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Perovskite-based devices have achieved high efficiencies in the fields of photovoltaics and energy
storage. However, intrinsic defects in the deep levels of the perovskite structure are both morphological
and structural. Perovskites mainly suffer from extrinsic defects at their interfaces and grain boundaries,
ultimately affecting the perovskite film crystallinity. Moreover, they additionally depreciate the band
alignment and charge transport. Defect engineering is therefore the ideal option to enhance device
performance and stability. The initial substrate formation plays a consequential role in determining the
morphology of the structure and different materials can thus be tested as precursors through different
initial fabrication strategies to develop quality perovskite films. Composition engineering is also
practiced, with dopants added at various levels of fabrication. In some cases, synthesizing defects also
improves the device performance with reasonable stability. Herein, categorizing the defects, should be
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of primary importance given that defect structuring is very important to upgrade the perovskite
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1. Introduction

In recent years, the perovskite structure has shown great
prospects in photovoltaic cells and energy storage applications,
such as in lithium batteries. The perovskite-based photovoltaic
cell has a low cost and long lifetime." ™ These types of solar cells
possess desirable features such as tunable bandgap,’ excellent
light absorption capacity, long electron-hole diffusion
length,®” minimal recombination rate,® and high charge car-
rier mobility.”'® Moreover, perovskite solar cells (PSCs) have
better power conversion efficiency and greater open-circuit
voltage compared to those of dye-based photovoltaic cells.™
PSCs have increased the performance efficiency of photovoltaic
cells from 3.9% to 22.7%.">*°

Perovskite structures have advantages over conventional
semiconductors in that although these materials are processed
at lower temperatures, their structures are highly crystalline
and can be prepared in various forms such as nanocrystals,"”
nanorods,'® nanowires,'® platelets, and microspheres.?® These
features make the applications of perovskites versatile, lending
themselves to applications in batteries, supercapacitors, solar
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performance for commercial applications.

energy devices, energy-efficient light-emitting diodes (LEDs),
and lasers.*

Recently developed solution-processing techniques such as
one-step deposition, two-step sequential deposition, and sol-
vent quenching can result in highly crystalline perovskite
structures with excellent solar cell performance. Additionally,
the basic methylammonium lead iodide perovskite can be
engineered into mixed-cation and mixed-anion halide perov-
skites to increase the stability and efficiency of the perovskite
structure.®**™>*

Various defects in the polycrystalline crystal can make the
solar cell performance much lower than the theoretically
achievable limits.

The perovskite structure in solar cells is susceptible to
decomposition due to the weak bonds and lower intrinsic
instability. The cations in the organic salts can escape from
the crystal structure during the thermal treatment process,
which leads to a non-stoichiometric surface on the perovskite
crystal. The perovskite crystals synthesized from organic
ammonium halide precursors could have some unreacted pre-
cursor salt that can lead to hindered transportation and the
formation of non-radiative recombination centers. Different
methods are implemented to control or eradicate these
defects.">?*° To control the nucleation and development of
the perovskite film and passivate the trap sites, several addi-
tives such as alkyl halides, ionic liquids, Lewis bases, alkyl
metal cations, fullerene derivatives, and polymers can be doped
in the precursor solution. Studies also reveal that the moisture

© 2022 The Author(s). Published by the Royal Society of Chemistry
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instability perovskite structure faces are usually due to the
presence of amine groups in the cation that are usually hygro-
scopic. A suitable solution to mitigate moisture instability is
increasing the number of cations through doping or lowering
the dimensions of perovskites. The replacement of MA" with
FA" has also been suggested for improved thermal stability,
although this originates from the basic chemistry of perovskite
compounds and cannot be classified as a defect. Thermal
stability and moisture stability require major attention for the
commercialization of perovskites beyond silicon solar cells.*
Various studies on solid-state batteries have shown that they can
be safer, more electrochemically and mechanically stable, and have
a longer life cycle,*"*> which is a good alternative to the lithium
battery, which has flammable organic liquid electrolytes®*~*® Solid-
state batteries, like lithium-ion, lithium-air, lithium sulfide, and
lithium bromide batteries, have very high energy densities. The
solid-state electrolytes used in these batteries are ceramic oxides
such as perovskite-based materials (LLTO),***° anti-perovskites
(LLNO)**** and the garnet structure (LLZO).**">® The grain bound-
ary barriers and moisture sensitivity of this type of solid-state
electrolyte hinder the lithium-ion conduction in the entire cell
structure, reducing the efficiency of the solid-state cells. These
problems combined with the complex chemical reactions reduce
the commercial viability of these types of cells.>® Crystal doping can
form crystal distortions or create defects in the anti-perovskite
structure, which can enhance the lithium-ion mobility through
the bulk crystallite.”” The substitution of cations and anions in the
crystal structure can also be used to increase lithium-ion
conductivity.***° Fluorinated lithium-rich anti-perovskite solid-
state electrolytes can further escalate lithium-ion conductivity. This
can enhance the local microstructure and create Frenkel defects in
the crystal lattice, which enhances the lithium—-ion conduction.

