)
cation that reportedly stabilized the power output of the device as well [8, 10, 28-31].

Highly symmetric cubic structure is the ideal symmetry for enhanced optoelec-
tronic properties of perovskite in which B cation assembled around X anions forms
the BX, octahedron and A cation occupies the interstitial site (Figure 1.7) [22, 32, 33].
Previous reports showed that there is a dependence between the Goldschmidt toler-
ance factor and band gap of the perovskite. The higher the tolerance factor ranging
t=0.8-1.0, the lower the band gap. However, in the case of GA cation, the compound
is not photoactive anymore because it is too large to adopt the perovskite structure.

A-site cations do not directly influence the electronic structure, but they rather
play a structure-directing role. The inorganic Pb-I framework is deformed by A-site
cation through steric and Coulomb interactions causing an octahedral tilting,
which is responsible for the changes in the electronic structure near the band edges.
The octahedral tilting and the deviation from the ideal perovskite structure can be

Ideal ABX; perovskites —APbl;— —
oEE—
y \ —
4 Organic or inorganic cation Pb 6p .,
—
Methylammonium (MA) [CH:(NH:(]‘ _
Formamidinium (FA)  [CH(NH,),]" at
A ° 2::: f:‘u:s :G " f:f‘“z)al' X (3,4,5)p
5 ‘=~ (Forms upper
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2+
Inorganic cation M o
Q lead Pb E
G/
~Bsite @ ogmcanonx —
(Forms lower lodide ! Pb 6s
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=
Pb 6s-X p
oE—
— X (3,4,5)s
Pb 6s-X's

Figure 1.6 The electronic structure of the ideal APbX, perovskite: valence band (green)
consists of s (Pb) and p (halide) orbitals and conduction band (orange) consists of Pb and
halide p orbitals, leading to a direct band gap (). Source: Based on Unli et al. [24]
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Figure 1.7 Comparison of A-site cations for organic—inorganic hybrid perovskite
comparing chemical structure, ionic radius, dipole moment, Goldschmidt tolerance

factor, and band gap with schematic structure of the cubic perovskites. Sources: Based on Li
et al. [22], Amat et al. [32], Jena et al. [33].

assessed by the octahedra connection bridge Pb-X-Pb angle ®, which decreases
from a-FAPbI, (& = 179.9°) to -MAPbI, (P = 163.6°) and to y-CsPbl, (& = 153.2°),
resulting in an increase of the band gap of 1.48 eV in a-FAPbI, to 1.67 eV in y-CsPbl,
(Figure 1.8). The degree of deviation can be quantified as a function of the angle vy,
which is defined as the average Pb-X-Pb-angle in Pb-X framework. The larger the
average Pb-X-Pb angle , the smaller the band gap [34, 35].

1.2.4 Theoretical Calculations: Molecular Dynamics of A-Site Cation

Since the first emergence of the halide PSC [36], a tremendous amount of experi-
mental and theoretical research efforts have been devoted to the engineering and
fundamental understanding of PSC [7, 37-43]. On the theoretical side, many of
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Figure 1.8 Octahedral tilting in the inorganic perovskite lattice because of A-site cation.
(@) X-Pb-X angles in organic-inorganic halide perovskites. (b) Bond angle as a function of
A-site cation size. Source: Manser et al. [34]. (c) Band-gap dependency from average
X-Pb-X bond angle. Source: Stoumpos and Kanatzidis [35].

the intriguing physics hidden in PSC have been explored to discuss the hysteresis,
ferroelectricity [40], role of native defects in optical properties [41], Rashba [42],
and Dresselhaus [43] effects both in bulk and two-dimensional geometry, prolonged
carrier lifetime by rotating methylammonium molecule ions [44], strain-engineered
band gap by its unique molecular orbital configuration [45], and so on. These
theoretical research work could be mostly done using density functional theory
(DFT) [46] calculations, since these are built on quantum mechanical formula and
are very appropriate to directly study the orbital-level electronic structures, bond
characteristics, and optical transitions.

