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Metal halide perovskites or simply known as perovskites are organic—inorganic hybrid materials that have
surpassed silicon-based photovoltaic (PV) technology in terms of power-conversion efficiency (PCE).
However, low environmental stability remains the key challenge to be addressed before the industrial
prospects of perovskite-based PV technology are met. Ligand engineering to control dimensionality and
tune optoelectronic properties of perovskites is the most attractive way to endow them with
environmental stability, passivate defects, manoeuvre exciton binding energy, enhance carrier mobility,
and improve carrier extraction along with the integration of other desirable properties into the
perovskites. In this regard, the exploration of fluorinated spacer cations for developing perovskites for PV
applications seems highly imperative. This highlight presents state-of-the-art recent developments in
the area of multi-dimensional perovskites, particularly focusing on developments in the area by
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spacer manifested passivation that could tailor the optoelectronic properties of perovskites for PV
rsc.li/materials-c applications are covered.
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temperature.' To undermine the effects of climate change, an
immediate move towards green, sustainable, and carbon
footprint-free energy is indispensable. In this direction, photo-
voltaic (PV) technologies for solar-light harvesting have brought
dramatic breakthroughs in terms of generating green renewable
energy in a carbon footprint-free fashion with high efficiency.”
Metal-halide perovskites (MHPs) or simply known as per-
ovskites are represented with the general formula ABX;.> These
materials adopt a crystal structure similar to that of CaTiO;3, a
well-known mineral, and are named after the crystallographer
Lev Perovski.® These belong to the third generation of solar-
light harvesting materials with excellent features that render
them indispensable candidates for thin-film PVs.” Perovskites
possess different dimensionality depending upon the propaga-
tion of the inorganic lattice. The three-dimensional perovskites
are formed when the inorganic metal (B-site cation) halide (X)
lattice propagates continuously over the three-dimensional
space with the inclusion of small cations, like methylammo-
nium (MA), formamidinium (FA), cesium (Cs), etc., within the
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interstitial lattice space.>*° The journey of perovskites towards
PV applications began in 2009, when Miyasaka and co-workers
explored MAPbI; and MAPDbBr; nanocrystals decorated over
TiO, as sensitizers for dye-sensitized solar cells to achieve a
power conversion efficiency (PCE) of 3.8%.” In 2012, a meso-
scopic solid-state perovskite PV device was fabricated by Park
and co-workers, where MAPbI; was used as a light-harvesting
layer offering a PCE of 9.7%.® The field of halide perovskites for
PV applications continued to burgeon for the next few years,
and in 2021, Seok and his group reported an efficiency of 25.5%
by passivation of the perovskite and electron-transport layer
(ETL) interface with SnO,.’ In a short period of nearly ten years,
perovskites renascent the era of thin-film PV technology by
superseding crystalline silicon-based PV systems in terms of PCE
from 3.8% to more than 25%, mostly in n-i-p configuration.”® It
is worth mentioning that crystalline silicon-based PV devices
took several decades to attain a PCE of ~25%, which was
achieved with perovskite-based PV technology very rapidly in a
shorter time span.'® Also, there exists further room to improve
the PCE of perovskite-based PV devices to 31-33%, as per the
Shockley-Queisser limit."" Furthermore, the manufacture of
silicon-based PV devices is an energy-intensive process, but it
is not so in the case of perovskite PV devices, which has drawn
colossal attention towards the R&D developments of perovskite
PV devices from both academia and industry."> Although metals
other than Pb are also explored as B-site cations to develop
perovskites, like tin (Sn), germanium (Ge), bismuth (Bi), copper
(Cu), etc.,"* the low photon-to-current efficiency attributed to the
unsuitable band gap, high trap density and high propensity
towards oxidation led to the less popularity of Pb-free perovskites
compared to Pb-based analogues for PV applications."?

This success of perovskites, mainly 3D-ones, is attributed to the
unprecedented properties, such as high light absorption coefficient
over the visible range (10°-10> M~ em™"),"* low exciton binding
energy (~10-50 meV),"® tuneable direct band gap,'®"” great defect
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tolerant attributes,"®"'® ambipolar nature,*® low trap density,” long
carrier diffusion length (100 nm ™" uM),***" high carrier mobility,>*
feasibility of both solution processing and vacuum sublimation,?
and abundantly available inexpensive precursors.**?** The solution
processability enabled manufacture of large-scale PV modules cost-
efficiently using perovskites.”® However, to replace the market of
polycrystalline silicon PV with perovskite technology, at least a
minimum of 25 years of efficient operation is necessary to avoid
the hassles of continuous replacement of solar panels.** Even
though impressive PCE could be achieved using perovskite-based
PV technology, stability upon exposure to thermal stress,”””®
moisture,”*>" oxygen'” and UV-light**** remains the major bottle-
neck, when a trade-off between cost, efficiency and stability is to be
met for the commercial success of the technology.**

Intrinsic material problems caused by surface defects or
defects at the grain boundaries of the perovskite film or crystal
lower the barrier towards degradation due to moisture or oxygen
leading to separation into non-functional phases.'’”***® Moisture
penetration mainly takes place either from the surface or through
grain boundaries.”® Also, these grain boundaries act as the
nucleation sites for the initiation of moisture or thermal induced
degradation in the perovskite devices.>” In addition, defects also
invite trap-assisted carrier recombination, a highly detrimental
process that affects PV performance.*® Furthermore, the environ-
ment around the grain boundaries is also an important determi-
nant of carrier transport and exciton binding energy.*® Also, grain
boundaries facilitate ion migration.*® Generally, the ions with an
unsatisfied coordination number present towards the surface of
the perovskite or at the grain boundaries attract coordination of
atmospheric water or oxygen molecules, initiating material
decomposition.*® Upon exposure to moisture, degradation of
the perovskite layer into Pbl, is first mediated by the formation
of MAPbI;-H,O0 which is further hydrated into (MA),Pblg-2H,0.*"
The HI generated as a by-product of the degradation under hot
and humid conditions is also corrosive to the electrodes. More-
over, perovskite lattice expansion at higher temperature triggers
oxygen and moisture penetration into the grain boundaries,
further aggravating instability.>” Decomposition under elevated
temperature is also an intrinsic bottleneck associated with
perovskites.”” At higher temperature, ion diffusion due to the
low energy of activation (ca. 0.2-0.8 eV) and morphological
changes at the grain boundaries have been observed.*”*'™*?
Venkatraman and co-workers found that thermally induced ion
transport is related to the phase change due to perovskite lattice
expansion, ultimately initiating device degradation.*® Thus, to
penetrate the commercial markets, a perovskite PV device should
overcome all of these associated instability issues and qualify
testing standards of IEC 61 646.**

In this regard, two-dimensional perovskites offer substantial
environmental stability due to the incorporation of bulky
spacer cations at the A-site, added by slicing inorganic sheets
to form a water-proof jacket against the invasion of moisture.
These 2D-perovskites can have (100), (110) or (111)-orientation
depending upon the plane along which the A-site cations slices
the inorganic lattice.>® A well-defined quantum well structure
with strong dielectric confinement and enhanced excitonic
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characteristics are the features of 2D-perovskites.*> The result
of adding bulky spacer cations at the A-site is higher formation
energy than that of 3D-perovskites.*® It is mostly hydrogen
bonding, n- or van der Waals interactions that are responsible
for the well-organized self-assembly of spacer cations within
the 2D-perovskite lattice.*” Furthermore, 2D-perovskites are
resilient towards degradation by thermal stress, oxygen and
UV-light.>*® The advantages of incorporating big and hydro-
phobic spacer cations within the 2D-perovskite lattice are
many, and are not just limited to offering moisture resistance
or stability to ambient environmental factors, but tuning of
optoelectronic properties is also feasible due to the changes in the
inorganic metal halide lattice strain and quantum confinement in
the two dimensions.>® Mostly, non-conjugated or aliphatic A-site
spacer cations do not contribute directly to the band edges;
nevertheless, these cations can modulate the band edges to an
extent due to the steric influence towards the overlap of Pb and I
orbitals of the inorganic lattice.*” The conjugated spacer cations
depending upon their band edge or conjugation length may
contribute towards light absorption.”® Importantly, the steric
strain imposed on the metal-halide lattice by the bulky spacer
also hinders ion migration in 2D-perovskites.*® Besides the steric
effect, the bulky spacer cation also controls the directionality of
inorganic metal-halide lattice growth. Additionally, the dielectric
constant and the distance between the inorganic sheets are other
factors controlled by the spacer cation in 2D-perovskites.'> Even
though due to the quantum confinement effect carrier transport
takes place mostly through the inorganic sheet,”" still the above
are crucial factors that modulate carrier transport between
organic and inorganic sheets.>® Therefore, it is easily possible to
integrate any exotic feature into 2D-perovskites by manoeuvring
and engineering the spacer structurally.

Although 2D-perovskites can address the major stability
issues pertaining to 3D-perovskites, these materials offer low
PCE upon application as a light-harvesting layer in PV. The low
efficiency of 2D-perovskites is the outcome of their high exciton
binding energy (190-400 meV),>* low out-of-plane carrier mobility
or anisotropic mobility due to the insulating spacer cation,”® high
dielectric constant, wider band gap (2.6-2.9 eV),*® quantum well
structure and short diffusion length due to the strong attraction
between excitons.>>*® The influence of all these factors renders
2D-perovskites not very prospective as a solar absorber for high
efficiency PV devices.>®

Perovskite PV devices are generally fabricated by solution
processing, which is in a way advantageous in terms of lowering
the production cost. However, at the same time solution
processing makes the film susceptible to defect formation
either at the grain boundaries or at the surface, which also
serves as the trap sites as well as the sites for degradation by
external factors. Hence, 2D and 3D-perovskites have their
respective advantages and disadvantages, when considered
for PV applications. The best strategy to retain the superior
properties of both higher- and lower-dimensional counterparts
in a single film of perovskite is to develop multi-dimensional
perovskites (MDPs). These multi-dimensional perovskites are
apt to attain a trade-off between environmental stability and
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PCE by limiting the quantum confinement. Multi-dimensional
perovskites can be divided into two classes: (1) quasi-2D
perovskites or mixed-dimensional perovskites;®” and (2) low-
dimensional 2D/3D-bilayer perovskites.**