2. Perovskite structures and defect
interpretation

When a large oxide ion and a metal ion with a small radius are
combined, it results in a crystal structure that has oxygen ions
forming a cubic close-packed lattice structure and the octahe-
dral interstitial sites contain the metal ions. This type of
arrangement is mostly observed in crystals of transition metal
oxides with a valency of +2. If one of the oxygen atoms is
replaced by a cation with a similar radius to that of alkali,
alkaline earth, or rare earth elements, then the number of
octahedral voids occupied by cations is reduced to one-fourth.
This type of ionic arrangement has the general chemical
formula ABX; (where X can be O*, F~ or Cl"). The A atoms
are located in the special Wyckoff positions 1b, (1/2, 1/2, 1/2);
the B atoms are present at 1a, (0, 0, 0); and the X atoms are
present at 3d, (1/2, 0, 0); (0, 1/2, 0); (0, 0, 1/2). With the usual
position of the A cation lying in the B-X framework cavity,
perovskites provide substantial versatility in tailoring their
crystal structure. The general structure of perovskite crystals
along with their dipole moment orientations have been listed
in Fig. 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 General schematic illustration of the perovskite crystal structure
and the proposed dipole moment orientation about the orbital hybridiza-
tion directions: (a) tetragonal phase and (b) the orthorhombic phases
highlighting the Pb—I bond lengths and the Pb—I-Pb bond angles of the
equatorial and apical iodide®! [Reprinted with permission. Copyright (2016)
American Chemical Society].

A perovskite-like SrTiO; has a structure in which Sr** and
0>~ form a close-packed cubic lattice and the Ti*" ions occupy
the octahedral holes that are formed by the oxygen ions. The
perovskite consists of a net-like three-dimensional structure in
which the octahedral corners share a common [TiOe] and the
Sr** are present in the twelvefold cavities in between the
polyhedral structure.

A perovskite structure that has a vacant (A) position is
referred to as the ReO; type. When the ReOj; structure is
converted to a more closely packed hexagonal structure due
to the rotation of the octahedral structure, this structure is
referred to as the RhF; structure. In this case, the central void is
surrounded by an octahedral structure. An ilmenite structure
(FeTiO3) is formed if the central octahedral hole is occupied.

The abovementioned structures can be transformed, in
order to validate the flexibility of a standard perovskite
structure.

A superstructure that is related to perovskites can be formed
if all the three edges of the unit cell are doubled. In this
superstructure, equivalent positions can be occupied by
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different atoms. A one-to-one relation of perovskites with this
structure can be established using a doubled formula of that
perovskite. In the perovskite superstructure of cryolite
(NazAlFg), the Na* ion occupies the equivalent positions of
Sr** and Ti'". The presence of these different-size ions in
different equivalent sites causes some distortion of the crystal
structure.

The distortion or defect can be caused by three factors: size
effects, deviation from the ideal composition, and the Jahn-
Teller effect.

i. Size effects: when a perovskite structure forms an ideal
cube with side length ‘@’ and ionic radii ra, s, and ro, the
geometric relationship between them can be represented by the
following equation:

a=2(ra+ro) =2(rg +ro) (i)

Goldschmidt’s tolerance factor (¢) is the ratio of these two
values of ‘@’. This gives an approximate value of the degree of
distortion. Because this factor is based only on ionic bonds,
perovskite compounds with a higher degree of ionic bonding
can be well applied to this calculation.

= atro) (ii)
V2(rg + ro)

An ideal perovskite has ¢ = 1. The perovskite structure
remains cubic if 0.89 < t < 1. A perovskite structure in which
the A ion is smaller than the optimum size and has a value
smaller than unity makes the octahedral structure of [BOg] tilt
towards one side to cover up space. This defect might make the
perovskite structure less stable than the ideal structure. How-
ever, ilmenite, which has ¢ < 0.8, has a much more stable
structure.

If the A ion is larger or the B ion is smaller than in the ideal
structure, this results in a ‘¢’ value greater than unity. In this
case, the perovskite structure remains hexagonal. The perov-
skite BaNiO; has a structure of this type. The BaNiO; structure
consists of a close-packed structure that forms a hexagonal
stack and [NiO;] shares a common face in the crystal lattice.
The ‘¢ value can only give an estimation of a defect in a
perovskite structure since perovskites do not have a fully ionic
structure.

ii. Deviation from ideal composition: This type of defect can
be observed by changing the composition of the ideal perov-
skite. For example, the value of x for the perovskite SrFeO,
varies between 2.5 and 3. On subjecting this type of perovskite
to a reducing or oxidizing environment and heating, the oxida-
tion state of Fe ions fluctuates, with some in the +3 oxidation
state while others are in the +4 oxidation state. Fe, which is
present as [FeOs], makes the structure into a square pyramid
form instead of the ideal cubic form. The composition of these
types of perovskites can be given by A,B,O3,_; where the value
of ‘n’ can be 2 to .

iii. The Jahn-Teller effect: according to the Jahn-Teller
theorem, any non-linear molecule with a spatially degenerate
electronic ground state will undergo a geometric distortion,
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which will eliminate the degeneracy by lowering the
overall energy of the species. Some perovskites have this
type of distortion at the B position due to Jahn-Teller active
ions.®?

The octahedral factor also assesses the stability of the
perovskite octahedron BXs  based on the best fit of the B
cation in the octahedron. Due to the distortion in the perov-
skite system, the octahedron deviates from its ideal cubic state,
resulting in a variation in the unit cell volume, establishing the
tolerance factor as a measure of the extent of distortion in the
crystal lattice. Pauling’s octahedral factor is usually denoted by

r . . . s
U= ﬁ; however, a plot with ‘¢’ can depict the suitability and
Iy

stability of the perovskite based on both the A cation and B
cation, respectively. The B cation must fit in the X, octahedron,
where 13 < 0.414 < r, is deemed too small to form a perovskite
structure. Hence, with the increasing size of the halide ions, the
number of B cations fit to form a stable perovskite is very less;
8, to be exact, for iodide perovskites.®®> Based on the Goldsmith
tolerance factor and Pauling’s octahedral factor, considerable
effort has gone into defining a ‘“stability range”, either by
proposing boundaries for ¢ and p or by utilizing machine
learning to create ¢ vs. u curves that enclose the data points.
The relevance of these endeavors is that they explore the no-
rattling principle’s predictive power in qualitative terms. How-
ever, these approaches suffer from a heavy reliance on empiri-
cal ionic radii. It is commonly acknowledged that the concept
of ionic radii is nonunique, with deviations reflected in coordi-
nation and local chemistry even within the same definition.
The stability ranges suggested thus far are observational rather
than predictive, as these uncertainties are transferred to the
octahedral and tolerance factors.®