The simple DFT calculations however often underestimate the perovskite band
gaps due to the discontinuity of the exchange-correlation energy, which is a typical
shortfall of such techniques [47]. The introduction of relativistic corrections, such
as first-order scalar relativistic (SR-DFT) and higher-order spin-orbit coupling
effects (SOC-DFT), leads to more realistic values, but these do not exactly match
the experimental results. As shown in Figure 1.9, SR-DFT gives nearly similar band
gap (E,) values for MAPbI; as a result of the compensatory influence of electron
self-energy/many-body effects, which tend to increase E,, and relativistic interac-
tions that reduce E,. However, it fails to accurately describe the dispersion of the
valence band (VB) in Pb perovskites or to calculate exact values for Sn perovskites

9
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(Figure 1.9b), as the relativistic effects are less in the lighter metal center. Given
the complexity of this system, the state-of-the-art, self-consistent, quasi-particle
GW with SOC corrections (spin-orbit coupling quasiparticle self-consistent
[SOC-QSGW]) has proven to be the only approach to accurately determine the
electronic structure of inorganic and hybrid metal halide perovskites. However,
DFT can still provide structural and in some cases semiquantitative information to
compare the electronic properties of homologous halide perovskites but should be
used with caution [34, 48].

Organic A-site cations show several interesting features, which were investigated
in the recent years. For instance, they have a permanent dipole moment, rotate
around the C-N axis at their cuboctahedral position, and thus create dynamic
and asymmetric structures, which is one of the unique characteristics of organic-
inorganic hybrid perovskites compared with their all-inorganic counterparts. The
A-site cation interacts with the metal halide framework through Coulomb interac-
tions and hydrogen bonding, influencing the whole perovskite lattice depending on
temperature due to the dynamic reorientation [34].

Motta et al. [49] showed through DFT calculations that this dynamic reorientation
influences the band structure of the perovskite lattice. They performed DFT calcu-
lations for the cubic MAPbI, considering the fast rotation of MA cation. Therefore,
the calculation was not only limited to CH;NH,* in the (100) or (111) direction, for
which a higher symmetry is maintained, but also examined cases where the symme-
try is reduced. It led to such a symmetry reduction having profound consequences
for the electronic structure, namely, that the band gap changes from direct to indi-
rect, when the orientation of the MA cation changes from (111) to (011) orientation
(Figure 1.10).
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Figure 1.10 Dynamic reorientation of MA cation: cubic MAPbI, cubic phases with (a) MA in
the (111) orientation and (b) in the (011) orientation. Band structures for (c) MA in (111) and
(d) in (011) orientation, which shows a band-gap shift from direct to indirect. Source: Motta
et al. [49]. Licensed under CC BY 4.0.

1.2.5 Entropy of Mixing: Configurational Effects in Mixed-Cation
Perovskites

The configurational entropy of solid materials is related to the way how atoms or
molecules are arranged in a mixture, alloy, or crystal lattice. An ideal defect-free
and fully ordered material has an entropy of zero. However, this is not the case for
real materials where the configurational entropy is defined as “disorder in the site
occupancy on crystal sublattices, including defects” [50], and is described with the
following equation (Eq. (1.4)), where n is the number of particles and x,, is the mole
fraction:

S —nR(x; Inx; +x,1nx,) (1.4)

conf —

Theoretical calculations and simulations allow to retrieve information on the
entropy and enthalpies of systems. In addition, the Goldschmidt’s concept including
tolerance factor forms the basis to apply DFT methods to obtain deeper insights
into the thermodynamics of organic-inorganic hybrid perovskites.

In the case of mixed-cation perovskite, it is important to understand that the per-
ovskite is stable against phase separation. To describe the disorder of mixed-cation

11
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perovskite, the configurational entropy can be introduced. In mixing two compo-
nents, for instance, MAPbI; and FAPDI;, the thermodynamic miscibility is given
by Helmholtz free energy as function of composition x and temperature T [51]
(Eq. (1.5)):
AF(x,T) = AU(x, T) — TAS(x, T) (1.5)
The internal energy difference of mixed perovskite is defined as
X AU, (gee B/ kT

AU, T) = S oo TR (1.6)

AU (x) = E;(x) — [(1 = X)Eyapprs + XEpappis] 1.7)

where E, is from DFT calculated total energy of the alloy.
The entropy of mixing according to Eq. (1.4) is given by

AS(x) = —kg[xIn x + (1 —x)In(1 — x)] (1.8)

These theoretical calculations can be used to build phase and miscibility diagrams
that could eventually support multiple-cation models and explain the alloying exper-
iments.