Quasi 2D-perovskites possess mostly (100)-orientation and
are mainly of two kinds: (1) Ruddlesden-Popper (RP) quasi 2D-
perovskite, represented with the formula [(RNH;3),A, 1B, X3,41]
(n =2, 3, 4, 5...), and (2) Dion-Jacobson (D]J) quasi 2D-
perovskite represented with the formula [(R(NH3),) A, ;-
B.Xs.11] (7 = 2, 3, 4, 5...).%® Here, R is a bulky aliphatic or
aromatic spacer cation and A is the monovalent cation, mostly
MA, FA, etc. The B in the formula represents the divalent metal
cation and 7 is the number of continuous inorganic layers.>
Mostly, these quasi 2D-perovskites are comprised of self-
assembling inorganic sheets of different numbers (n > 1),
where monoammonium cations (RP-type) or diammonium
cations (DJ-type) slice the self-assembling inorganic sheets along
the (100) plane.>® As with 2D-perovskites here too the organic
spacer acts as a barrier for moisture penetration by insulating
the metal-halide lattice.®®®* These quasi 2D-perovskites are
primarily stabilized by hydrogen bonding between ammonium
headgroups and halide ions of the inorganic sheet.>® Along with
this, the interplay of other non-covalent interactions extended by
the spacer is also responsible for the self-assembly of the organic
sheet.® When an ideal RP-type perovskite is considered, two
inorganic sheets are settled at an offset, but such offset of the
inorganic sheet is absent in an ideal DJ-structure.>® Nevertheless,
deviations from the ideal structure of type RP or DJ are also
possible.’® In quasi 2D-perovskites, organic spacer cations not
only segregate inorganic sheets but also passivate defects, con-
ferring high stability towards different environmental factors
along with improving PCE.®*> Noteworthily, by varying the thick-
ness of inorganic sheets (n) in these quasi 2D-perovskites,
different degrees of quantum confinement can be achieved
to tailor desirable exciton binding energy, carrier mobility
and ultimately PV performance.’® The phase distribution, crystal
growth orientation and film morphology manoeuvre carrier
transport, ion migration and trapping in these quasi 2D-
perovskites, ultimately effecting PV performance.’”®*®* 1t is
well-known that RP-type structures contain a van der Waals
gap, absent in the DJ-type quasi 2D-perovskites.’ In the RP-
type structure, monoammonium ligands self-assemble between
inorganic sheets, and are primarily held by nondirectional,
nonspecific and distance dependent van der Waals interactions.*>
However, in the DJ-type perovskite, the van der Waals gap closes
due to the diammonium spacer, and inorganic sheets are primarily
held by strong hydrogen bonding with the organic layers and
electrostatic interactions, which increases the electronic coupling
between the inorganic sheets, further improving carrier transport
and ambient stability.>*> However, DJ-type perovskite structures are
difficult to attain due to the harsh processing conditions and their
reduced defect tolerant attributes.®* It is to be noted that thermo-
dynamic stability for any quasi 2D-perovskite decreases above
n > 5, leading to the decomposition of larger slabs into smaller
ones.*® Also, the absorption edge decreases in energy with increasing
number of continuous inorganic slabs (1).° It has also been shown
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that reorganization freedom of inorganic slabs in the quasi 2D-
perovskite leads to a low-energy edge state, offering exciton
dissociation.>®” To date, versatile architectures of spacers, including
aliphatic, aromatic or different heterocyclic scaffolds with varying
anchoring groups, have been explored for RP- and DJ-type perov-
skites towards PV applications.®®”° Examples of these different
spacers are phenylethylammonium (PEA),”" 1,4-phenyl-
enedimethylammonium,”” benzylammonium (BA),”* naphthal-
enemethylammonium,’® anthracenemethylammonium,”*
4-(aminoethyl)pyridine,” alkylammoniumbenzodithiophene,”®
thiophene-2-ethylamine,” 3- or 4-aminomethyl)piperidinium,”®
benzamidine, etc.

In 2D/3D-bilayer perovskites a thin passivating capping layer
of 2D-perovskite self-assembles on top of the bulk 3D-material,
enhancing stability towards moisture penetration without
much compromise of PCE.*“”° Furthermore, this capping
layer passivates trap states and recombination centres at the
grain boundaries."" Also, 2D/3D-bilayer perovskites possess
some extent of quantum confinement due to the presence of
the 2D-capping layer.®® Here, the organic ammonium cation
replaces the A-site cation to self-assemble into a bilayer structure
upon exposure of a film of 3D-perovskite to the spacer cations.
The stronger interaction of the spacer with the inorganic lattice
ultimately leads to the replacement of the A-site cations with the
spacer.’® Also, low dimensional phases can self-assemble around
the grain boundaries passivating the trap states to reduce losses
due to non-radiative recombination and control the interfacial
interactions at the boundary between 2D/3D or at the interface
between perovskite and other transport layers of the PV device.*'

Both quasi-2D and 2D/3D-bilayer perovskites not only pro-
vide a barrier towards moisture penetration, but also confer
thermal stability and photostability due to the passivation of trap
or defect states at the grain boundaries as already discussed.*"*"
It is also possible to combine a protective capping layer of RP-
type 2D-perovskite over 3D-perovskite in the form of a 2D/3D-
bilayer structure to offer extended environmental stability, along
with passivation at the grain boundaries.®” Thus, besides envi-
ronmental stability, improved PCE of PV devices could be
achieved from these multi-dimensional perovskites.*> The low-
dimensional phase also controls the crystal growth kinetics at
the 2D/3D-interface and may provide a contact surface with the
adjacent hole- or electron-transport layers in a PV device.”” By
using n-butylammonium (BuA) or PEA as spacer cations for 2D/
3D-bilayer perovskites, a PCE of over 20% has been achieved.®”
Concomitantly, other kinds of spacers, like cyclohexylmethyl-
ammonium,® imidazole,*> photo-crosslinkable 4-vinylbenzyl-
ammonium,®® s-benzyl--cysteine,®” 2,2-(ethylenedioxy)bis(ethyl-
ammonium),®® etc., have also been explored to develop 2D/
3D-bilayer perovskites for PV applications. Subsequently, the
search has been for more resilient spacer cations that can confer
higher stability to the corresponding 2D/3D-bilayer perovskite
without hampering carrier mobility to further boost PCE.”®
Moreover, the spacer cations that can limit the effect of quantum
confinement in these 2D/3D-bilayer perovskites and further
lower the exciton binding energy are also under exploration.®°
Likewise, the spacer cations that do not impact carrier transport

This journal is © The Royal Society of Chemistry 2022
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at the interface of 2D-3D layers through oriented alignment of
the 2D-lattice over the 3D-layer are also exceedingly sought
after.”

Hence, the best possible way to tailor a multi-dimensional
perovskite to impart environmental stability towards moisture,
heat, and oxygen, and to tune other photophysical properties
is to structurally manoeuvre the spacer cation or ligand.
Furthermore, substantial resistance towards photo-bleaching
can be obtained through spacer engineering.®® This opens up a
plethora of opportunities for synthetic chemists to explore
different possibilities of stereoelectronic effects to diversely
engineer and functionalize spacer cations/ligands for develop-
ing perovskites to tailor optoelectronic properties, enhance
carrier mobility, improve defect tolerance, and integrate long-
term environmental stability.

Due to the electron density inversion upon hydrogen to
fluorine substitution the molecular packing in the solid state
or crystals could be manoeuvred.”® Hence, the strategy of
fluorine substitution to enhance molecular packing and to
improve molecular planarity has been well adopted to develop
polymers for organic photovoltaics (OPVs).”"** Further, fluorine
substitution is also known to exert C-F---H, F---F, F---S, and
F---m interactions, which not only enhances planarity, but also
improves carrier mobility and crystallinity of polymers for appli-
cation in bulk-heterojunction OPVs.’>®® Fluorinated polymers
when applied in organic field-effect transistors (OFETSs) could
substantially lower the LUMO energy level compared to the
corresponding non-fluorinated analogues due to the electro-
negativity effect of the fluorine atom, which enhances the
n-type transport properties.”® The herringbone packing in the solid
state due to the interaction of electronegative fluorine atoms
with the pentacene core in perfluoropentacene improved the
electron conductivity in OFETs.”” Similarly, fluorine-
substituted fullerenes are also known to be strong n-type
acceptors due to the electron withdrawing attribute of the
fluorine atom.’® This n-type property of fluorinated fullerenes
has also been explored for passivating perovskites, and will be
discussed later. Also, fluorinated emitters like FIrpic have been
well explored in the realm of phosphorescent organic light-
emitting diodes (PhOLEDs).’® Besides HOMO-LUMO manoeu-
vring, the low-vibrational frequency of the C-F bond could
lower non-radiative decay in these heavy-metal complexes
improving the emission efficiency of Flrpic.’® Fluorinated
polyphenylenes are chemically as well as thermally stable
electron-transporting-hole-blocking materials for application
in OLEDs, where thermal and chemical stability are imparted
by the strong C-F bonds.’® Other fluorine-tethered molecules
also find application as electron-transport materials in
OLEDs.”” These observations indicate that fluorination of
materials has been an exceptionally well received engineering
approach to tune the optoelectronic properties. Along similar
lines, fluorination of spacers to tailor the optoelectronic and
other properties of perovskites has been strategically adopted
in the area of PV research due to the diverse beneficial
influences this small atom can exert, which are discussed in
the following section.
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View Article Online

Highlight

2. Advantages of fluorine-based
spacers for multi-dimensional
perovskites

As already discussed, the approach of fluorination to manoeuvre
morphology, energy levels, carrier mobility and intermolecular
packing is well established in the realm of OPVs for developing
materials with improved PV performance.”® The swapping
of fluorine, with average van der Waals and covalent radii of
~147 and 57 + 3 pm (CSD) respectively, with hydrogen having
~110 and 31 + 5 pm (CSD), respectively, does not alter the
molecular size of a spacer cation very significantly.® Hence,
considering not much enhancement in the steric restrictions
upon hydrogen to fluorine substitution in a spacer cation,
minimal structural distortions are expected in the perovskite
structure.’® Nevertheless, fluorinated spacers due to their high
dipole moment confer a high dielectric constant and lower the
quantum confinement in a multi-dimensional perovskite.®*
Enhancement in the dipole moment of a spacer cation also
lowers the exciton binding energy favouring carrier separation.***">%
In this regard, lowering of exciton binding energy due to the
dipolar effect of fluorine with respect to 4-fluorophenyl-
ethylammonium (4-FPEA) and phenylethylammonium (PEA)
cations is reported.*> The dipole moments of different fluori-
nated aryl spacer cations explored for developing perovskites
have been collated in the review article by Zhou and co-workers
(¢f. Fig. 1).'°° Thus, fluorination of spacer cations/ligands has
been identified as an effective strategy to lower the exciton
binding energy and to tune the optoelectronic properties of
multi-dimensional perovskites with the simultaneous incor-
poration of hydrophobicity and new exotic features.>® Never-
theless, a fluorinated spacer also favours better distribution of
phases and reorientation of lattice growth from a horizontal to
vertical direction facilitating cascade energy transfer and carrier
transport across the perovskite.'" Due to the high electronegativity
of fluorine, fluorinated spacers can substantially increase the dipole
moments rendering strong interactions with the metal-halide
lattice."® Upon fluorination, not only the ionic bond strengthens,
but also the hydrogen bond becomes stronger, which stabilizes the
perovskite lattice.* A strong hydrogen bond between the fluorine
atom and the ammonium group of the adjacent spacer within
the organic sheet of (4-FBA),Pbl, has been reported, where BA
represents benzylammonium.”® In addition to contributing
towards stronger hydrogen bonds, fluorine-tethered spacers due
to their high dipole moment also exert a strong inductive effect.'®
Likewise, fluorine substitution in the spacer induces strong non-
covalent dipole-dipole interactions within the organic layer of the
perovskite.”®®> Stronger van der Waals interactions between
organic and inorganic parts of the perovskite in the presence
of a fluorinated spacer than that of the corresponding hydrogen
analogues have been identified.”® Also, n-n interactions are
strong between fluorinated spacers in a perovskite lattice.”®
It is noteworthy that the location of fluorine in a spacer cation
is as well important for the packing of the organic layer within the
perovskite.>® It has been demonstrated that the spacer cation
becomes more polarized upon the addition of fluorine onto the
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Fig. 1 Calculated dipole moments and electrostatic surface potentials (ESP) for different fluorinated spacers explored for developing perovskites (unit
a.u.).’°° Reproduced with permission from ref. 100. Copyright 2022, IOPScience.