2.1. General perovskite fabrication approaches

The quest for particular features for high efficiency in ultimate
application dictates the synthesis of perovskites, as it is known
that the crystal structure, surface morphology, and other prop-
erties of perovskites are reliant on their synthetic technique.
However, among solid-state, solution-state, and gas-state syn-
thesis, solution-state synthesis has a good capacity to create
nanomaterials, and is therefore the most widely applied syn-
thetic technique by scientists and the research community. The
use of such synthetic methods in the industry is in progress.
However, the widespread use of such methodologies while
following strict industrial regulations is still a challenge that
needs to be addressed by the scientific community to eradicate
the costly fabrication techniques of Si-tandem cells.

The usual choice of base for perovskite solar cell fabrication
is glass panels, although coated glass panels such as laser-
etched fluorine tin oxide (FTO) or iodine tin oxide (ITO) can
also be used. The base is passed through an ultrasonic bath for
approximately 15 minutes, followed by drying in an inert
nitrogen atmosphere, and is subsequently treated by UV ozone.
It can also be treated using deionized water, acetone, ethyl
alcohol, and isopropyl alcohol, followed by intermittent drying
and UV ozone treatment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This cleaned glass is then coated with a thin film of SnO, or
TiO,, which acts as a electron transport layer (ETL) for the
perovskite solar cell. A buffer layer of SnO, or TiO, can also be
applied before this step, which is only done for certain variable
enhancements in solar cell performance. This is accomplished
by spin coating the glass with a 2% solution of SnO, or TiO,
and then annealing the glass at 150 °C.

The glass panel is spin-coated twice again with the precursor
perovskite salt solution, initially by the precursor salt solution
and then by a cation salt added to the precursor salt solution.
After the coating process, the glass is annealed at 100 °C. To
protect the perovskite film, the glass is spin-coated with a
solution of spiro-OMeTAD, which is prepared by dissolving
spiro-OMeTAD in a solution consisting of 4-tert-butyl-
pyridine, Li-TFSI (dissolved in acetonitrile), FK209CO(III)TFSI
salt (in acetonitrile), and chlorobenzene. This coated glass is
then again annealed to set the film. Finally, electrodes are
added to this perovskite-based solar cell using thermally eva-
porated silver.®®®® A schematic of such a fully prepared perov-
skite solar cell has been provided in Fig. 2.%

2.2. Categorizing general defects

Defects in the perovskite structure can be classified based on
their formation types. These defects are caused by atomic
vacancies, interstitials, and antisite substitutions, and higher
dimensional defects are formed due to dislocations, GBs, and
precipitates.

Defects can also be segregated into point defects, line
defects, planar defects, and bulk defects. The defects formed
around a single lattice point are known as point defects. These
include vacancy, interstitial, antisite, substitution, Frenkel,
Schottky, and substitutional impurities.

Line defects are formed when atoms get misaligned along
with a linear defect. This type of defect can be described by
Gauss theories. Edge dislocation can be considered a line
defect.

Planar defects are formed when a discontinuity is formed
across a plane in a perfect crystal structure. A grain boundary
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defect is a line defect, which affects moisture degradation in
perovskite crystals besides affecting ductile cracks in the
boundaries. In mitigating this defect, a lower trap density can
be ensured, resulting in a decreased recombination rate and
thus better performance than its thin-film counterparts.®®

Bulk defects or volume defects are formed when several
atoms are missing from an internal crystal structure, which
leads to the formation of pores or cracks. This defect can also
be formed due to the inclusion of impurities in the crystal
structure. The precipitate is a bulk defect.

The vacancy defect is formed when some atoms leave
their regular position in the crystal lattice due to high
thermal fluctuations. This can lead to extra charge in the
crystal corresponding to the charge on the leaving atom.
Additionally, it reduces the diffusion length and charge-
carrier mobility, introducing deep-level trap zones that result
in recombination. The schematics of such defects and their
scanning tunneling microscopy (STM) images have been pro-
vided in Fig. 3 for further illustration. However, the crystal
structure remains stable because of the movement of the
neighboring atoms, and as a result, the vacancy gets dislocated
and moves through the crystal lattice as an ionic hole. This
defect can be mitigated by the introduction of halides and
halide salts.

An interstitial defect can be formed if an atom that gets
dislocated during a vacancy defect moves to an interstitial
position in the lattice structure of the crystal. Antisite substitu-
tion is formed when a crystal is composed of different atomic
species and an atomic species interchanges its position in the
lattice structure with another species of the crystal. To mitigate
this class of perovskite crystal defects, it is crucial to introduce
tri-iodides in FA-based PSCs.

