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Different 2D and quasi-2D perovskite materials have demonstrated significant improvements
in the device stability compared to 3D perovskites due to their increased hydrophobicity and
suppressed ion migration. However, fundamental investigations of these materials have been
scarce and consequently detailed understanding of the processes responsible for experi-
mental phenomena are often lacking despite huge interest in these materials. Even more
importantly, there have been a limited number of structure-property studies for different
material compositions, and research is generally by trial and error rather than by design. Here
we discuss different stability issues in these materials and identify questions which need to
be answered to design materials with further stability improvements.

their higher stability in ambient compared to 3D perovskite materials!~3, resulting

in increased stability of perovskite solar cells (PSCs) and light-emitting diodes
(LEDs) using these materials. These materials can be visualized by cutting the typical perovskite
3D crystal consisting of corner-sharing lead halide octahedra along (100), (110), and (111)
directions and inserting bulky organic spacer cations, as shown in Fig. 12, where 2D perovskites
are obtained when one octahedral layer is separated by spacer cations (n = 1), while quasi-2D
perovskites are obtained when n octahedral layers (n = 2, 3,...) are separated by organic cations.
Spin-coated films typically contain domains with different n, i.e., they contain multiple phases,
and careful optimization of the deposition process is needed to improve phase purity. It should
be noted that these materials are based on corner-sharing [MX] octahedra, where M2 is metal
cation, commonly Pb, and X~ is halide anion, which represents a perovskite network®. Other
types of low dimensional hybrid organic-inorganic metal halide materials also exist, typically
comprising of edge-sharing and/or face-sharing connectivity, which does not represent a per-
ovskite network. Various names exist in the literature for different types of low dimensional
hybrid metal halide materials, including perovskite, perovskite-like, perovskitoid, and halome-
talate hybrid materials with perovskite sub-networks*. Combined with existence of hexagonal
polymorphs (with proposed label “perovskite-related hexagonal polytypes™)?4, there is some
confusion concerning nomenclature. Perhaps a possible compromise between brevity and
accuracy would be to refer to all these materials as perovskite-related, with dimensionality and
connectivity stated in bracket, such as perovskite-related (2D corner-sharing), perovskite-related
(1D, face-sharing), etc. Among various 2D/quasi-2D halide perovskite materials, (100)-2D
perovskites are the most common?. There are three types of (100) 2D/quasi-2D perovskite
materials, namely Ruddlesden-Popper (RP), Dion-Jacobson (D]) perovskites, and alternating
cations in interlayer space (ACI) perovskites!—3. RP perovskites remain the most commonly
studied, and they have a general formula C,A,, _ ;M X3, ; ;, where C is the monovalent bulky
spacer cation, A is a small monovalent organic cation or Cs*, M is a divalent metal cation (Pb%*+
or Sn2%), X is a halide anion, and n is the number of octahedral layers. The octahedral layers in

2 D and quasi-2D perovskite materials have been attracting increasing attention due to
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Fig. 1 Schematic diagram of different types of 2D and quasi—2D halide
perovskite materials. Organic spacer cations can separate the n layers of
corner-sharing lead halide octahedra (n =1 for 2D, n > 1 for quasi-2D) along
(100), (110), and (111) directions. For the most common case of (100)
direction, RP, DJ, and ACI denote Ruddlesden-Popper, Dion-Jacobson, and
alternating cations in interlayer space perovskites, respectively.

RP phase have staggered configuration with (1/2, 1/2) shift in ab-
planel3, In DJ perovskites, with the formula DA, M Xz,
where D is divalent spacer cation, the octahedral layers are
typically perfectly aligned with no relative shift ((0,0) shift)!:3,
while in ACI perovskites there is (1/2, 0) shift3. ACI perovskites
are not common among halide perovskites and have not been
reported in oxide perovskites, and involve guanidinium (GA)
spacer cations alternating with a small cation in the interlayer
space’. In oxide perovskites, RP materials have two interlayer
cations per unit cell and exhibit staggered configuration with (1/
2,1/2) shift in ab-plane, while DJ perovskites have one interlayer
cation per unit cell and exhibit either (0, 0) shift (interlayer cations
adopt cubic-type coordination) or (1/2, 0) shift (interlayer cations
adopt trigonal prismatic coordination), while interlayer cations in
both cases can be monovalent or divalent®. In 2D metal halide
perovskites, there are examples of different octahedral layer offsets
in structures proposed to be classified as RP or DJ perovskites®>,
and the deviation of observed offsets from the “norm” derived from
the appropriation of classification from oxide perovskites has been
attributed to the conformational flexibility and variations in pos-
sible cation-cation and cation-inorganic octahedral interactions’.
Obviously, there are significant differences between oxide and
halide perovskites, and it has been stated that halide “DJ per-
ovskites” should not be considered as such, due to differences
between organic diammonium cations in halides and M?* cations
in oxides*. Nevertheless, the use of “RP” and “DJ” for halide per-
ovskites with monovalent and divalent spacer cations, respectively,
has become relatively common. It should be noted, however, that
while the classification of materials with monovalent spacer cations
as RP and those with divalent spacer cations as DJ does not in all
cases fit the expected octahedral layer offsets commonly associated
with those classifications, it is nevertheless important to have
separate categories (regardless of their nomenclature) for materials
with monovalent and divalent spacer cations. The presence of
spacer cation bilayer in materials commonly classified as RP per-
ovskites results in distinct set of properties— easy exfoliation of RP
crystals, larger interlayer spacing compared to D] materials, as well
as differences in charge transport properties and material stability.
In addition, the reported variations in material properties as a
function of material composition further highlight the need for
systematic structure-property investigations of perovskite materials
with different spacer cations®. A number of materials with different
spacer cations, such as n-butylammonium (BA), phenylethy-
lammonium (PEA), 5-ammoniumvaleric acid (5-AVA) etc. for RP