aromatic aryl ring, and this polarization may as well vary with the
position of fluorine substitution.'® Least polarization was observed
for 4-fluorophenylethylammonium iodide (4-FPEAI or p-FPEAI)
due to a greater symmetry than the corresponding ortho or para-
isomers, ie., 2/3-FPEAL This led to the highest exciton binding
energy for 4-FPEAI-based layered perovskites, followed by 3-FPEAI-
and 2-FPEAl'based layered perovskites."® Moreover, fluorine
mediated polarization is known to influence other optical prop-
erties of perovskites.'® These strong interactions and hydrogen
bonding between fluorine atoms and the inorganic lattice
improved the thermal stability of perovskites, as more heat
could break these forces. Uniform and compact film morphology
with minimum grain boundaries was achieved upon using
fluorinated spacers due to the strong interactions.®® Not only
these, the entire perovskite lattice could be polarized by using
fluorinated spacer cations possessing a high dipole moment,
which could improve photogenerated carrier segregation, carrier
mobility and carrier lifetime.***>'%® The high dipole moment
of fluorinated spacers also shifts the Fermi energy level, which
too further supports segregation of photogenerated charges.'
It has been shown that fluorinated spacers may also red shift the
absorption edge compared to non-fluorinated analogues.®’
Anion-r interactions in fluoroarene-based perovskites are highly
effective to prevent ion migration within the lattice.*”*** Hence,
the coalition of all these factors strongly backs the use of fluorine-
tethered spacers as a significant and novel design approach to
modulate optoelectronic properties and integrate stability into
multi-dimensional perovskites.'*>

Also, lower trap assisted exciton recombination and lower Auger
recombination are known for fluorinated spacer-based perovskites
compared to the corresponding hydrogen analogues.*> A decrease
in the Auger recombination for fluorinated spacer cations reduces

16954 | U Mater. Chem. C, 2022, 10, 16949-16982

Joule heating, enhancing the perovskite device stability.*’
Compared to aliphatic spacer cations, better delocalization of
charges, easy functionalization, higher conductivity, higher
dielectric constants, lower exciton binding energies, reduced
interlayer spacings and higher hydrophobicity are expected
from more rigid aromatic spacers, making them an obvious
choice to investigate the effect of fluorination on the optoelec-
tronic properties of perovskites.®””*?° Also, aromatic spacers
can stabilize iodine defects due to their highly delocalized
electronic structure, conferring better carrier transport than
aliphatic spacers.®” In contrast to arenes, fluoroarenes were
shown to possess a reverse quadrupole moment, favouring a co-
facial arrangement of the arene-fluoroarene mixed cation
perovskite (¢f Fig. 2)."

It is not electrostatic but rather van der Waals interactions
that determine the affinity of any surface towards water.

! > '
<\ ] /> \-:_/
™, M, ™
HaN R_F FomanF
@_\—@F F —F
F F &F
HaN '
° O
TT-TT

Fig. 2 Differences in arene—arene and arene—fluoroarene interactions to
allow unlike modes of spacer stackings in perovskites.*” Reproduced with
permission from ref. 47. Copyright 2021, Creative Commons.
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The important interactions exerted by fluorine-based spacers are
shown in Fig. 3. Accordingly, Dalvi and co-workers using atomistic
molecular simulations showed that the hydrophobicity of fluori-
nated surfaces is an attribute of less dense surface packing and
weak van der Waals interactions with water.'*® This allows water
molecules to maintain their hydrogen bonded self-assembly
structure upon interaction with a fluorinated surface.'®® Also,
fluorine atoms due to their high electronegativity retard dis-
persion interactions which too contributes towards the water
repulsive feature.”® Likewise, the C-F bond is fatty in nature,
repelling water penetration.'"”” Remarkable hydrophobicity
imparted by fluorine atoms has rendered fluorine-tethered
materials a potential candidate for the making of superhydro-
phobic coatings.'® In this respect, Teflon (polytetrafluoroethylene)
is a well-known superhydrophobic polymer.’®” Hence, substitution
with fluorine-based cations can create a barrier against moisture
penetration and moisture-induced degradation of perovskite
films."”°® Using computational studies, it has been shown that
binding energy becomes highly repulsive towards interaction of
water molecules with perovskites integrated with fluorinated
spacers. This occurs due to the lone pair-lone pair repulsion
between the fluorine atom of the spacer and the oxygen atom of
the water molecule, which inhibits water binding and imparts
hydrophobicity.** Besides offering superhydrophobicity, fluori-
nated cations also offer rigidity to the perovskites.'” Likewise,
superhydrophobic and conducting fluorinated spacers can
passivate defects at the grain boundaries formed during
solution processing, furthering thermal and moisture resistance
without affecting carrier mobility.*”'%° Importantly, the passiva-
tion of defects at the grain boundaries is crucial to prevent
moisture invasion. In this regard, Lermer and co-workers
reported tremendous stability of several months for the crystals
and films of (FC,H,NHj3),PbCl,, even after exposure to ambient
conditions.'®

First, photostability upon incorporating fluorinated cations
in perovskites was reported by Wei and co-workers.’'® Due to
the presence of the electron withdrawing fluorine atom, the
4-FPEA-based spacer exhibited higher resistance towards
photobleaching due to the impeding electrophilic attack of
the transient photogenerated halogen radical (X*).**"'° Inter-
estingly, the highest photostability was observed for the 4-FPEA

This journal is © The Royal Society of Chemistry 2022

View Article Online

Highlight

cation compared to the corresponding 2/3-FPEA cations. Never-
theless, it was also observed that the fluorine substituted spacer
affects the emission efficiency of bromide-based perovskites
probably due to the enhancement of non-radiative vibrational
relaxation of the C—F bond.""® As discussed at the beginning,
even when not involved in the making of valence and conduction
bands, the fluorinated spacer still influences the band gap of
perovskites. The spacer cation size dependent tuning of band
gap and exciton binding energy was reported by Grancini and co-
workers.''" It was observed that larger fluorinated spacers led to
smaller band gap and exciton binding energy due to the strain
imposed by the bulky spacer on the inorganic lattice leading to
the dispersion of valence and conduction bands."* Due to these
extended features, fluorine has been extensively used for impart-
ing stability and tuning the properties of perovskites: (i) by
substitution at the halide site;''> or (ii) by substitution at the
A-site;""? or (iii) using fluorine-tethered organic molecules as an
additive or passivator.’”

Using density functional theory (DFT), Alharbi and co-
workers demonstrated that controlled substitution of MA with
difluorine-substituted MA could enhance the thermodynamic
stability of the MAPDI; lattice due to the formation of stronger
hydrogen bonds between difluorine-substituted cations and the
metal-halide lattice (cf, Fig. 4)."> The elongation of the C—N
bond in the difluorine-substituted MA was possible due to the
higher electronegativity of fluorine, which also strengthened
the hydrogen bond. Further, partial fluorination of MA also
mitigated ion diffusion towards iodine vacancies by enhancing
the energy barrier from ~0.3 eV to ~0.5 eV.'?

First, a fluorinated cation-incorporated Sn-based perovskite
was reported by Mitzi and co-workers.'** !¢ Non-covalent
fluoroarene-arene interactions to modulate the optoelectronic
properties of Sn-based low-dimensional perovskites were also
reported.”® In 2001, Mitzi et al. adopted the strategy of
fluorination to tune the electronic properties of Sn-based
perovskites for field-effect transistors (FETs).''* The authors
in the work employed ortho-, meta- and para-fluorine substi-
tuted PEA cations and investigated the way the position of
fluorine could influence the electronic properties of the corres-
ponding FETs. The current density was observed to be highest
for 4-FPEA-based perovskites and least for 2-FPEA-based

220D 540D 21D
Dipole Moments .
s CH,F CHF,
4 rd
NH,* ‘ NH,*
Intermolecular < E < '
| ]

Bond Strength

Cop @ S @ 9 O
Fig. 4 The order of strengthening of the hydrogen bond between the
A-site cation and the metal halide lattice due to the dipolar effect of

fluorine.” Reproduced with permission from ref. 17. Copyright 2020,
American Physical Society.
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Table1l DFT-calculated physical parameters for perovskites with different
A-site cations®

Molecular Lattice electronic Rotation

dipole polarization barrier
Cation (Debye, D) (MC em™?) (k] mol ™)
CH;NH; (MA) 2.29 38 1.3
CF;NH, 6.58 48 21.4

perovskites. Also, differences in the crystal structures, like Sn—I
bond length, and variations in the interactions between organic
and inorganic sheets were observed upon changing the posi-
tion of fluorine substitution. Mitzi and Frost et al. also estab-
lished that the polar fluorinated cation can enhance lattice
polarization improving charge extraction and carrier lifetimes
of perovskites.” In their work Frost et al calculated and
compared the extent of lattice polarization using Berry phase
calculations, where A-site cations were either MA or its fluori-
nated analogue; the calculated molecular dipole, lattice polar-
ization and rotation barrier are given in Table 1.

Although fluorinated spacers could improve the properties
of perovskites mostly in a beneficial fashion, deviations from
this useful attribute were noted in certain studies. For example,
Grancini and co-workers reported band gap widening upon
using a fluorinated spacer compared to a non-fluorinated spacer
due to the steric influence exerted by fluorine atoms, which
may not be cooperative towards PV applications."'” Similarly,
phase distribution was altered depending upon the choice of
the fluorinated spacer, perovskite composition or processing
conditions,’®**%>7*1%1 making prediction difficult regarding
lattice orientation or phase distribution that could be achieved
upon exploring a new fluorinated ligand for perovskites. Simi-
larly, optoelectronic or structural properties as well as morphol-
ogy of perovskites based on fluorinated spacers could vary
widely and might even lead to a deteriorating PV performance
depending upon the position of fluorine substitution, vide
infra.>®”? Similarly, the water repellent property was reported
to be higher for the 4-OMePEAI-based spacer compared to the
4-FPEAI-based spacer.®® Also, PV performance may manifest
differently and depreciate depending upon the concentration of the
fluorinated spacer used for developing a bilayer perovskite.'"*® In
some cases, even a better performance of non-fluorinated than
fluorinated bilayer perovskites was noted.”® Also, random orienta-
tion of lattice planes of 2D-perovskites in a bilayer structure was
shown for 4-FPEAI and trifluorobutylammonium iodide (CF;BuAl)
based spacers that led to higher trap density, higher recombination
losses, lower defect passivation and lower electron mobility.*> Be
this as it may, nevertheless fluorine-based spacers were reported to
be mostly salutary except the above cases, when performances
towards PV applications based on these perovskites were taken into
account.