A Frenkel defect is formed in a perovskite crystal structure
when an ion leaves its place in the lattice structure and
occupies an interstitial site. A general schematic representation
of such Frenkel defects has been illustrated in Fig. 4.”° This
type of defect in a perovskite material like MAPbI; can be
represented by

(b)

\

(c)%):

Fig. 2 A schematic representation of a typical perovskite-based photovoltaic cell®” [Reprinted with permission. Copyright (2018) American Chemical

Society].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the top-layer atoms and the simulated scanning tunneling microscopy (STM) images of (a) the pristine CHsNHzPbBr3
(010) surface and a surface with (b) a Br vacancy Vg, (c) an MA vacancy Vua, (d) a Br—Pb double vacancy Vg,_pp, and (e) a Br—MA double vacancy Vg,_ma.
These STM images were all calculated with a W (111) tip. The squares show the position of the missing Br/Pb atoms or MA cations. Vj,,s = —3.0 V. Color
code: N (blue), C (gray), H (white), Br (brown).®® [Reprinted with permission. Copyright (2017) American Chemical Society].

Fig. 4 General schematic of the formation path of a Frenkel pair defect
(highlighted in pink) in La,Hf>0O,”° [Reprinted with permission. Copyright
(2017) American Chemical Societyl.

| (R VAR

(iif)

A Schottky defect is formed when cations and anions leave
the crystal lattice in the same stoichiometric ratio, giving rise to
vacant sites in the perovskite structure. In Fig. 5,”" a schematic
representation of the Schottky defect has been illustrated for
further reference. Additionally, there have been reports suggest-
ing the switching behavior of physical sensors, namely Si/SiO,
metal oxide semiconductors (MOSs), which might be attributed
to the inherent surface effects.”

P vi+1

(iv)

If some impurities are not removed from the perovskite
precursor salts, then the impure atoms can replace an original
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Fig. 5 Schematic representation of a Schottky defect’* [Reprinted with
permission. Copyright (2004) American Chemical Society].

atom from the crystal lattice. This defect is known as a
substitutional impurity.

The edge dislocation defect is caused when a plane of atoms
terminates abruptly within the three-dimensional crystal struc-
ture and does not reach the opposite crystal edge. The adjacent
planes bend around the abrupt end of the middle atomic plane.
This bend in the adjacent crystal planes makes the atomic
planes next to these two adjacent planes be in perfect order.

A grain boundary defect is caused when a crystal structure
contains different crystalline orientations and the planes at
which these different orientations meet to form a grain bound-
ary. The grain boundaries are not perfectly crystalline. This
defect is caused when there is uneven crystal growth during
crystallization.

A precipitate is formed when there is more impurity in the
perovskite precursor salt and this impurity forms its crystal
structure or forms small clumps of precipitate as inclusions
inside the main crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Defects of perovskites in
photovoltaic applications

One of the major reasons why the applications of perovskites
have increased multifold in the last decade is due to their
tunable bandgap that can range from the infrared region to the
ultraviolet. As a competitive edge over their counterparts in
third-generation solar cells, i.e., DSSCs, from which they have
evolved, these classes of perovskite halides usually provide
carriers for absorbing light, which requires the distributed
excitation dissociation interface seen in a DSSC. Although their
efficiency has skyrocketed in recent years, it is understandable
that deep-level imperfections in perovskite thin films are pre-
venting the PCE from approaching the theoretical Shockley-
Queisser limit. Due to the high density of deep-level traps that
trap either electrons or holes and do not escape by thermal
recombination, Shockley-Read-Hall (SRH) statistics are a sig-
nificant loss mechanism that gives the rate of non-radiative
recombination process in perovskites.”*’* Transparent conduc-
tive oxide (TCO) makes up the top layer, which aids in the decay
of the photo-excited population through contact. This takes
place when the excitation density is low. Below this layer is a
three-layer sandwich, with perovskite being the middle layer.
The perovskite layer forms a heterojunction with the top and
bottom layers. The top and bottom layers have a wide bandgap
and there is also a selective carrier. Below the bottom layer,
there is a metallic back contact, which is usually formed by
nano-deposited silver.'>>*7>777

The absorption coefficient of the perovskite layer is approxi-
mately 104-105 cm™',”® which can absorb most of the incident
light. The thickness of the layer is about 300-500 nm and the
reflective back contact also reflects the radiation, which does
not get absorbed in the first pass.”” The grain growth and
optoelectronic properties of the fabricated perovskite film are
influenced by factors such as the perovskite precursor ratio,
additives used during solvent processing, substrate roughness
and surface energy, atmospheric and environmental condi-
tions, annealing temperature and treatment time.** When the
photo-excitation density is very high, the probability of inter-
action among the three layers also increases, which can lead to
Auger recombination, which becomes a defect in a perfect
crystal structure. The defects can be categorized as point
defects (e.g., atomic vacancy defect), interstitials, antisite sub-
stitution, and higher dimensional defects.®""*> When the for-
mation energy of a defect in a perovskite turns negative, which
is determined by the atomic chemical potential and the elec-
tronic chemical potential, the defect becomes thermodynami-
cally favorable. Additionally, the atomic chemical potential is
affected by the concentration and activity of the reactants.**°
The Fermi level, on the other hand, determines the electronic
chemical potential, which indicates that the conditions main-
tained during crystal development affect the defect formation
in the crystal interior.?®®*”7°° The theoretical calculation of the
energies of formation can give an estimate of the defects in
the crystal structure. When a systematic defect analysis of the
material is required, the energy of formation is calculated for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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different charge states, and the charge state with the lowest
energy requirement is generally considered the most stable
state. This charge state, which is considered the most stable,
also depends on the Fermi level.'®71¢7