1.3 Multiple A-Site Cation Perovskites

MAPbI, is the most popular composition among all organic-inorganic hybrid per-
ovskites, where numerous approaches were reported to optimize structure, mor-
phology of crystals and fabrication of thin films, halide mixing to tune band gap,
and crystallization. In contrast to its phase transition at low temperature (>40 °C),
formamidinium-based perovskites (HC(NH,),Pbl,, FAPbI;) undergo phase transi-
tion above 150 °C to form the photoactive black a-phase, which has a lower band gap
than MAPbI, (1.47 vs. 1.55eV for MAPbI,), and an absorption edge shifted toward
the red region allowing the increase of photon absorption and power conversion
efficiency (PCE). Yang et al. [52] introduced a direct intramolecular exchange pro-
cedure to fabricate FAPbI, solar cells and observed a PCE of 20.2% and a short-circuit
current density (J,.) of 24.7 mA cm~2. However, the black phase of FAPb, is not sta-
ble at room temperature, at which it forms the inactive yellow 8-phase [53]. Finally,
all-inorganic perovskite CsPbl, is also used in solar cell application due to its higher
thermal stability but has a band gap higher (1.73 eV) than the other compositions
and active black phase stable at high temperatures (>300 °C). The polymorphism
can be controlled by A-site cation engineering to stabilize desired photoactive phase
and to tune optical properties and thermal stability. In the following sections, alloy-
ing of different A-site cations to reach the configurational stability of hybrid per-
ovskites is presented.

1.3.1 FA*/MA™* Alloying for Higher Phase Stability and Photovoltaic
Efficiency

Pellet et al. [54] probed the mixing of formamidinium (FA) and methylammonium
(MA) cations in 3D hybrid perovskites to expand the absorption spectrum and lower
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Figure 1.11 Effect of FA/MA alloying on the hybrid perovskite structure. (a) X-ray
diffractograms of FA,MA ;_,,Pbl; thin films showing the peaks shifting to smaller angles

while increasing FA amount. (b) Raman intensity of FAMA ;_,,Pbl; thin films underlying the
shifting related to FA amount. Source: Zhang et al. [55].

the band gap. The combination of A-site cation mixing and sequential deposition
method led to phase-pure double-cation black perovskite. Using the double-cation
(MA), 4(FA), 4PbI, system, high-performing solar cells could be obtained reaching
14.9% PCE [54]. In their study, Zhang et al. [55] present that by increasing the FA*
amount into MAPDI, structure, the photoluminescence (PL) lifetimes increase due
to better crystallinity, which leads to reduction of trap states and therefore enhance-
ment of carrier-diffusion length. It was observed that the positions of the diffraction
peaks at 20 = 14.1°, 20.0°, 24.4°, 28.4° and 31.8° decreased with increasing FA™*

amount, indicating the enlargement of the crystal lattice to a cubic or quasi-cubic
crystal phase (Figure 1.11), giving rise to longer PL lifetimes.

In another approach, where MA* was mixed into FAPbI;, Binek et al. [56]
have showed that 15% of MA cations are sufficient to stabilize the a-phase at low
temperature (Figure 1.12a). They proposed that the intercalation of small-cation
MA* having high dipole moment enhances the hydrogen bonding to the inorganic
Pb-I cage. Moreover, due to better Coulomb interactions between high dipole
moment and Pb-I octahedra, the Madelung energy increases, achieving a better
stability (Figure 1.12b). In addition, other various chemical methods, e.g. cation
exchange [57], mechanosynthesis [58], vapor assisted routes [59], and halide mixing
[9, 60], were employed to gain FA/MA-mixed perovskite, aiming at improving grain
morphologies, phase purity, and solar cell efficiency.

1.3.2 Cesium Inclusion for Thermal Stability

Apart from the instability of the black phase of FAPbI, at room temperature, the
organic-inorganic hybrid perovskite, although stabilized with CH,NH,* cations,
showed lower photostability and thermal stability due to the volatile MA organic
moiety. Indeed MA™ cations induce the crystallization of a-FAPbI, perovskite,
but at a much slower rate due to only slightly smaller size of MA that makes the
kinetics sluggish. This leaves a large part of the yellow phase non-transformed.
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Figure 1.12 Phase stabilization effect of MA/FA alloying. (a) Intercalation of
formamidinium iodide (FAI)/MAI in to Pbl, network leads to the a-phase crystallization of
the perovskite, while pure FA-based perovskite forms &-phase. (b) Optimized structure
model of MA-stabilized FAPbI, showing the different dipole moments and the impact on
interaction within the perovskite lattice. Coulomb interaction is stronger in between high
dipole moment MA and Pb-| cage. Source: Binek et al. [56].