In this highlight are presented insights and discussions
regarding the way a fluorinated spacer in multi-dimensional
perovskites influences different optoelectronic properties,
simultaneously conferring stability towards various extrinsic
factors (¢f: Fig. 5). Such fundamental understanding is impera-
tive to recognise different non-covalent interactions that a
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Fig. 5 Tailoring of optoelectronic properties and stability by exploration
of fluorinated spacers or passivators.*°°

fluorinated spacer can extend to tune and improve the intrinsic
properties of a perovskite, offering high PCE and resilience
towards various external factors. Understanding these forces
can also pave the way towards the discovery of new fluorine-
tethered spacers/ligands to better modulate the perovskite
lattice structurally to attain desirable optoelectronic properties
and ambient stability along with higher conversion efficiency
for PV applications. Herein, we collate comprehensive research
done using fluorinated spacers to develop multi-dimensional
perovskites, including RP-perovskites, DJ-perovskites and 2D/
3D-bilayer perovskites, for PV applications. Also, we showcase
literature reports of defect passivation at the surface or grain
boundaries using fluorine-based molecules to attain superior
PV performance.®®

3. Fluorine-based spacers for quasi 2D
RP-perovskites

In the section, an overall discussion of different arrays of
fluorinated spacers and the way these could tune diverse
properties of quasi 2D RP-perovskites crucial for application
in PV devices are presented. The studies exploring aromatic
4-FPEAI-based quasi 2D RP-perovskites to integrate in-operando
stability and allow vertical growth of the lattice in different
RP-perovskite compositions are discussed in the beginning.
Next, we showcase the way the properties of RP-perovskites
could be manoeuvred by changing the position of the fluorine
atom on the aryl ring of benzylammonium (BA)- or PEA-based
spacers. What gives altogether different influences upon fluorine
substitution on an aromatic spacer than substitution with other
halogens (Cl/Br) or functional groups (OMe) is discussed in the
following. The influences of quadrupole interactions extended
by the multi-fluorinated aromatic ammonium spacer to manifest
improvement in PV performances are discussed next. The studies
based on RP-perovskites with an aromatic fluorinated spacer with
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a different amidinium anchoring end group are organized there-
after. At the end of the section, studies of a RP-perovskite based
on an aliphatic fluorinated spacer for application in PV devices
are presented.

The first use of a moisture tolerant quasi 2D RP-perovskite
(PEA),(MA),Pb;l,, for PV application was shown by Karunadasa
and co-workers in 2014.>° The same group further explored
a more hydrophobic 4-FPEAI spacer to develop an RP-type
structure with n = 3 (¢f Fig. 6a).>® Comparison of the PXRD
patterns revealed higher moisture tolerance for the film of the
4-FPEA-based perovskite compared to that of the PEA analogue
(¢f. Fig. 6b).>°

To grow vertically orientated films of RP-perovskites with
respect to the substrate, generally the hot casting method"***°
or additive engineering techniques’***'?* are adopted. However,
due to the difficulty in attaining precise substrate temperature
and batch-to-batch reproducibility, the applications of both the
hot casting method or additive engineering are limited. Zhu and
co-workers showed that upon integration into the perovskite
structure the 4-FPEA-based spacer not only enhanced the thermal
stability but also allowed out-of-plane carrier mobility."™ It was
observed that the centroid-to-centroid distance reduced signifi-
cantly between the spacer cations for the 4-FPEA-based perovskite
compared to the PEA-based perovskite (Fig. 7). When n = 1 (4-
FPEA),Pbl, and (PEA),Pbl, were used for PV fabrication, a slightly
higher PCE of 1.9% was achieved for 4-FPEA-based devices, likely
due to the enhancement of out-of-plane carrier mobility, and was
further confirmed from the time-resolved microwave conductivity
(TRMC) studies. The TRMC studies revealed ~ 7 times higher out-
of-plane conductivity for (4-FPEA),Pbl, compared to (PEA),Pbl,.
Single crystal studies also confirmed different intermolecular
packing for PEA and 4-FPEA spacers inside the perovskite lattice.

d
(MA)[PbL] (2)
Pbl, + (MA)I
NH;l
3Pbl, + 2(MA) 4
+ 2(PEA) ——p IH
PEAI
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Face-to-edge orientation was seen between PEA cations in the
perovskite lattice, but face-to-face packing was confirmed for the
4-FPEA spacer leading to a reduced centroid to centroid ring
distance (Fig. 7c and d).'** DFT studies further confirmed that
the face-to-face packing of cations in (4-FPEA),Pbl, was due to
the long-range dispersion interactions. This clearly indicated that
enhanced out-of-plane transport as observed for the (4-FPEA),Pbl,
perovskite was due to the greater m-orbital overlap promoted by
face-to-face packing of the spacer. However, crystal structure
studies indicated a greater interlayer distance in (4-FPEA),Pbl,
than (PEA),Pbl,, which also ruled out the dependence of out-of-
plane conductivity upon the interlayer distance. According to the
authors, tunnelling could be the mechanism of transport, and if
so, not only the tunnelling distance but also the tunnelling barrier
determined out-of-plane transport.'** Also films of n = 4 and 5
using PEA and 4-FPEA spacers along with the different stoichio-
metric ratios of MAI and Pbl, were grown. Improved morphology
with a larger grain size was observed for the films of the 4-FPEA-
based spacer. Further, a 10-fold higher current was observed
for n = 5 films of 4-FPEA than for the PEA spacer during c-AFM
studies. Similarly, TRMC studies indicated a higher carrier
mobility of ~9 ecm® V' s7' for (4-FPEA),MA4Pbsl;s than
~7 em® V' 57" obtained for (PEA),MA,Pbsl;c. The PL lifetime
was also higher for (4-FPEA),MA,Pb;I;s than (PEA),MA,Pbsl;e,
suggesting a significant reduction in the defect density. The
remarkable changes in the packing and orientation of the
perovskite lattice rendered by fluorination of the spacer led to a
significant improvement in the PCE of (4-FPEA),MA,Pbsl;¢ to
13.64%. However, only 9.6% of PCE could be achieved for the
(PEA),MA,Pbsl;¢-based device. Furthermore, thermal stability
and environmental stability for the unencapsulated devices
of (4-FPEA),MA,Pbsl;¢ vs. (PEA),MA,Pb;1;s were tested at 70 °C
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Fig. 6 (a) The crystal structure of the perovskite including the 4-FPEA cation with n = 3. (b) PXRD patterns for the films of MAPDbIz-, PEA- and 4-FPEAI-
based perovskites recorded over O days to 9 days at 66% relative humidity (RH).2® Reproduced with permission from ref. 26. Copyright 2017, American

Chemical Society.
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Fig. 7 (a and b) The crystal structure of (PEA),Pbl, and (4-FPEA),Pbl,. (c and d) The schematic crystal structures of RP-perovskites (PEA),MA4Pbslig and
(4FPEA),MA4Pbsli6. ' Reproduced with permission from ref. 113. Copyright 2019, American Chemical Society.

under ambient conditions. The unencapsulated device of
(4-FPEA),MA,Pbsl;6 retained 65% of its initial PCE after heating
at 70 °C for 576 h, whereas the PCE for the (PEA),MA,Pbsl,¢-based
unencapsulated device dropped to 32% of its initial value when
heated at 70 °C for a similar period of time. The overall perfor-
mance and stability improvements for the (4-FPEA),MA,Pbsl;
based PV device were the result of higher out-of-plane carrier
mobility, more ordered lattice growth, stronger interactions
between the layers, reduced trap density and hydrophobicity
imparted by the fluorine-tethered spacer cation.'*

Coriolano and co-workers tested the photostability of single
crystals of (PEA),Pbl, vs. (4-FPEA),Pbl, under 488 nm laser
irradiation for 30 min.*" While the PL lifetime for the crystals of
(PEA),Pbl, was very short (~4.6 min) due to the photodegrada-
tion, more than 10-fold enhanced lifetime of ~66 min was
observed under similar laser irradiation conditions for the
crystals of (4-PEA),Pbl,. It was also corroborated from the study
that hydrophobicity and grain boundary passivation obtained
from using a fluorinated spacer could impart more stability to
photodegradation even under escalated humidity.®!

Gao et al. studied the band structures of (PEA),Pbl, vs.
(4-FPEA),Pbl, using DFT calculations, where not many variations
in the band structure were observed.>” Contrary to this, sub-
stantial changes in the band structure of fluorinated spacer-
based 2D-perovskite vs. non-fluorinated perovskite were reported
by Grancini and co-workers,''” where the structural distortion in
the 2D-perovskite by the fluorine-tethered alkylammonium
spacer was studied, and effects on the structural and optical
properties were investigated. Here, the authors compared
two low-dimensional perovskites, one with an aliphatic cation

16958 | J Mater. Chem. C, 2022, 10, 16949-16982

CoH;oNH;" named Le and the other with a partially fluorinated
analogue CoHgF,;NH;" named Lf (¢f. Fig. 8). The UV-Vis studies
revealed a strong excitonic peak, a characteristic of 2D-
perovskites. However, the excitonic peak in the UV-Vis spectrum
was blue-shifted due to the fluorine substitution (¢f. Fig. 8a). The
Urbach energy (EU) was also larger for the perovskite including
the fluorinated cation than the non-fluorinated analogue, which
revealed larger distortion for the Lf-based perovskite. This
increased structural distortion of the inorganic lattice widened
the band gap. The exciton properties were also found to depend
more upon the Pb-I-Pb angle between adjacent octahedra
(B) than the I-Pb-I bond angle within the metal-halide octahedra
(0). Fig. 8b shows the tilting of octahedra in terms of the angles
p and J. Furthermore, higher was the structural distortion of the
inorganic lattice due to the steric bulk of the fluorinated spacer
cation, more was the increment in the band gap. This was
probably caused by the difficulty in the overlap of atomic
wavefunctions leading to the lowering of the valence and con-
duction band-widths.""”