The most prevalent types of defects in perovskite halides are
point defects, and the perovskite methylammonium lead iodide
(CH3NH;PbI;), which is commonly used in photovoltaic appli-
cations, possesses as many as 12 varieties of native point
defects. The defects in this perovskite are studied theoretically
by calculating the energies of formation in a host crystal when
its crystal is at equilibrium with its precursors. This study gives
an estimate of the types of defects and favorable growth
conditions. Iodide vacancies and interstitials can easily diffuse
across the perovskite crystal and interfaces, according to
Azpiroz et al., with migration activation energies as low as
~0.1 eV, although the slow response time of PSCs could not
be attributed to the migration of ion defects alone.'® Density
functional theory (DFT) has been used to determine the calcu-
lated quantities. Studies have shown that if point defects are
present in CH3;NH;PbI;, then there would be deep levels in the
bandgap when the energy of formation is high and the point
defects will also contribute to a shallow state. According to this
assumption, there should not be non-radiative recombination
centers present at high densities when point defects are pre-
sent, since these lie deep within the bandgaps. However,
experiments show that there are exceptions to this general
assumption. This is because there is the formation of covalent
bonds between atoms that are present around the defects and
these are present at much deeper locations in the bandgaps.
The shallower point defects can contribute to unintentional
doping even at room temperature. Vys and Vpy, are the acceptor
defects and V; is the donor defect. These shallow donor and
acceptor defects (the 3 defects that have energy levels less than
0.005 eV above the valence band maximum) occur when the
energy of formation is lower and p- and n-type doping can be
done in these defects. When stoichiometric growth conditions
are maintained, the Schottky disorder type defect is more
common than the other types of point defects. Though the
energy of formation is lower in the case of the Schottky defect,
there is less chance of accidental doping as there is a charge
carrier for each vacant site. Significant first-order recombina-
tion is caused by structural Schottky defects, such as halide
vacancies at grain boundaries, resulting in low Voc and a
substantial light-harvesting effect.'°>'*® Because of their inher-
ently high trap densities, perovskite films with many grain
boundaries are susceptible to first-order recombination. Com-
pact perovskite films, on the other hand, have a substantially
lower trap density and less first-order recombination than bulk
films. Charge trapping or accumulation at the perovskite/
charge transport material interfaces is also caused by imperfec-
tions on the surface of the HTL or ETL. Grain boundary and
surface defects, such as defect arrays, undercoordinated ions of
terminating lattice periodicity, and combinations of point
defects and dislocations on crystal surfaces and interfaces,
are frequently categorized under two-dimensional (2D) defects.
According to Meggiolaro and colleagues, ion migration in metal
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halide perovskites is dominated by surfaces and grain bound-
aries due to surface-assisted defect generation; and surface
passivation plays a key role in stabilizing lead halide perov-
skites against defect formation. This may prevent the photo-
chemical breakdown events that are associated with this class
of materials, offering a foundation for understanding their
strange ion conduction properties and light-induced
instability."'® Phung et al. studied the kinetics and mechanism
of ion migration using photoluminescence microscopy. Migrat-
ing iodide and perhaps methylammonium ions are likely to
saturate the created and available vacancies, resulting in a shift
in the PL yield. At the same time, the removal of ions from their
crystalline positions reduces the PL yield, introducing non-
radiative recombination centers. The recovery of PL supports
the idea that defects can be trapped near grain boundaries and
then move back to faulty crystalline sites to “repair” the lattice
once the excitation is turned off, which was further confirmed
by molecular simulations."""

The photoactive phase can be made from monovalent
cations that have a Goldschmidt tolerance number in the range
of 0.08-1. However, it has been observed that MA" cations can
leave the crystal when subjected to heat or light. This can be
avoided by substituting MA" with monovalent cations having a
smaller atomic radius than MA" (e.g., Rb", K', Na"). However,
cations smaller than Cs" can accumulate at grain boundaries or
interstitial positions without serving as a replacement for
inorganic or organic cations. This can lead to an increase in
grain size. Additionally, the monovalent cation K*, which has
an optimum cation:anion ratio, can form a Frenkel defect by
dislodging into the interstitial spaces. The accumulated K ions
at the grain boundaries and on the surface make the excess
halide inert and immovable by forming bonds with the same.
This leads to the self-passivation of the perovskite. The defect
tolerance of various lead halide perovskite compositions and
the types of defects that commonly occur in halide perovskites
were investigated by Ye et al. Their review article also included
an overview of surface passivation procedures for colloidal NCs
and thin films to increase their optical properties and, as a
result, the efficiency of the resultant LEDs and solar cells."*?
Saykar et al. focused on interface, additive, and gradient band
alignment engineering in their review work, and the resulting
increase in photocurrent density, photovoltage, power conver-
sion efficiency, and long-term stability that occurred.'*

Lithium lanthanum titanium oxide perovskite materials
have been shown to inherently exhibit relatively good electro-
chemical applications and high conductivity. In the literature,
sodium ion conduction has been studied for the interlayer
planes of Ruddlesden-Popper (RP) layered perovskites.''* ¢
The ion transport within the perovskite layers in the required
LLTO structures has not been extensively studied.*”*'® How-
ever, in an investigation by Lin et al., they studied the defect
engineering strategies to induce Na deficiencies for the for-
mation of the required phase.’*® Similar to LLTO,**™! other
available materials that have found extensive attention are
LLNO,>*™* anti-perovskite, and garnet-structured LLZQ>* %%
due to their substantial electrochemical stability and higher
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conductivity, which has rendered them suitable for industrial
applications in batteries. In a work by Hong et al., they studied
different defects occurring in the quenching process of LLNO.
Additionally, it can be inferred from their study that specific
defect engineering can be a method to enhance the ionic
conductivity and applicability of LLNO in solid electrolyte
batteries'*°