Alternatively, incorporation of Cs* on the A-site of the FAPbI; or MAPDI; per-
ovskites could provide better thermal stability and photostability, along with the
stabilization of black FAPbI, at room temperature. The Csj,FA ,I; turned black
even at room temperature with a shrunken perovskite lattice, owing to the smaller
cesium cations that led to the reduction of the cuboctahedral A-site vacancy and
hence stronger interaction between A-site cation and iodide anions. This reduced
A-site volume enables the enhancement in photostability and thermal stability
as the FA* cations are more enclosed [61]. Furthermore, Cs* incorporation lead
to larger grains, lower trap states, and longer charge carrier lifetime, improving
the solar cell performance to 19% compared with pristine FAPbI; with PCE of
17.4% [61]. In the case of Cs,MA,_,Pbl;, Niu and coworkers obtained 18.1%, with
a Jgc of 22.57mAcm™2, V¢ of 1.06V, and FF of 0.76. In addition, the thermal
stability of the unencapsulated devices for x = 0.09 was also improved compared
with MAPbI, [62].

Formation of stable cubic perovskite is not favored because FAPbI, has a larger
non-spherical A-site cation, whereas CsPbl, leads to a smaller tolerance factor (0.81).
However, Li and coworkers could show that the alloying of both materials could
tune the tolerance factor to a stabilized cubic perovskite structure (Figure 1.13) [22],
achieving a new concept to determine effective tolerance factor (Eq. (1.10)):

Feffective = XFa + (1 —X)rg (1.9)
r, we T T
Leffective = —clfectve X (1.10)
\/E(rpbz+ +ryg)

This methodology in general could be used in finding new perovskites for photo-
stable and thermally stable solar cell applications.
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Figure 1.13 Tolerance factor-induced crystallization of perovskites. (a) Combination of
small and large cations for tuning of ideal tolerance factor giving cubic structure. (b)
Effective tolerance factors obtained from different double-cation perovskites in literature.
Source: Li et al. [22].

1.3.3 Rb* Small-Cation Influence on Perovskite Structure for Thermal
Stability

Apart from cesium cation alloying into FAPbI;, smaller rubidium cations are also
suitable for incorporation into the FAPbI, lattice to maintain the active black
phase of formamidinium lead perovskite. However, RbPbl, forms a yellow &-phase
orthorhombic non-perovskite structure, which is not photoactive probably due
to its smaller size that strongly affects the perovskite crystal structure of FAPDI;.
Moreover, compared with Cs-containing perovskites, the other advantages are the
lower toxicity and better solubility in dimethylformamide, which is commonly
used for perovskite solutions. In addition, through the fluorescence lifetime image
microscopy (FLIM), Park et al. [65] found that Rb,,sFA,,sPbl; has longer PL
lifetime compared with pristine FAPbI, due to the suppression of yellow phase
formation. The fabricated solar cell exhibited remarkable enhancement of PCE
from 13.56% (FAPDIL;) to 17.16%, which is related to higher short-circuit current
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density (J,.), open-circuit voltage (V,.), and fill factor (FF). The best performing
solar cells showed operational stability for 1000 hours under ambient conditions
at an average RH of 55% and temperature of 25°C, maintaining 97% of initial
PCE. In contrary, Kubicki et al. [66] claimed that in contrast to Cs that is incor-
porated in the FAPbI, lattice, Rb does not form an alloy with FA perovskite.
They prepared perovskites via mechanosynthesis and characterized bulk material
and thin films with '*3Cs and ®"Rb solid-state nuclear magnetic resonance spec-
troscopy (NMR) spectroscopy. In the case of rubidium added to FAPbI, and to
multiple-cation perovskites, it was found to separate into a mixture of rubidium
halides acting as passivation layer rather than Rb occupying the position of an
interstitial cation.

1.3.4 Guanidinium Large-Cation Influence on Perovskite Structure
for Stability

Further attempts to stabilize MAPbI, or FAPbl, were made by introducing the
larger guanidinium cation (C(NH,),*, GA) into the MAPbI, lattice. Guanidinium
lead iodide (GAPDL;) itself exceeds the limit of tolerance factor (¢t = 1.03), producing
low-dimensional perovskites that show temperature-dependent phase instability
[67, 68]. However, it has been shown that when GA was incorporated in MAPbIL,,
3D structure was maintained in a specific composition range of MA,_ GA Pbl,
(0<x<0.25) [69]. As long as the amount of GA was not higher than 25%, 3D
structure was maintained without any phase separation of GAPbI; or MAPbI,
that is thermodynamically less favored. The introduction of small amounts of GA*
cations led to better stability due to the increased number of H—I bonds, which
are shorter (Figure 1.14a). The improvement of H-bonding is also assumed to
enhance the grain size and interfacing among grains and further passivation of
undercoordinated iodine present within the grain boundaries. This was found to
prolong charge carrier lifetimes (Figure 1.14b) and open-circuit voltages (>1.1V),
thus upgrading solar cell performances. In addition, Hou et al. [70] demonstrated
the use of guanidinium chloride (GACI) as additive to ameliorate the grain quality of
MAPbI, thin films and for surface passivation and reduced charge recombination.