By increasing the thickness of the inorganic slab to n = 5,
Shao et al. enhanced the PV performance of the 4-FPEAI-based
RP-perovskite.®® Here, the authors compared the PV performances
of the n = 5 RP-perovskite of 4-FPEAI with the PEAI-spacer. A
high PCE of 17.3% with respect to 11% PCE for PEAI-based
devices was shown in this study using 4-FPEAL®® Also, notable
was the retention of high PCE even for a 1 cm® device of
(4-FPEA),MA,Pbsl;s. The enhanced PV performance of
(4-FPEA),MA,Pbsl; ¢ compared to (PEA),MA,Pbsl;¢ was attribu-
ted to the more preferred vertical lattice growth in the former,
which has also been reported by Zheng et al. and will be

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) UV-Vis spectra of (Lc),Pbl, and (Lf),Pbl,. (b) Band gap map showing angles within and between the metal-halide octahedra.''” Reproduced

with permission from ref. 117. Copyright 2020, Frontiers Media S.A.

discussed later.'**

This preferential tailoring of crystal growth
towards the vertical direction was confirmed from the increase
in the intensity ratio for XRD peaks I;02)/I(111) for (4-FPEA),-
MA,Pb;1,¢ vs. (PEA),MA,Pbsl;¢ (cf Fig. 9). It is to be noted that
crystal growth along the (202) direction showed perfect vertical
orientation, albeit growth along the (111) plane indicated
inclined vertical alignment (cf Fig. 9). Also, due to the influence
of fluorine atoms, strong dipole-dipole interactions within the
organic layer and hydrogen bonding interactions with the inor-
ganic slabs offered smooth morphology with minimum grain
boundaries for (4-FPEA),MA,Pb;sl;s than (PEA),MA,Pbsl;.
Furthermore, an ordered gradient in the phase distribution with
small n-phases dispersed towards the surface and higher n-
phases towards the substrate was noted for (4-FPEA),MA,Pb;l;¢
than (PEA),MA,Pbsl;¢, similar to another work discussed in
this highlight."”" Thus, a highly compact vertically oriented
lattice with minimum grain boundaries or trap centres and
more ordered phase distribution led to excellent carrier trans-
port and cascade energy transfer across (4-FPEA),MA,Pbsl;,
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Fig. 9 Crystal

(202) and
FPEA),MA4Pbsl16.°° Reproduced with permission from ref. 60. Copyright
2019, John Wiley and Sons.

growth along the (111) planes of (4-
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ultimately enhancing its PV performance compared to (PEA),-
MA,PbsI;6. Also, higher dipole moment of fluorine favoured
exciton segregation in (4-FPEA),MA,Pbsl;c.""" The unencapsulated
device of (4-FPEA),MA,Pb;I;¢ retained 93% of its initial PCE
upon exposure to 55% RH for 500 h.'”" Under similar ageing
conditions, a device of PEA lost 35% of its initial efficiency.
Also, higher thermal stability could be seen for the device of
(4-FPEA),MA,Pb;sI;¢ due to several non-covalent interactions
exerted by the fluorinated spacer cation within the perovskite
lattice.*

You and co-workers studied the influence of fluorine sub-
stitution in the aryl ring (o/m/p or 2/3/4) of the PEA cation on
the macroscopic properties, like morphology, phase distribution,
crystal growth orientation and PV performance, of the corres-
ponding RP-perovskite (n = 4).>° The best PV performance in the
inverted device configuration was also achieved for the 4-FPEAI-
based perovskite. Here UV-Vis studies confirmed the highest
content of 3D-phases in 3-FPEAI- and 4-FPEAl-based RP-
perovskites. However, entirely different vertical phase distribu-
tions were observed in this study than in another report by
Zhang and co-workers discussed later.”> The lower n-phases
dominated toward the substrate side and higher n-phases domi-
nated towards the surface for 3- or 4-FPEAI-based perovskites as
corroborated from the results obtained from the front and back
side excitations to obtain PL.>® The heat triggered faster crystal-
lization of smaller n-phases towards the glass side occurred due
to the favourable formation energies of 3- or 4-FPEAI-based
perovskites. Such a gradient of phase distribution supports
cascade energy and charge transfer across the perovskite and
improves the PV performance.’® However, contrary to this, PL
emission of 3D-phases dominated upon both front and back
excitation of the 2-FPEAI-based perovskite film. This suggested
the domination of 3D-phases towards both the front and
back ends of the film and the presence of intermixed phases
in the middle part of the film for the 2-FPEAI-based perovskite.
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The lower formation energy of the 2-FPEAI-based perovskite
resulted in unorganized phase distribution and contributed
towards carrier trapping, limiting PV performance. Further,
highly oriented crystal growth for the 3- and 4-FPEAI-based
perovskite was apparent from the grazing incidence wide-angle
XRD (GIWAX) studies that imparted better carrier transport. In
contrast to this, completely random crystal orientations were
revealed from the GIWAX study of the 2-FPEAI-based perovskite,
which lowered the carrier mobility in this case.’® Nevertheless,
highly noticeable differences were observed in the packing of
the organic layers of (2/3/4-FPEAI),Pbl, crystals, although the
packing of the inorganic sheets was same in all the cases. The
adjacent molecules in an organic sheet were fully aligned in
the same direction in (4-FPEAI),Pbl, (¢f Fig. 10a). However, an
opposite orientation of organic molecules within a layer of
(-FPEAI),Pbl, led to a herringbone type of arrangement (cf.
Fig. 10b). Similar facing direction for all molecules within
one layer was confirmed for (2-FPEAI),Pbl,, albeit the spacer
molecules in the next layer were twisted by an angle of 90°, based
on the crystal structure (cf Fig. 10c). This orientational disorder
of spacers within the organic bilayer may be the reason for the
poor film quality of the 2-FPEAI-based perovskite. Notably, such
differences in the packing of the organic bilayer resulted from
the different degrees of dipole-dipole interactions rendered by
the fluorine atoms present at different locations of 2/3/4-FPEAI-
based spacers. Similarly, the formation energies obtained from
DFT calculations followed the trend (2-FPEAI),Pbl, < (PEAI),Pbl,
< (3-FPEAI),Pbl, < (4-FPEAI),Pbl,. The highest formation energy
of the 4-FPEAI-based perovskite may also offer minimal packing
disorders within the organic layer rendering the highest PCE of
~10% achieved for inverted planar device configuration, whereas
the lowest PCE of ~ 1% was obsetved for the device of the 2-FPEAI-
based RP-type perovskite.”® The very high formation energy can
also account for the smooth morphology of the 4-FPEAI-based
perovskite indicated from the SEM studies. Similarly, the poor
morphology of the 2-FPEAI-based perovskite was the result of its
low formation energy, which ultimately led to poor contact for-
mation with other transport layers, lowering its PV performance.*
The presence of a relatively high number of 2D-phases towards the
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Fig. 10 (a) The crystal structure of (2-FPEA),Pbl,. (b) The crystal structure of (3-FPEA),Pbly,. (c) The crystal structure of (4-FPEA),Pbl4.°° Reproduced with
permission from ref. 50. Copyright 2019, Springer Nature.
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surface of the 3-FPEAI-based RP-perovskite could corroborate the
highest stability seen for its unencapsulated PV device, when aged
under 45% RH.>® This study by You and co-workers well-presented
property manoeuvring of perovskites with respect to the fluorine
position in the spacer.>

Zhang and co-workers also studied the influence of fluorine
substitution (o/m/p or 2/3/4) over the aryl ring of BA towards
lattice orientation, formation energy and PV performance of the
corresponding quasi 2D-perovskite (n = 5).”> Unlike another
report,'® the highest dipole moment (order 4-FBAI > 3-FBAI
> 2-FBAI) and formation energy were observed for the 4-FBAI
spacer followed by BA, 2-FBAI, or 3-FBAI spacers that led to the
formation of perovskite films with superior morphology for
4-FBAL”*>'?3 A well-known fact is that the higher is the dipole
moment of the spacer cation, the smaller is the exciton binding
energy and the better is the carrier segregation leading to better
performance of the PV device, as observed for the 4-FBAI-based
PV device.”> Also, the highest formation energy of —3.52 eV
obtained from the DFT calculations suggested a more stable
lattice for the 4-FBAI-based perovskite. The influence of the
fluorinated spacer was the gradient growth of the perovskite
lattice in the vertical direction with lower n-phases distributed
at the top-side of the film and higher n-phases towards the
bottom as seen for (2/3/4-FBA),MA,Pbsl. This gradient growth
of the lattice was confirmed by the XRD and PL studies. The PL
emission obtained from the front excitation was of higher
energy than that obtained from the bottom excitation confirming
the gradient growth of the 4-FBAI-based perovskite. Interesting
was the red-shifted PL emission of the fluorine-based perovskite,
i.e, 2/3/4-FBA, than the BA-based perovskite. Further, gradient
growth was confirmed from the XPS studies. Particularly, the
vertical orientation of lower n-phases not only offered better
carrier mobility, but also led to higher absorbance in the range
of 450-600 nm for (4-FBA),MA,Pb;l;..”* This kind of gradient
growth of different phases was effective in achieving greater defect
passivation at the surface and improving the contact between the
perovskite and the underlying HTM layer. However, lowering of
solubility was observed upon introduction of fluorine onto the BAI
spacer and the least solubility was reported for 2-FBAI in DMF
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leading to poor film quality. The highest PV performance of
17.12% with minimal hysteresis could be seen for (4-FBA),MA,-
Pbsl;6 in an inverted device configuration (cf. Fig. 11).”* The PCE
obtained for BAI, 2-FBAI, and 3-FBAI devices was 14.07%, 12.89%
and 14.67%, respectively. The better valence and conduction
band alignment of (4-FBA),MA,Pbsl;s with adjacent hole-
transport and electron-transport layers also facilitated carrier
extraction and transport leading to the highest performance of
(4-FBA),MA,Pb,I,6, when applied in the PV devices. At the same
time, the lowest trap density was measured from the space charge
limited current (SCLC) method for (4-FBA),MA,Pb,I;s compared
to perovskites based on other isomeric spacers, that played a role
in PV performance. Furthermore, the highest stability was also
seen for the (4-FBA),MA,Pb,I;¢ device, which could retain PCE
after 2000 h post storage in an Ar-filled glovebox.”® The highest
water contact angle of 66.1° was measured for the film of 4-FBAI
and the order of water contact angle along the series was as
follows: 4-FBAI > 3-FBAI > 2-FBAI > BAL’? The study confirmed
that the best PV performance and stability could be achieved by
fluorine substitution at the para-position of the BAI-spacer.