3.1. Effects on the performance of photovoltaic cells

As already mentioned, the Shockley-Queisser PEC (photo-
electrochemical) limit of perovskite-based solar cells cannot
be approached by metal halide perovskites due to the presence
of deep defects in the film. The defects at the grain boun-
daries and inside the grain structure that are formed due
to the solution-processed polycrystalline perovskite-forming
approach, can lead to very rapid non-radiative decay and is
suspected that this can lead to the degradation of the perov-
skite film."*'*? It should also be noted that the limit is defined
by certain assumptions, specifically relating to the spectral and
equilibrium state. The intrinsic structural defects cause the
equilibrium state to create unavoidable radiative charge recom-
bination of electron-hole pairs, but studies indicate that non-
radiative charge recombination is avoidable and should be
eliminated. Luo et al. investigated the most common general
routes for non-radiative recombination losses in PSCs and
assessed their on-cell performance.'*® Defect-mediated carrier
recombination is especially important for understanding solar
cell performance. since at times, it tends to decrease the steady-
state charge density. This decreases the gap between quasi-
Fermi levels, which dictates the Vy¢. Surface recombination is
also prominent in PSCs without HTL, where the fabricated
devices suffer from high defect-recombination. With an opti-
mized and higher Voc and a bandgap as the activation energy
for recombination, it can be deduced that defect recombination
occurs in the intrinsic bulk of the absorber layer.'**

If an ionic defect is present in a perovskite, this will lead to
accumulation or depletion at the grain boundaries in an
imbalanced manner. This will lead to upward (for electron
transport) or downward (for hole transport) bending of the
band and will help to separate the electronic charge carriers or
impede their movement. This shows the sensitivity of the
optoelectronic property of the grain boundary to defects. The
ionic defects can be quantified and characterized by their
atomic densities, which requires us to understand the basic
ideas behind crystal structure, crystallographic orientation, and
chemical composition."*® In addition, understanding the phe-
nomenon of ion migration is crucial for the performance
characterization of perovskite-based PV cells.

If impurity-based defects are present, it can lead to the
formation of recombination centers. This can lead to SRH
non-radiative recombination centers. This will mainly affect
the Voc (open circuit voltage) by decreasing the lifetime and
photovoltaic performance. This is because the trap-assisted
recombination rate will decrease and higher voltages will be
reached within the lattice before recombination takes place to
cancel out the photocurrent completely.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The Vo can be expressed in terms of non-radiative voltage
loss (AVa2™%) by the following equation:'>®

max

AVoc = V& — Vs = Vit — %TMEQEEL) v)
here, EQEEL is the external quantum efficiency of electrolumi-
nescence, K is the Boltzmann constant, T is the temperature,
and e is the elementary charge.

The defects present in the perovskite film and on the surface
cause the anomalous current density-voltage ( J-V) hysteresis
of the perovskite solar cell. The defects in the perovskite film
provide a favorable path that causes the migration of ions
because of steric hindrance. The charge traps, which are caused
by the inductive effect of the defects, when subjected to forward
bias, get filled up and get discharged during short-circuit
conditions. As a result, these charging and discharging
cycles lead to the hysteresis behavior of the perovskite-based
solar cell.

The work done by Park and co-workers indicates that the
hysteresis behavior can also be caused due to the presence of
Frenkel defects. Frenkel defects are caused when the iodide
ions migrate to the OH interstitial spaces.'®’

Several research works have shown that grain boundaries
are most susceptible to degradation since these provide sites
for charge accumulation and provide a pathway for the infiltra-
tion of moisture. Identifying the reasons for instability and the
mechanisms that cause it has become a primary concern.
Electronic defects in perovskites play an essential role in the
deterioration of PSCs, and can come from a variety of sources.
However, there might not be any noticeable effect of defects on
photocurrent output. Unexpectedly, the degraded device per-
formance caused by the presence of defects has been some-
times seen to be partially reversed within minutes, revealing
that more research into the relationship between defects and
device stability is recommended.’*® The thermal stability of
hybrid PSCs is also controlled by the interfacial contact and
charge transport layers, specifically by changes in the electrical
and physical properties caused by heating.'** The charge
transfer dynamics and charge recombination process, which
determines the performance of hybrid PSCs, have been demon-
strated to be highly dependent on the energy-level alignment at
those interfaces. The lack of an energy barrier at the perovskite/
interfacial layers allows for easier charge transfer and lower
charge recombination. The energy barrier, on the other hand,
prevents charge transfer and causes significant charge carrier

FAI
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recombination losses. A study by Choi and co-workers has
shown that in the simultaneous presence of accumulated
charge and moisture, the perovskite starts to degrade along
the grain boundaries. Initially, the instability was attributed to
the hydrolysis of the amine compound, with first-principles
calculations suggesting that the deprotonation of MA" with
H,0 was the principal cause. However, more studies in the field
have revealed that at moderate humidity, MA" cation perov-
skites readily turn into monohydrates, and at high humidity,
they turn into dihydrates. Additionally, metal electrodes can be
corroded by ion migration, which is related to the defects. This
electron corrosion has been observed in silver electrodes
because the activation barrier for iodine ions is 0.1-0.3 eV,
which is close to that of silver. These iodine ions are deposited
as an inert film on the electrode surface, which deteriorates the
performance of the solar cells.'*°

3.2. Defect engineering of the perovskite structure for
photovoltaic application

The doping of perovskite halides with a low concentration of
AP** can reduce the number of defect sites and minimize
microstrains in the crystal lattice. The charge level also
decreases from 13.09 to 12.64 meV in this case, which is
indicative of the reduction in disorder within the crystal lattice.
This in turn, helps to improve the electronic quality of the
perovskite lattice.'®'”