—o- MA S
3 ~o= GA S’;; 7=2800ns
< S\
MA = 8 \Y
3 > '
c =
§ 2 \\%&,
< c @
= 2 Aiegen s
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Figure 1.14 (a) Influence of the larger-cation GA on perovskite structure. Source:
Jodlowski et al. [69]. Licensed under CC BY 4.0. (b) Enhanced PL lifetimes for mixed GA/MA
perovskite compared with pristine MAPbI;. Source: De Marco et al. [30].
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They observed that GA does not intercalate into the perovskite crystal lattice, but
rather it stays at the grain boundaries to enhance the grain interconnectivity via
H-bonds.

1.3.5 Triple- and Quadruple-Cation Hybrid Perovskites for Stability
and Optimum Performance

The application of Goldschmidt tolerance factor for 3D perovskites allows not
only alloying the two cations on the A-site but also inducing more cations and
even having an intermixing of the halide anions. Table 1.1 provides an overview of
perovskite compositions used so far, which could achieve high efficiencies through
compositional engineering. However, it is theoretically possible to upgrade the solar
cell efficiency up to 33% for single-junction PSC depending on the band gap. The
Shockley-Queisser limit [78] for best performing single-junction solar cell can be
obtained by a semiconductor of 1.34eV band gap [79]. Among double-cation per-
ovskites, best efficiencies (>20%) could be reached by FA/MA mixing [12, 55, 73, 74].
Although the double-cation strategy could solve some of the problems mentioned,
one approach could even outmatch this by using cesium (Cs) as the third A-site
cation. Inclusion of Cs* in FA/MA perovskite was established by Saliba et al. [8]
leading to stable black cubic phase at room temperature without any impurities
of the photo inactive 5-phase of FAPbI,. The smaller radius of Cs* (1.81A) can
be employed to decrease the effective tolerance factor and hence gain cubic or
pseudo-cubic perovskite structure. The mixed halide triple-cation perovskite
Cs (MA 17,FA 83)1-x PPy 43Brg 17); yielded stable PCEs above 21% (Figure 1.15b)
showing higher thermal stability and reproducibility under several fabrication
conditions such as different preparation protocols, temperature and atmospheric
changes. This outstanding stability and device reproducibility was an important step
towards large-scale application. Singh and Miyasaka [28] could confirm this out-
standing property of triple-cation perovskite by its preparation under ambient atmo-
sphere with controlled RH of 25%, achieving stabilized PCE of over 20%. Different
antisolvents were used to engineer the grain morphology that showed comparable
results, corroborating the insensitivity of the Cs/MA/FA perovskite toward different
solvents. The grain size and morphology were affected by Cs concentration under
the ambient air process, giving the best performance of device with large micrometer
size grains for 5% Cs incorporated in the triple-cation perovskite (Figure 1.15a).
The use of A-site cation engineering enables to increase the entropy of per-
ovskite at the lead site to enlarge the complexity of composition in perovskite,
which can stabilize unstable phases of the normal pristine perovskites (MAPbI,,
FAPbI;, and CsPbl;). Apart from the abovementioned strategies like mixing two
or three cations, the inclusion of further cations can be employed to increase
the already achieved stability and charge carrier transport optimizations. Saliba
et al. [80] reported on quadruple-cation perovskites employing Rb as fourth cation
in their Cs/FA/MA-mixed halide perovskite. Alkali metal cations gained wide
interest owing to their stability against oxidation that in turn could stabilize
lead- or tin-based perovskites against oxidation. RbPbl; crystallized in a yellow
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Table 1.1 Overview of recently reported highly efficient organic-inorganic multiple A-site cation
perovskites with their characteristics.