The influence of different electronegative halogen atoms at
the para-position of the PEA cation, i.e., the effects of 4-FPEAI,
4-CIPEAI and 4-BrPEAI, on the optoelectronic properties of RP-
type perovskite (4-F/4-Cl/4-BrPEA),MA,Pb;1;, was investigated
by Wang et al.®" A lower exciton binding energy compared to
the PEA-based perovskite was extracted from the temperature-
dependent PL studies of these halogen substituted PEA-based
perovskites. Due to the polar structure, the halogen substituted
PEA spacer offered lower quantum confinement in the corres-
ponding perovskite. The exciton binding energies were found
to follow the trend 4-FPEAI < 4-CIPEAI < 4-BrPEAI (cf. Fig. 11).
DFT studies also showed a decrease in the HOMO and an
increase in the LUMO energies with respect to the vacuum level
along the perovskite series including a spacer: PEAI < 4-FPEAI
< 4-CIPEAI < 4-BrPEAL The ultimate effect was the narrowing
of the band gaps along the series, which was confirmed from
the UV-Vis studies (c¢f Fig. 12). Also the dipole moments of
4-FPEA', 4-BrPEA", 4-CIPEA" and PEA" were calculated using
DFT, and higher dipole moments of X-PEA" (F, Cl, Br) than
PEA* were observed, which was attributed to the electron-
withdrawing halogen atoms (F, Cl, Br).*" Besides, the calculated
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dipole moment values were ~13.16 D for 4-FPEAI, ~13.49 D
for 4-CIPEAI, and ~13.34 D for 4-BrPEAI This higher dipole
moment facilitated carrier dissociation and reduced the exciton
binding energy of the corresponding perovskite. The films of
(H/4-F/4-Cl/4-BrPEA)MA,Pb;l;, (x = H, F, Cl, Br) were fabricated
by a one-step spin coating method. Also, the influences of
4-FPEAI to enhance the crystallinity and out-of-plane growth
of the perovskite lattice with respect to the substrate were
studied from the XRD. This ordered out-of-plane growth of
the perovskite lattice followed the trend PEAI ~ 4-FPEAI >
4-CIPEAI > 4-BrPEAI and was confirmed from the presence or
absence of (0k0) reflection as well as the strength of (111) and
(222) reflections seen in the XRD profile. In the case of chloride-
and bromide-tethered PEA cations, diffraction corresponding
to (0k0) was seen. However, (0k0) reflections were rarely present
and strong reflections corresponding to (111) and (222) planes
were conspicuous in the RP-perovskites of PEA and 4-FPEA
cations, suggesting highly oriented out-of-plane crystal growth.
It was surmised that a strong hydrogen bond between highly
electronegative fluorine and hydrogen atoms of the aromatic
ring offered this oriented lattice growth. Also, much higher
intensity obtained from the reflection of the (111) plane with
respect to the (020) plane for the 4-FPEA-based perovskite than
the PEA-based perovskite corroborated the more oriented out-
of-plane lattice growth in the former. Furthermore, out-of-plane
lattice growth decreased from 4-FPEA to 4-CIPEA to 4-BrPEA
due to the increase in the atomic radii of the halogen across the
series. The SEM images of all these RP-perovskites suggested
smooth homogeneous coverage.®® The Pb-I-Pb angle () (out-
side the Pb-X octahedron) of 4-F/4-Cl/4-BrPEA,Pbl, was studied
using single crystal XRD. From the study, o angles for
(PEA),Pbl,, (4-FPEA),Pbl,, (4-CIPEA),Pbl, and (4-BrPEA),Pbl,
were 151.3° 152.9°, 153.6° and 152.6°, respectively. The higher
was this Pb-I-Pb angle, the lesser was the effect of the organic
cation on metal-halide lattice distortion. Also, significant inter-
actions and shorter distance between the ammonium group and
aromatic carbon bonded to the ethylammonium linker of (4-
FPEA),Pbl, suggested the strong electronic influence of fluorine.
The longer component of the PL lifetime of RP-perovskites of
PEAI, 4-BrPEAI, 4-CIPEAI, and 4-FPEAI was 31.60 ns, 43.58 ns,
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50.12 ns, and 72 ns, respectively, which also indicated a decrease
in the binding energy of the RP-perovskites in the following
order: PEA > 4-BrPEAI > 4-CIPEAI > 4-FPEAL The highest hole
and electron mobilities were obtained for the 4-FPEAI-based
RP-perovskite than the PEAI-based analogue. The best-verified
PCE of 5.83% was obtained for the 4-FPEAI-based RP-perovskite
PV device, which was 90% higher than that of the PEAI-based
device. Also, the better PV performance of the 4-FPEAI-based RP
perovskite than other 4-BrPEAI or 4-CIPEAI-based RP-perovskites
correlated with the most ordered out-of-plane lattice growth and
lowest exciton binding energy among the series. Finally, the
study demonstrated an effective stereoelectronic approach to
integrate desirable optoelectronic properties into perovskites by
rational tethering of a suitable electronegative atom of appro-
priate atomic size onto a spacer cation.®!

For RP-perovskites with n < 5, it is furthermore crucial to
obtain out-of-plane lattice growth to avoid impeding carrier
transport due to the effect of the insulating spacer cation.®
Zheng et al. demonstrated manoeuvring of vertical lattice
growth by fluorine substitution at the para-position of the PEAI
cation, which enhanced carrier transport in the out-of-plane
direction for the n = 4 RP-perovskite.®™'®" Also, the highest
crystallinity, grain size and superior film morphology were
observed for (4-FPEA),MA;Pb,I;; than (H/4-Br/4-CIPEA),MA;-
Pb,I,;. Besides, the ordered distribution of different n-phases
was also noted for (4-FPEA),MA;Pb,I;5. The vertically oriented
crystal growth and ordered phase distribution improved charge
transport in the out-of-plane direction, ultimately offering a
higher PCE of 18.10% for the inverted PV device of (4-FPEA),-
MA;Pb,I;; compared to 12.23% for (PEA),MA;Pb,l;3, 7.93% for
(4-CIPEA),MA,;Pb,1,; and 6.08% for (4-BrPEA),MA;Pb,I;;. A
minimum hysteresis was also seen for the device of (4-FPEA),-
MA;Pb,l;; reflecting minimal carrier trapping. Furthermore, a
significant improvement in the PCE was noted compared to the
previous report by Wang et al®' Transient absorption (TA)
studies suggested a preferential vertical orientation of the
lattice for (4-FPEA),MA;Pb,l,; due to the elimination of n = 1
phases. This elimination of n = 1 phases hindered in-plane
growth and allowed more growth in the vertical direction for
(4-FPEA),MA;Pb,1,;. Contrarily, random lattice orientations
for (4-Cl/4-BrPEA),MA;Pb,I;; and in-plane growth for (PEA),.
MA;Pb,I;; were noticed, hindering charge transport and low-
ering PV performance relative to (4-FPEA),MA;Pb,l,5. An
enhancement in the interlayer distance of inorganic sheets
upon halogen substitutions was also observed for (4-F/4-Cl/4-
Br-PEA),Pbl, compared to (PEA),Pbl,. The increase in the
interlayer distance of the inorganic sheet followed the trend
(4-FPEA),Pbl, < (4-CIPEA),Pbl, < (4-BrPEA),Pbl, and was
according to the increase in the atomic radii of halogen atoms.
Nevertheless, different DFT-based dipole moment trends of
these spacer cations compared to a previous report were noted
in this study, which were 13.3 D for PEAI, 16.7 D for 4-FPEAI,
19.0 D for 4-CIPEAI, and 22.1 D for 4-BrPEAL®' Besides, a
gradient vertical distribution of different n-phases could be
seen for (H/4-FPEA),MA;Pb,l;3, with smaller n-phases located
more towards the bottom and higher n-phases concentrated
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towards the surface of the film. Such oriented phase distribu-
tion enhanced carrier extraction and boosted PV performance
for (4-FPEA),MA;Pb,I;; (¢f Fig. 13a). Also, with the increase in
the annealing time, more growth of smaller n-phases beneath
the higher n-phases was correlated from the enhancement of
absorption peaks for n = 2, 3 phases of (4-FPEA),MA;Pb,l;. In
contrast, completely random phase distribution without any
gradient was confirmed for (4-Br/4-CIPEA),MA;Pb,I;;, which
led to carrier trapping and lowered PV performance
(¢f Fig. 13b). For (4-Br/4-CIPEA),MA;Pb,I;; an increase in the
annealing time offered enhancement in the peak intensity of
both smaller and higher n-phases, suggesting randomness in
the phase orientation. These varied orders of phase distribution
could be correlated with the different dipole moments of the
halogenated spacer cation. As the dipole moment increased
with an increase in the atomic size of the spacer cation
(4-FPEAI, < 4-CIPEAI < 4-BrPEAI), the solubility of the spacer
cation decreased. This reduced solubility of the spacer cation
led to the crystallization of smaller n-phases upon annealing of
(4-Br/4-CIPEA),MA;Pb,1,5. However, for (4-FPEA),MA;Pb,l;3,
higher n-phases rich in MA crystallized first and smaller
n-phases rich in the spacer crystallized at the end due to the
enhanced solubility, leading to a gradient phase distribution.
Further, this kind of ordered phase distribution favoured
cascade transport of holes from higher n-phases to lower
n-phases and electrons from lower n-phases to higher n-phases
across (4-FPEA),MA;Pb,l;;5. Additionally, the highest electron
extraction efficiency of 48% and reduced carrier trapping
due to the appropriate band gap alignment were seen for
(4-FPEA),MA;Pb,1,; (cf Fig. 13a). Nevertheless, the random
phase distribution of (4-Br/4-CIPEA),MA;Pb,l,; prevented cas-
cade carrier transport and higher n-phases distributed randomly

This journal is © The Royal Society of Chemistry 2022
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in between the layers acting as the trap sites for holes and
electrons. The out-of-plane lattice growth and gradient phase
distribution rendered by the influence of the fluorine atom in
the 4-FPEAI spacer ultimately offered an excellent PCE of 18.10%
for the device of (4-FPEA),MA;Pb,I,;. The highest stability with
the retention of 90% of initial PCE was observed for the
(4-FPEA),MA;Pb,I,;-based device upon storage at 40-50% RH
for 1 month, due to the hydrophobicity imparted by the fluorine
atom. However, the PCE of the control 3D-perovskite dropped to
30% of its initial value under similar ageing conditions. Higher
stability than the PEAI-based device was also confirmed for the
devices of (4-Br/4-CIPEA),MA;Pb,1,; upon storage at 40-50% RH
for 1 month. Similarly, higher thermal stability than the control
device of the 3D-perovskite was noted for the devices of (4-F/4-Br/
4-Cl-PEA),MA;Pb,I;; upon heating at 80 °C inside a glovebox,
with the retention of 80% of initial PCE after 1 month for the
(4-FPEA),MA;Pb,I, 5-based device, which is the highest among
the series.’”