When the perovskite halide is doped with monovalent
cation halides in which the cations have radii comparable to
that of Pb>" (Cu’, Na*, Ag"), the surface of the perovskite and
the grain boundaries can be made passive. Cd**, which has the
same valency as Pb®>" but a smaller ionic radius, can be
incorporated into the perovskite to stabilize its structure.
Structural stabilization occurs in this case because of the
decrease in the lattice strain and increase in the energies of
formation of the vacancies. The doping of the perovskite with
Ni** has been shown to make the antisite defects in Pbl,
passive and increase the crystal order and grain size, which
in turn increases the lifetime of PL from 285 to 732 nm. The
performance of perovskite-based tandem solar cells can be
increased if the cation composition is engineered in such a
way that the Vo value is lowered over a wide range.’*8¢131:132
In Fig. 6,"*° such an illustration has been provided with an
increased focus on the filling of I" and MA" vacancies by FAI
post-treatment. The MA" cation, which has a strong dipole

»4MA
%d FA
B Pl © Lead

© lodine or bromine

© lodine from FAI

Fig. 6 Schematic illustration of the filling of I~ and MA* vacancies in the perovskite films by the FAI post-treatment process™*® [Reprinted with

permission. Copyright (2018) American Chemical Society].
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moment, can be added to the mixed-cation-halide-based perov-
skite to decrease the number of deep trap defects and remove
the defects in the wide bandgap.

Mixed-cation perovskite defects can also be mitigated by
exposure to light. This is termed as photo-induced passivation,
and can be used to remove bulk defects. This also increases the
lifetime of the perovskite material. The addition of excess Pbl,
can help suppress non-radiative charge recombination, which
will lead to an increase in EQEEL and a decrease in the AV (non-
radiative voltage loss). Gratzel and co-workers added triiodide
ions and found that they help to reduce the deep level defects
that are caused by interstitial Pb (PbI) and antisite defects (MAI,
PbI, IMA). As a result, the power conversion efficiency (PCE) of
22.1% was obtained.

A study by Huang and co-workers has shown that if fullerene
is deposited on the surface of the perovskite film, the trap
density reduces and the hysteresis caused by the photocurrent
gets reduced.’® A report by Park and co-workers has shown that
the Frenkel defect caused by the migration of iodide ions can
be mitigated by doping with KI.*®

Silver electrode degradation by the migration of iodine ions
can be eradicated if an amide-mediated titanium suboxide layer
is integrated into the electrode. This layer forms a chemical
inhibitor layer and protects the silver electrode from iodine
ions. "%

The stability of solar cells has always been observed to
improve following interfacial engineering, regardless of the
type of solar cell configuration, the type and duration of the
stability or the organic molecule deployed, as per the literature.
Interfacial engineering of the substrate on which the perovskite
film is formed has demonstrated significant success in con-
trolling the active layer morphology, among other factors. The
surface energy of the interfacial layers present at the bottom
influences the wetting of the perovskite solution on the sub-
strate, the crystallization, and the morphology of the perovskite
by affecting the number of crystallization nuclei and the spa-
cing between the adjacent nuclei, thus specifying the grain size
and grain boundaries of the final perovskite film during the
film-formation process. It can be evident from the device
structure of high-performing solar cells that there are four
interface layers: the perovskite/ETL interface, perovskite/HTL
interface, ETL/cathode interface, and HTL/anode interface.
Furthermore, independent of the interface being adjusted,
there is an inherent improvement in stability. As discussed in
the previous section, the inherent defects in PSCs have a
relatively adverse effect on their overall efficiency. However,
defect engineering is effective at inhibiting defects in perov-
skite materials and at interfaces, with amplified effects on
the PCE and stability of subsequent photovoltaic devices.
Finding engineering strategies to minimize flaws, such as novel
additives, passivation layers, and post-treatment processes,
is critical, but it is even more crucial to understand these
defects’ potential explanations.”* According to our perspective,
having a good grasp of the defect type, defect concentration,
and defect distribution will be crucial in determining how to
effectively mitigate these faults and develop new PSCs. Specific

5242 | Mater. Adv, 2022, 3, 5234-5247

View Article Online

Review

interactions with halide ions at the interface have been seen to
reduce the density of states at the interface, inherently tuning
the bandgap of the perovskite material. However, molecular
functionalization has been seen to improve the performance of
organic-inorganic halide 2D/3D perovskites, subsequently exhib-
iting hydrogen-to-halogen bonding."*> Greater open-circuit
voltages are also associated with the careful modulation of
the crystallinity and energy disorder at such interfaces."*'
Crystal impurities in FA-based perovskites have been seen to
widen the bandgap, which has been addressed by phase
impurity management. A direct effect can be seen in the
enhancement of carrier lifetimes and V¢, with inherent sup-
pression of hysteresis."*® The correct assessment of bulk and
interfacial defects that cause non-radiative recombination and
affect band alignment is one of the major gaps in our current
understanding.