Perovskite t Special feature Record PCE  Stability References
MAPbI, 0.91 Bandgap1l.55eV 21.6% Fabrication under [11]
High absorption ambient conditions,
coefficient room temperature
Low exciton (RT), RH 25%
binding energy
FAPbI, 0.99 Band-gap black 25.2% Certified, 1000 h, RH [12]
phase 1.47eV 20%, retained 90% of
Broad light PCE
harvesting up to
840 nm
CsPbl, 0.81 Band-gap black 19.03% 500 h under [72]
phase 1.73eV illumination, retained
Robust against 90% of PCE
moisture and air
FA, ,MA, ,Pbl, 0.92 Quasi-cubic crystal ~ 20.2% 300 h under full [55]
phase illumination MPP
PL redshift tracking at 45 °C under
Stabilized black N,
phase
(FAPbL,), o, 0.98 Loss in potential of ~ 23.4% 500 h under full [73]
(MAPDBT,), 46 340mV illumination MPP
EL EQE 8.9% tracking, 22.6% PCE
2D passivation layer (certified), retained
on top of perovskite 85% of PCE
(FAPb,), o5 0.98 Double-layered 22.7% 200 h, RT, RH 85%, and  [74]
(MAPDbBT,), o5 solar cell with 1370 h (encapsulated)
passivation layer device under
Poly(3-) illumination, retained
hexylthiophene 95% of PCE
HTM
FA,4sCs,,sPbI;  0.95 Stabilized black 18.9% 1000 h in air, retained  [75]
cubic phase 88% of PCE
Band gap 1.52eV
Csy 05 0.99 Purer, defect-free 21.1% 250 h under full [8]
(MA, ;FA 53)1x perovskite illumination MPP
Pb(l, 43B1y,17); Thermally more tracking at RT, 18%
stable PCE (stabilized)
Highly reproducible Long-lived component
5032h
GA015CS0046 0.97 Banggap 1.62eV 20.96% 60 days, under ambient  [76, 77]
MA 15, FA) 757 Long PL lifetime atmosphere at 80°C,
Pb(I, 5Brg 155)5 3.2ps retained 70% of PCE

Stability is related to the reported conditions during measurements, fabrication, or exclusive stability test.
Tolerance factor t were calculated according to Eq. (1.3).
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Figure 1.15 Triple- and quadruple-cation hybrid perovskites. (a) Cesium impact on grain
morphology of triple-cation Cs/MA/FA perovskites inducing better grain sizes and
alignment. (b) Cs/MA/FA-based perovskite solar cells attaining PCE increase and stability
under full illumination up to 250 hours of maximum power point (MPP) tracking. Source: (a)
Reprinted with the permission from Saliba et al. [8], (b) Saliba et al. [8].

non-perovskite structure with tolerance factor below 0.8. However, with 5% Rb in
Rb/Cs/MA/FA, the group could achieve PCE values of over 20.6% with high V. of
1.24 eV. The loss in potential (difference between V. and band-gap value) was only
0.39V, which is due to low nonradiative recombination losses [80]. Theoretically,
these values lie between 0.23 V (for band gap of 1.0eV) and 0.3V (band gap of 2eV)
for defect-free materials having only radiative recombination [81]. Besides Rb and
Cs, the other alkali metals deviate greatly from the ideal tolerance factor, so they are
not suitable for intercalation or A-site intermixing. Apart from alkali metal cations,
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the inclusion of guanidinium (C(NH,),*, GA) cations in the perovskite was shown
to passivate the grain boundaries of thin films to minimize the nonradiative charge
carrier recombination and enhance the nonradiative recombination time due to the
suppressed formation of halide vacancies [76].

1.3.6 Larger Organic Cations: Reducing Dimensionality for
Improved Thermal Stability

Although three-dimensional (3D) hybrid perovskites are preferred due to their
excellent optoelectronic properties, the stability issue related to moisture sensitivity
remains a challenge toward commercialization. The vulnerability of the prototype
compound MAPbI, against water, which can deprotonate the CH,;NH,* moiety to
form CH,;NH,, HI, and Pbl,, is a persisting problem for the environmental stability
of perovskites [82-84]. Furthermore, these small organic cations can easily be
released at higher temperatures and under illumination [85, 86]. In the context
of A-site cation engineering within the 3D perovskite structure, the use of bigger
organic cations achieving lower-dimensional perovskite structures seems to be
a promising solution against these issues [87]. Since there are no size rules for
low-dimensional networked perovskites, A-site cations of different length can be
adopted, enabling more flexibility in terms of configurational tuning. Mitzi et al.
[88] reported on two-dimensional (2D) layered perovskites with organic ammonium
cations (R—NH, ™). Here, the MX,?~ anions are surrounded on both side by organic
cations that are stabilized by hydrogen bonds. These layered perovskite structures
are analogous to the inorganic Ruddlesden—Popper compound K, NiF, (Figure 1.16a)
that can be considered as (100) slice of the 3D perovskite structure [88]. Moreover,
the 2D layered perovskites are primarily classified into (100), (111), and (110)
families (Figure 1.16b), from which the (100) Ruddlesden-Popper (RP) phase is
most commonly used for optoelectronic applications. The general formula of RP
phase is (RNH;), A,,_;BnX;,,, where RNH, is the organic cation spacer, increasing
the lattice of the perovskite due to its larger sizes.