Jen and co-workers compared and tailored the intrinsic
properties of the n = 5 RP-perovskite by using 4-FPEAI, 4-OMePEAIL
and PEAI-based spacers.®” A highest PCE of 14.5% was achieved
for the 4-FPEAI-based inverted PV device. This superior PV
performance was an attribute of the best hole and electron
mobility as measured for the 4-FPEAI-based perovskite in this
study. The optical band gaps were according to the order
PEAI > 4-FPEAI > 4-OMePEAL PL studies confirmed higher
n-phases for 4-FPEAI than the PEAI-based RP perovskite which
probably lowered its band gap. Ultraviolet photoelectron
spectroscopy (UPS) determined HOMO/LUMO energies were
deeper for the 4-FPEAI-based RP-perovskite compared to the
others due to the different dipolar effects of the spacers 4-FPEAI
and 4-OMePEAIL The interlayer spacing of these perovskites
followed the order 4-OMePEAI > 4-FPEAI > PEAI, and was
according to the decrease in the spacer size.®* The larger size of
4-OMePEAI also lowered crystallinity compared to the 4-FPEAI-
based perovskite due to the greater lattice distortion in the
former. This might be the reason for the lower PV performance
of 4-OMePEAI than the 4-FPEAI-based perovskite. Computation
studies were also carried out by the authors to reveal the water-
repellent properties of these perovskites. When the spacer was
4-OMePEAI, water molecules were repelled away from the
perovskite surface due to the steric hindrance between the
oxygen atom of the spacer and water molecules; repulsion
was also observed between the lone pairs of spacer oxygen
and water molecules below a critical interacting distance,
which escalated the repulsive interaction, inhibiting water
attack. In the case of 4-FPEAI, the water-phobicity was mainly
attributed to the lone pair-lone pair repulsion between the
fluorine atom of the spacer and the oxygen atom of the water
molecule and was not influenced by any other steric factors.**
The overall effect of such repulsive interactions was an increase
in the binding energy towards water, below a critical distance
from the surface of the perovskite (cf. Fig. 14).°* The outcome of
these repulsive interactions between perovskite and water
molecules was the retention of 90% of PCE for the encapsulated
devices of 4-FPEAI upon exposure to 40-50% RH for 40 days.
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Similarly, high photostability with retention of 97% PCE was
revealed for the 4-FPEAI-based device under AM 1.5G illumina-
tion for 3 h.**

Aryl-perfluoroaryl quadrupole forces between PEA and penta-
fluorophenylethyl ammonium spacer (FsPEA) were exploited by
You et al. to enhance the interaction within the organic sheet of
RP-perovskites.®” The inorganic layer thickness chosen for the
study was 7 = 4. The UV-Vis and PL spectra revealed the presence
of mixed dimensional phases with n = 1, 2, 3, 4 upon 25-75%
replacement of PEA with FsPEA (¢f Fig. 15b and c). Also, the
highest PL intensity for the 3D-phase upon front excitation
suggested a vertical distribution of phases of different dimen-
sions (¢f: Fig. 15c). However, no phase segregation of PEA and
FsPEA-rich domains was traced in the study. 50% replacement of
PEA with FsFPEA (1:1 PEA:F;PEA) led to a maximum PV
efficiency of 10.24% in an inverted configuration, whereas the
devices with PEA (n = 4) offered a lower PCE of 7.64%. Also, the
unencapsulated devices of 50% F5PEA offered the best stability
with retention of 80% of initial PCE, post 30 days of exposure to
45% RH. A notable recovery of 92% of initial PCE after deposition
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Fig. 15 (a) RP-perovskite with 1:1 PEA: FsPEA cations. (b) UV-Vis and PL
spectra reveal the presence of mixed-dimensional phases withn =1, 2, 3,
4, etc. upon 25-75% replacement of PEA with the FsPEA-based spacer.
(c) PL spectrum obtained from the front excitation revealing the highest
intensity of the 3D-phase.®?> Reproduced with permission from ref. 62.
Copyright 2019, American Chemical Society.
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of the fresh electrode was feasible for a 1:1 PEA:F;PEA-based
device. Nevertheless, such a recovery could not be achieved for the
PEA-based RP-perovskite. Interestingly, 75% replacement of PEA
with FsPEA led to a lowering of PV performance. This indicated
that the hydrophobicity of the fluorinated cation was not the sole
factor conferring device stability and efficiency improvement as
observed during the study. The GIWAX studies indicated a more
random crystal orientation for the films with 75% or higher
concentration of the FsPEA cation. This suggested that aryl-
perfluoroaryl quadrupole interactions were highest for 1:1 PEA:
FsPEA films and might be the major contributing factor towards
higher efficiency and stability. Also, a smooth pinhole-free film
with bigger grain sizes was seen in SEM images of 50% FsPEA-
based perovskite films that led to better interfacial contacts with
various transport layers in the PV devices, further improving the
performance. The higher enthalpy of transition as obtained from
the DSC study of the 1:1 PEA:FsPEA-based 2D-perovskite than
the perovskite of individual spacers also confirmed strong aryl-
perfluoroaryl quadruple forces within the organic sheet.®®

Liu and co-workers explored amidinium-anchored spacers
benzamidine (PhFA) and 4-fluorobenzamidine (4-FPhFA) to
develop RP-perovskites (1 = 5) for PV applications.”® The objective
of the study was to investigate the way a fluorine substitution at
the para position of the spacer tailored the properties of RP-
perovskites compared to a non-fluorinated amidinium spacer.
A similar comparative study with PhFA and 4-FPhFA in the realm
of bilayer perovskites was also reported and will be discussed
later.®® A higher PCE of 17.37% was reported for 4-FPhFA com-
pared to 12.92% for PhFA-based inverted planar devices.>® This
PCE of 17.37% obtained for the 4-FPhFA-based RP-perovskite is
the best conversion efficiency known so far for any amidinium-
based spacer to the best of our information. The higher dipole
moment of 3.53 D for 4-FPhFA than 3.03 D (calculated) for PhFA
not only limited the quantum confinement, but also led to lower
exciton binding energy for the 4-FPhFA-based RP-perovskite,
improving the segregation of photogenerated carriers as observed
in the study. A stronger hydrogen bonding interaction between
the 4-FPhFA spacer and the inorganic slab was confirmed from
the higher binding energies for Pb (4f) and I (3d) compared to the
same peaks in the PhFA-based perovskite, as revealed from the
XPS. This kind of stronger non-covalent interactions not only led
to a superior film with a larger grain size but also imparted higher
stability to the 4-FPhFA-based perovskite film. Also, vertical lattice
growth was confirmed from the SEM studies of the 4-FPhFA-based
RP-perovskite film, which led to a greater out-of-plane carrier
mobility. Contrary to this, both parallel and vertical lattice
growths were noted from the SEM studies of the PhFA-based
perovskite, significantly restricting carrier mobility across the
layers.” The higher ratio of I05)/I111) XRD peaks obtained for
the 4-FPhFA-based RP-perovskite than the FPhFA-based perovs-
kite also confirmed more perfect vertical lattice alignment in the
former. Similarly, higher crystallinity and out-of-plane growth for
the 4-FPhFA-based RP-perovskite than the non-fluorinated one
were also indicated from the sharper Bragg diffractions for (111)
and (202) planes. Significant reduction in non-radiative recombi-
nation was confirmed from the higher PL intensity and lifetime
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Fig. 16 The energy level diagrams for PhFA and 4-FPhFA-based perov-
skites, illustrating greater n-type character for the latter.>® Reproduced
with permission from ref. 59. Copyright 2021, American Chemical Society.

for the 4-FPhFA-based perovskite. A lower trap density and higher
carrier concentration were confirmed from the time-resolved
confocal fluorescence microscopy studies (TCFM) of 4-FPhFA
and PhFA-based RP-perovskites. Here also, ordered phase distri-
butions with small n-phases towards the bottom and high
n-phases at the top of the film were seen for both PhFA and 4-
FPhFA-based RP-perovskites, which facilitated cascade hole and
electron transports across the perovskites (¢f. Fig. 16). UPS was
used in this study to explore the valence and conduction band
energies of the perovskites. A deeper conduction band energy of
—4.25 eV for the 4-FPhFA-based perovskite than —3.91 eV for the
PhFA-based perovskite corroborated greater n-type character
for the 4-FPhFA-based perovskite, which allowed the filling of
electronic taps at the surface of the film (¢f: Fig. 14). Also, a higher
surface potential due to the electron-trap filling in the
4-FPhFA-based perovskite than the other one was confirmed from
the Kelvin probe force microscopic (KPFM) studies. The retention
of 82% of initial PCE than 77% and 59% for PhFA and control
3D-perovskites, respectively, upon continuous illumination using
a 100 mW cm™? white LED lamp for 200 h suggested enhanced
photostability. Similarly, a higher shelf-life with retention of 99%
PCE was noted for the unencapsulated devices of 4-FPhFA upon
storage inside a glovebox for 3000 h.*>®

Zhou et al. explored a combination of 2,2,2-trifluoroethyl-
ammonium iodide (F3EAI) with n-butylammonium iodide (BuAI)-
based aliphatic spacers to develop RP-type perovskite [(BuA);, -
(F3EA),],MA;Pb,I5, with x < 0.1."** Subsequently, doping of
F;EAI into the organic sheets limited the quantum confinement
due to the dipolar effect of the electronegative fluorine atom. The
polar fluorine atom enhanced the dielectric constant of the
organic sheet due to localized polarization, limiting the dielectric
differences between the organic and inorganic layers that led to a
weaker coulombic interaction between the holes and electrons
(¢f Fig. 17). This effectively lowered the exciton binding energy
to 147 meV for 6% doping with respect to 128 meV for control.
The lower binding energy also facilitated the segregation of
photogenerated carriers in the PV device. The ultimate outcome
of using this mixed spacer combination as an absorber in an
inverted planar PV device was a high PCE of 12.51% for 6%
doping. Nearly 0-10% doping of F;EAI into the organic layer of
the BuAl-based RP perovskite could not alter the lattice phase and
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Fig. 17 The lattice polarization imparted by the FsEAI spacer offering
exciton screening and lower binding energy.'?* Reproduced with permis-
sion from ref. 124. Copyright 2018, John Wiley and Sons.

was confirmed from the XRD studies. However, a slight reduction
in bandgap was noted upon an increase in the concentration of
F3EAI from 0 to 10%. Also, the superior film quality could be seen
upon introducing 0-10% F3;EAI to develop the RP-perovskite;
however, beyond this limit pinholes started appearing in the film.
An enhancement in the PL intensity and lifetime for the 6%
F;EAI-doped RP perovskite compared to the reference suggested a
significant reduction in the trap-assisted non-radiative recombi-
nation. The longer photovoltage decay time for the 6% F;EAI-
doped RP-perovskite than the reference sample also confirmed
slower and more effective carrier recombination and transport.
Since the doping percentage of F;EAI was low (~ 0-10%), it could
not impact the stability of the perovskite extensively, as observed
in the study."**