The relatively high temperature used in solution processing
often generates rapid perovskite crystal formation, resulting in
a wide spectrum of faults and severely limiting the performance
of PSCs. To passivate bulk defects, both positively charged
metal ions and negatively charged anions were added to the
perovskite precursor solution. Metal cations target undercoor-
dinated halide ions, halide interstitials, and negatively charged
Pb-halide antisite replacements (PbX; ), while anions target
the defects of Pb interstitials and halide vacancies through
ionic contact. In addition to halide ions, anionic groups have
been used as ionic bonds to passivate halide vacancies.
Although defect-free perovskites should have stoichiometric
atomic ratios, the grain boundaries of perovskites with an
excess or deficiency of PbX, can be self-passivated by unreacted
PbX, or organic halides. The insertion of non-stoichio-
metric Pbl, and organic halide ratios in the perovskite pre-
cursor solution has been attempted to passivate grain
boundaries."*®"*® To address the problem of environmental
stress at grain boundaries, additive engineering using zwitter-
ions, Lewis acids (e.g., fullerene derivatives), Lewis bases (e.g.,
O-donor, S-donor, and N-donor), quantum dots, and ionic
liquids have been widely reported to passivate grain-boundary
defects, modulate perovskite crystallization and morphology,
and improve PSC operation stability.”*” In Fig. 7,"*” a schematic
showing the defect passivation strategies has been listed for
further illustration.

4. Future perspectives towards defect
engineering in perovskite structures

The use of perovskite material in photovoltaic cells and energy
storage applications has shown a significant improvement in
the efficiency and performance of perovskite devices. However,
there are certain issues (such as poor stability, the problem of
hysteresis, and the working mechanisms of the defects) that
have to be addressed before the perovskite-based devices
become marketable. The thermodynamic limit of perovskite-
based photovoltaic cells can be approached by contracting the
defect density. Various methods have been considered for the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic showing the general defect passivation strategies for PSCs [Reproduced from Royal Society of Chemistry] .**”

passivation of the defects in the crystal lattice. One such
prominent approach is to use 2D perovskites to modify 3D
perovskites. This approach can significantly decrease the defect
density not only in the film but also at the interface. This
increases the crystallinity of the perovskite, thus reducing the
recombination loss significantly. Such 2D-3D perovskites show
enhanced performance and are also easily reproducible. The
perovskite can be engineered to increase the grains, improve
the film morphology and crystallinity, and gain better control
of the defects. This will increase the perovskite stability and
also enhance the device performance. Polycrystalline perov-
skites have a tendency for defect formation. An approach for
reducing these defects is to fabricate single-crystalline perov-
skite films. The problem with this type of perovskite is control-
ling the thickness of the film and use an appropriate carrier
transfer medium. Another advancement in PEC is the develop-
ment of flexible perovskites. This is because the technology is
still in the incipient phase. This technology can be improved by
implementing suitable electrodes and flexible substrates. Bet-
ter control over the defects of perovskites is only possible if we
understand both the reasons why defects are generated within
the crystal and the tentative method of fabrication used to
process the perovskite structure. To implement perovskites in
energy storage applications, they need to be corrosion resistant
and should have good electrical conductivity. Perovskite oxides
must be studied thoroughly using molecular orbital theory or
by DFT calculations to get a good understanding of the design
principles to be applied. The microstructures present in the
perovskite oxides used as the electrodes have to be studied to
understand the mechanism of formation of Li,O,, since this
compound has low electronic conductivity, which affects the
triple-phase boundary among oxygen, lithium ions, and elec-
trons. This results in a low capacity of discharge and the
generation of high charge over-potential. Another evolving

© 2022 The Author(s). Published by the Royal Society of Chemistry

approach is the use of perovskite oxides in the form of
composites. These can be engineered so that the reaction and
transport kinetics can be improved.

5. Conclusion

In recent years, studies have shown a meteoric rise in the
efficiency of perovskite-based devices over that of conventional
light-harvesting devices. PSCs can be fabricated at lower tem-
peratures and at a lower cost as compared to conventional PV
cells. Perovskite-based devices pose a problem since their
stability for long-term usage has to be improved. In the litera-
ture, there have been several reports validating the rise of a new
class of sustainable light-harvesting devices. In this paper, we
have cited most of these works that have contributed to the
already existing literature, and as a result, have improved the
standard of solar cell research. Graetzel and co-workers have
shown that the addition of excess iodine can remove deep level
defects. The studies conducted by Park and co-workers have
shown procedures for removing Frenkel defects from the
perovskite lattice. A study by Choi and co-workers has brought
forth methods that can be implemented for protecting the
electrodes from internal corrosion caused due to the defects
in the perovskite. Quantifying the defects in the grain size and
grain boundaries remains a popular research topic to minimize
the losses at the interface. Defect engineering can be an
essential tool to mitigate the problem of attaining higher Voc
and PCE, which in turn increases the commercial feasibility of
the solar cells. This paper solely outlines the various defects
that can occur in the perovskite crystal lattice, their possible
reasons and the methods to minimize or remove these defects.
The elimination of all non-essential recombination pathways to
attain the highest efficiency is still a problem for the
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applications of photovoltaics. There have been significant
attempts in recent years to advance passivation techniques to
increase carrier extraction and stability and reduce non-
radiative carrier recombination. In addition, chemical modifi-
cation, additives, photo-curing, larger grain size, or other
appropriate techniques are necessary to achieve high crystal-
linity and low defect density in perovskite films. Finally, post-
treatment is critical for minimizing surface dangling bonds
that occur during the film development process. The types of
defects, their concentration in the crystal lattice, and their
distribution must be studied thoroughly as a proper and
thorough understanding of these defects will enable us to find
appropriate solutions to eradicate them. The use of perovskites
in energy storage applications has shown promising results,
especially as electrodes in fuel cells and air batteries as well as
electrolytes in solid-state lithium-ion batteries. As a result, the
aspect of defect engineering may tune these novel materials
for an even better understanding of their light-harvesting
properties and enhance their performance characteristics by
optimizing their inherent surface and interface morphology,
respectively.
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