Tsai et al. reported on 2D Ruddlesden—Popper perovskite (BA),(MA);Pb,I;,
(BA: n-butyl ammonium) with a crystal growth orientation perpendicular to the
substrate. This orientation facilitates the charge transport and could yield 12.5%
efficiency [89]. Low-dimensional perovskites are generally more stable than 3D
perovskites. For example, Smith et al. could fabricate layered perovskite with phenyl
ammonium cation, which leads to stability under moisture due to the hydrophobic-
ity of the benzene group [90]. Furthermore, the use of different functional organic
spacers, for example, fullerene derivatives, conjugated oligomers, or organic dyes,
allows tuning the optoelectronic properties and charge carrier transport abilities of
the designed 2D perovskites [91-93]. The size and nature of the organic spacer and
the hydrogen bonding to the inorganic frame influence the Pb-I-Pb bond angles,
which impact the valence bandwidths where s-orbital (Pb) and p-orbitals have
stronger overlap integrals for angles close to 180°, in turn reducing the band gap.
Additionally, for 2D perovskites, the interlayer spacing between inorganic layers
is the determining factor for band-gap tuning. The longer the interlayer spacing,
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Figure 1.16 Low-dimensional perovskites. (a) 2D organic-inorganic hybrid perovskites
and their similarity to Ruddlesden-Popper compound K, NiF,. Source: Mitzi [88]. (b){(100),
(111), and (110) phases of 2D perovskites. Source: Thrithamarassery Gangadharan and
Ma [87].

the wider the band gap. That is why pure 2D layered perovskites could not achieve
comparable solar cell performance in relation to the 3D AMX; perovskites majorly
due to the wider band gaps attributed to bulkier organic spacer cations. Hence,
a combination of 2D and 3D perovskites is becoming increasingly interesting
in terms of unifying high efficiency and long-term stability in PSCs. In 2D/3D
system, the small organic cations are partially replaced by bulkier organic spacer
cations. For instance, Grancini et al. [94] reported one-year stable and HTM-free
2D/3D (AVA),;(MA),,Pbl; (AVA: amino valeric acid, HOOC(CH,),NH;) PSCs,
without any obvious loss in efficiency (PCE 12.9%) under ambient air with 1sun
illumination at 55°C. The partially substitution of the A-site with the organic
spacer cation widens the band gap at the interface, which functions as electron
recombination barriers due to the lower lying conduction band (CB) of the 2D
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perovskite than the CB of the 3D phase. This combination of wide and low band
gap perovskites leads to stable power conversion efficiencies of up to 19% for
BA 05(FA( 53C817)0.0sPb(Iy s BT, ,); designed by Wang et al. [95] The 2D/3D alloy-
ing creates heterojunctions inhibiting carrier recombination at grain boundaries
consisting of heterodimensional interfaces.

1.4 Conclusion and Perspectives

Organic-inorganic hybrid perovskites gained interest in the past decade, owing to
their excellent properties for optoelectronic application such as high absorption coef-
ficient, long carrier lifetimes, and very uniquely the high defect tolerance that allows
facile and cheap thin-layer fabrication. Apart from these fundamental characteris-
tics, hybrid perovskites manifested physical and chemical versatilities in terms of
crystal structure with various Pb-X framework from 0D to 3D networking, achiev-
ing a wide scope of application opportunities, e.g. solar cells, light-emitting diodes,
photodetectors, or ferroelectrics. Moreover, the dynamic organic A-site cations lead
to a great flexibility of the perovskite lattice compared with the classical inorganic
oxide perovskites. Altogether, hybrid perovskites developed as highly efficient new
technology and can be the next-generation solar technology. To fulfill the require-
ments for commercialization of PSCs, the stability is recently the most important
challenge, which researchers address.