4. Fluorine-based spacers for quasi 2D
DJ-perovskites

The effects of a fluorinated spacer upon the PV performance of
a DJ-perovskite were investigated by Yin and co-workers. To the
best of our knowledge, this is the only report of a DJ-perovskite
based on a fluorinated spacer and the present section covers
this. Here, the n = 4 DJ-perovskite offered a PCE of 16.62%, the
highest value known so far for any DJ-perovskites with an
aromatic spacer. The fluorinated spacer chosen in this study
to assemble into a DJ-type perovskite was 2,3,5,6-tetrafluoro-
1,4-phenylenedimethanammonium  iodide  (F,PhDMAI).®
Noncovalent CH:--F hydrogen bonding interactions between
adjacent spacers and electrostatic F---I interactions between
the spacer and the inorganic lattice led to a higher dissociation
energy of 7.32 eV for DJ-perovskite (F,PhDMAI)(MA);Pb,l;; (¢f.
Fig. 18). Also, intramolecular CH- - -F interactions in the crystal
structure of the F,PhDMAI-based DJ-perovskite were revealed.
These interactions offered higher stability to the F,PhDMAI-
based DJ-perovskite than the PhDMAI-based DJ-perovskite
towards disintegration by moisture, light and temperature. Also,
these different noncovalent interactions reduced the distance
between the inorganic sheets of the F,-PhDMAI-based perovskite
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Fig. 18 The crystal structure of (F4;-PhDMAI)Pbl,, showing different
non-covalent interactions.®®> Reproduced with permission from ref. 65.
Copyright 2021, American Chemical Society.

enhancing carrier mobility. The shorter I - -T distance of 6.39 A
between the inorganic layers of the F,-PhDMAI-based perovskite
than 6.75 A for the PhDMAI-based perovskite was calculated
from DFT, further suggesting closer interlayer stacking and
stronger interactions in the former perovskite. A higher content
of lower n-phases towards the surface of the F,PhDMAI-based
perovskite than PhDMALI affected greater passivation of electro-
nic traps and led to higher environmental stability as well as
shallower conduction band energy. However, the content of
lower n-phases was more towards the substrate for the PADMAI-
based perovskite and was established from the PL studies from
the front and back side excitations. The vertical growth of
crystals with minimal grain boundaries was confirmed from
the SEM and XRD studies for the F,-PhDMAI-based perovskite
film, which contributed towards greater out-of-plane carrier
mobility. However, GIWAX studies indicated random crystallite
orientation in the PhDMAI-based perovskite film. These results
showed that fluorination of the PhDMAI cation could indeed
influence the orientation of lattice growth in the corresponding
perovskite. The greater passivation of trap density and reduction
in non-radiative recombination were also indicated from the
enhancement in the PL intensity and PL lifetime for the F,PhDMAI-
based perovskite.®> Also were confirmed higher electron mobility
and lower trap density for the F,PhDMAI-based perovskite than
PhDMAI using the SCLC method. Improved hydrophobicity
was revealed from the higher water contact angle of 82.03° for
the F,PhDMAI-based perovskite film than 60.75° obtained for
the PhDMAI-based perovskite film.®> Similarly, illumination with
a 100 mW cm™ > white-LED light and also the ageing test at 80 °C
confirmed higher photostability as well as thermal stability for
F,PhDMAI than the PhDMAI-based perovskite device.®®

5. Fluorine-based spacers for
2D/3D-bilayer perovskites

As discussed at the outset, the 2D/3D-bilayer perovskite can
retain the superior carrier mobility and absorption property of a
higher dimensional counterpart, at the same time retaining the
stability of the lower dimensional capping layer.”” In the case
of the bilayer perovskite, bulky spacer cations are present as a
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passivating upper coating over the 3D-perovskite or are located
mostly around the Pbl,-rich grain boundaries, leading to the
passivation of defects at the surface or grain boundaries.®®
In this regard, the exploration of fluorinated spacer cations as
a passivator to offer enhanced hydrophobicity to 2D/3D-bilayer
perovskites seems obvious. This section covers the studies
pertaining to the exploration of fluorinated spacers to develop
2D/3D-bilayer perovskites. The section first collates studies of
the 4-FPEAI-based spacer to develop bilayer perovskites of
diverse compositions for PV applications. Then are presented
discussions showcasing the way the position of fluorine sub-
stitution on the aromatic spacer could impact photophysical
properties and PCE. After this are organized discussions on
multi-fluorinated aromatic spacers to manoeuvre PV perfor-
mance. The studies with fluorinated amidinium-type spacers
followed by aliphatic spacers to develop bilayer perovskites are
discussed towards the end.

Gao and co-workers explored fluorinated aromatic spacers,
like 4-FPEAI, to develop stacked 2D/3D-bilayer perovskites
with improved PV performance and stability compared to
3D-perovskites.”” The improved PCE and stability were due to
the passivating effect of the fluorinated cation, which not only
lowered non-radiative recombination but also imparted hydro-
phobicity to the perovskite and protected against moisture
and other external factors.>” Eventually, 4-FPEAI passivated films
were stable in the air at 30-40% RH for more than 10 days. Also,
suppressed hysteresis was observed for the 4-FPEAI-passivated
device than for the control 3D device apparently due to the
slower ion diffusion from the perovskite layer to the other
transport layers. The authors could obtain a very high PCE of
more than 20% from the PV device using this bilayer perovskite
as an absorber.?” Furthermore, Gao and co-workers also compu-
tationally calculated the surface energies of (4-FPEA),Pbl,,
(PEA),PbI, and CS/MA/FA-triple cation 3D-perovskites.”” The
lowest surface energy was calculated for (4-FPEA),Pbl, and
highest for the CS/MA/FA-triple cation 3D-perovskite (¢f Fig. 19).
This simulation of surface energy gave clue for the kinetically
favoured formation of the bilayer structure upon contact of a
film of the 3D-perovskite with the fluorinated cation. Further,
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Fig. 19 The slab surface energy calculated for the Cs/MA/FA-triple cation
3D-perovskite, (PEA),Pbl, and (4-FPEA),Pbl,.>" Reproduced with permis-
sion from ref. 57. Copyright 2019, John Wiley and Sons.
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the calculated defect formation energy was also higher for
(4-FPEA),Pbl, than (PEA),Pbl,."*

Ishikawa and co-workers also explored the 4-FPEAI spacer to
develop a 2D/3D-bilayer structure, using the Cs/FA-double
cation 3D-perovskite.''® The formation of the 2D/3D-bilayer
structure was confirmed from the UV-Vis absorption and XRD
studies. The peak at 5.3 (20) in the XRD profile indicated the
formation of a 2D-capping layer. The presence of characteristic
absorption of the 3D-perovskite and the excitonic peak of
the 2D-perovskite in the UV-Vis spectrum also confirmed the
formation of a bilayer structure. The highest PCE of 20.6% was
obtained for the device of the bilayer perovskite fabricated
using 8 mM IPA solution of 4-FPEAI compared to 18.6%
obtained for the control device. The improvement in PCE
was the result of defect passivation and was confirmed from
the enhancement in the PL intensity and PL lifetime. The
formation of a 2D/3D-bilayer structure led to proper band
alignment and blocked the migration of electrons from the
perovskite layer to the hole-transport layer (HTL). The passiva-
tion using a higher or lower concentration of 4-FPEAI than
8 mM was detrimental to the PV performance due to the IPA
mediated dissolution of the perovskite layer. Also, a higher
concentration of 4-FPEAI increased the thickness of the insu-
lating 2D-capping further hindering carrier mobility as
observed in the study.''®

The influence of spacer cations to manoeuvre the lattice
orientation to affect carrier mobility and recombination
kinetics at the interface of the 2D/3D-bilayer perovskite was
studied by Grancini and co-workers.”® The choice of the spacer
cation was decisive in allowing oriented alignment of the 2D-
layer over the 3D-perovskite that can significantly impact the PV
performance. In the study, the authors compared fluorinated
and nonfluorinated spacers, i.e., PEAI and 4-FPEAI, in passivating
the Cs/FA/MA-triple cation perovskite and also investigated differ-
ences in their interfacial lattice growth alignment that impacted
carrier dynamics to different degrees in these bilayer perovskites.
Contrarily,"'® the better influence of PEAI than 4-FPEAI to render
parallel lattice alignment over a 3D-layer was confirmed in this
study, which might have offered a better surface passivation
leading to a slightly better PCE for the PEAI than 4-FPEAI-based
bilayer perovskite.”” The PCE obtained from the PV devices of
PEAI and 4-PEAl-based bilayer perovskites was 20.62% and
20.53%, respectively. Here, ultrafast transient absorption (TA)
studies indicated that energy transfer from the 2D-layer to 3D-
layer was absent in both these perovskites, which suggested
probable dissociation of electrons.”®

In continuation of a previous work,”” Gao and co-workers
investigated the way crystallization behaviour may be mano-
euvred by changing the position of fluorine substitution in the
PEAI spacer due to the different dipole moment and formation
energy along the series (o/m/p or 2/3/4) to impact morphology
and other optoelectronic properties of the corresponding
Cs/FA/MA-triple cation-based 2D/3D-bilayer perovskite.'??
The dipole moment increased in the order 2-FPEAI (12.37 D)
< 3-FPEAI (16.04 D) < 4-FPEAI (17.39 D), facilitating carrier
segregation (Fig. 20a). The authors observed that the best
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passivation offered by the 2-FPEAI-based bilayer perovskite
was due to the hydrogen bonding between the F-atom and
the NH-group of the FA cation that could reduce the defect
density and facilitate carrier mobility, leading to a PCE of
20.06%, much higher than that obtained for the pristine 3D-
perovskite. However, the best stability was seen for the 4-FEPAI-
based bilayer perovskite showing a loss of only 1% efficiency
upon exposure of unencapsulated devices to 10-30% RH
over 1440 h. Also, the highest water contact angle of 81.7° for
4-FPEAI compared to the film of (2/3)-FPEAI was noted. The
highest stability achieved upon 4-FPEAI passivation was the
result of the lowest formation energy of the corresponding
2D-perovskite that resisted moisture-assisted hydrolysis.*® Also,
the better passivating effect of the 2-FPEAI cation was proven by
the authors using the time-resolved photoluminescence studies
(TRPL) that revealed the longest average lifetime of 63.1 ns for
the 2-FPEAI-based bilayer perovskite compared to the (3 or 4)-
FPEAI (¢f Fig. 20c).">® Nevertheless, better carrier extraction
from the perovskite layer to the HTL led to the best accelerated
PL decay for the 4-FPEAI-based bilayer perovskite film with HTL
(¢f: Fig. 20d).

In another work, Gao and co-workers tailored the intrinsic
properties, stability and PCE of 2D/3D-bilayer perovskites by
manoeuvring the extent of fluorination of the PEA spacer.’”
The fluorinated spacers chosen for the study were 4-fluorophene-
thylammonium iodide (4-FPEALI), 3,5-difluorophenylethylammo-
nium iodide (3,5-F,PEAI), 2,4,5-trifluoroethylphenylethylammo-
nium iodide (2,4,5-F;PEAI), and perfluorophenylethylammonium
iodide (FsPEAI). From the DFT study, the dipole moments of
these four spacers were calculated to be 11.7 D (4-FPEAI), 12.3 D
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(3,5-F,PEAI), 14.2 D (2,4,5-F;PEAI), and 14.3 D (FsPEAI) (cf
Fig. 21a). This enhancement of the dipole moment with the extent
of fluorination lowered the exciton binding energy and facilitated
carrier dissociation, when explored for developing bilayer perovs-
kites for PV devices.*® Also, using DFT, formation energies of the
corresponding 2D-perovskites were determined, and were found
to increase with t