The formation of an intrinsic stable perovskite structure can be predicted by the
concept of Goldschmidt’s tolerance factor, allowing the versatility of elements in
the sites of the ABX, framework if complied with 0.9 <t <1 [33]. A very important
approach to overcome the phase instability and thermal instability was the chemical
processing of multiple-cation perovskites. The controlled alloying of various cations
at the A-site of the ABX, perovskite could enhance the stability of the usually sen-
sitive MAPbI, perovskite toward phase transition and moisture. The main role of
this cation is to template the perovskite inorganic framework and thus influence
the electronic structure indirectly. Especially organic polar A-site cations, which
rotate within the inorganic frame, lead to a dynamic disorder [96-98]. This could be
controlled by alloying inorganic cations such as Cs and Rb into the multiple-cation
perovskite [65, 80, 99-101].

To provide external stability, great efforts have been made to improve the
moisture resistance of the vulnerable perovskite layers, either by incorporating
hydrophobic layers such as polymers/carbon composites [102], by incorporating
non-hygroscopic intermediate layers between perovskite and hole transport mate-
rial (HTM) [103, 104], or by passivating the perovskite surface by small molecules
[105, 106]. Furthermore, lowering the dimensionality of the inorganic octahedral
network by large organic A-site cations turned out to be a possible solution for the
stability issue [87, 94, 95].

Apart from organic-inorganic hybrid perovskites, all-inorganic lead halide
perovskites have emerged as an important class of strongly emissive materials with
promising applications in PV, photodetectors, and light-emitting diodes (LEDs).
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CsPbX, materials exhibit several advantages, including higher melting point
(>500°C), higher thermal stability, and higher stability against photobleaching,
making them suitable candidates for optoelectronic applications [107]. Therefore,
CsPbX, nanocrystal colloids have become the most popular perovskite studied for
LED applications. For PV applications, CsPbX, perovskites have also recently made
great progress in terms of efficiency, reaching over 18% [108].

Apart from PSCs, perovskite-based LEDs also gained interest in recent years,
achieving a quantum efficiency of above 20% (in comparison with 30% reported
for best performing organic LEDs) in about four years. Moreover, the flexibility
in perovskite material composition allows to tune the exciton emissions in the
desired wavelength region that decides the emissive color [109]. The major issues
with perovskite LEDs at the present stage of progress are material stability/thermal
stability, which is being addressed by all-inorganic perovskites, and color stability,
i.e. color changing with duration of operation under the constant voltage, likely
due to ion migration and operational stability, required as a standard evaluation for
successful commercialization. Surface defect passivation and interface engineering
will be the approaches used to enhance the performance of both PV and LED
technologies [110].

Organic-inorganic hybrid perovskites and their all-inorganic CsPbX, coun-
terparts stand out due to their excellent optoelectronic properties, which have
been improved immensely by a wide variety of methods worldwide within a
remarkably short time. Due to the variation in the composition, problems such
as structural instability could be eliminated. Interface engineering has made it
possible to produce not only highly efficient solar cells but also solar cell stability
in laboratories up to 1000 hours. However, for commercialization, other important
factors play an important role. Apart from structure-based intrinsic stability,
which could be eliminated so far by this A-site cation engineering, other reasons
caused by ion migration, defect dynamics, thermal strain between substrate and
perovskite film, crystal strain, and crystal orientation should be investigated more
extensively.

The commercial feasibility of emerging generation technologies such as PSCs also
depends on improved costs per watt peak (Wp) of the installation compared with the
already used classical PV technology on the market [111]. The outstanding advan-
tage of PSCs is the possible use of solution-based techniques at low temperatures
such as spraying, doctor blading, and roll-to-roll printing and the promise of highly
efficient, lightweight, and low-cost options, leading to the reasonable energy pay-
back times.

Now there are two main challenges in this area: fundamental understanding of
the physics, chemistry, and engineering of perovskite technology and scaling up and
optimization of the production toward commercialization. For this, it is not only
important to optimize thin-film fabrication or achieve high efficiencies. Today, it is
rather important to comply with the general restrictions, such as more sustainable
large-scale production. One small step toward more sustainable fabrication could
be the avoidance of toxic and environmentally harmful solvents, which are mainly
used in perovskite thin-film fabrication.
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Meanwhile, our group has established protic ionic liquids (PILs) in solution-based
hybrid perovskite processing [27], which resulted in a substantial decrease of anneal-
ing temperature and time required for the formation of polycrystalline perovskite
thin films without compromising the final film quality. Furthermore, it was possible
to use green solvents such as water, alcohols, or acetonitrile. However, we further
aim to focus on the development of such perovskite inks including the fundamental
investigation of solution dynamics.
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