and 1,4-butyldiammonium (BDA), 4-aminomethylpiperidinium
(4-AMP), etc. for DJ has been reported to date?? (see ref. 3. for a
comprehensive review), but there are many as yet unexplored
materials and the relationships between the choice of spacer cation
and the resulting material properties remain poorly understood.
Furthermore, it is necessary to systematically investigate the effects
of perovskite composition, since bromides have been less studied
compared to iodides®. In addition, the properties (including sta-
bility) are dependent on the preparation method?, likely because
the preparation method affects the presence of defects. As a result,
contradictory results could be reported in the literature arising
from different sample preparation methods; for example, it was
reported that the excess of the 2D precursor contrary to expecta-
tions does not necessarily improve the stability of 3D/2D films”.

Nevertheless, highly promising improvements achieved in the
stability of solar cells$-1> and LEDs!6-2! have stimulated the
interest in 2D and quasi-2D perovskite materials. LEDs typically
include quasi-2D perovskite emitting layers!®-2! or the use of 2D
passivating or surface layers!®-18, and similarly solar cell appli-
cations of these materials include the use of quasi-2D absorber
layer, as well as the use of 3D/2D solar cells'. Here quasi-2D
refers to devices where perovskite layer has been prepared from a
solution with stoichiometry corresponding to a certain #, while in
3D/2D devices commonly an organic ammonium halide salt is
spin-coated on top of the 3D perovskite layer, resulting in the
formation of 3D/2D structure. 2D and low n quasi-2D perovskites
have higher exciton binding energies and poor charge transport
in the ¢ axis (out-of-plane) direction, which limits their solar cell
efficiency!?2. While the conductivity in in-plane direction is
significantly higher than out-of-plane conductivity for n=1 2D
materials, it is still lower than that of 3D materials?2. Both in-
plane and out-of-plane conductivities increase while the aniso-
tropy in two directions decreases with increasing n22. While pure
phase perovskites with n > 1 are also crystallographically layered
materials, due to changes in their optical and electronic proper-
ties, i.e., reduced degree of quantum and dielectric confinement as
n increases they are referred to as quasi-2D materials. There is no
common definition of “low n” in the literature, though one could
generally define n<5 as low n quasi-2D, while higher n (n>5)
materials are sometimes referred to as quasi-3D based on the
optoelectronic properties (exciton binding energies, bandgaps
which are closer to 3D than 2D materials). Among low n samples,
it is also worth mentioning that #» = 1, 2 materials lack rotational
degrees of freedom, which is important for enabling surface
relaxation in n>2 quasi-2D materials that facilitates exciton
dissociation at surfaces favorable for solar cell applications.
Consequently, compositions with # = 3-5 are common in quasi-
2D perovskite solar cell applications!:$12, In recent years, the
progress has been made in improving the performance of both
quasi-2D and 3D/2D-based PSCs. The best reported efficiencies
for quasi-2D devices exceed 18%%!2, while the use of 3D/2D
architecture results in efficiencies routinely exceeding 20%!>1323,
While quasi-2D perovskites can exhibit improved thermal and
environmental stability compared to 3D perovskites!2, the use of
3D/2D architecture offers a possibility of achieving an excellent
compromise between high absorption and efficiency of 3D per-
ovskites and superior ambient stability of 2D perovskites!!3.
However, it should be noted that the stability of 3D/2D structures
depends not only on the 2D perovskite used, but also on the 3D
perovskite, with mixed cation films exhibiting improved stability
compared to methylammonium lead iodide?%.

The use of 2D and quasi-2D perovskite materials is a very
promising approach for improving the device stability. However,
improved understanding of their degradation pathways, in par-
ticular the stability dependence on the perovskite composition, is
essential for targeted design of materials facilitating further
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stability improvements. Furthermore, while these materials are
commonly more stable than 3D perovskites, all organic-inorganic
halide perovskites have some degree of inherent instability upon
exposure to ambient atmosphere, elevated temperature, illumi-
nation, and/or bias voltage. It is likely that multifaceted approa-
ches, such as employing additives, grain boundary passivation,
interfacial layers, and optimized device architecture in addition to
the replacement of 3D perovskite with quasi-2D or 3D/2D per-
ovskite will be needed to obtain lifetimes relevant for practical
applications.

Material stability under different conditions

While the degradation mechanisms in 3D perovskites have been
extensively studied, pathways in 2D and quasi-2D perovskites are
far less commonly studied even though their understanding is
essential for improving the device stability’. The scarcity of
fundamental investigation of degradation mechanisms applies to
all types of 2D and quasi-2D perovskites, with RP materials
investigated more comprehensively compared to DJ and even
more so ACI perovskites.

Comparison between different types of 2D/quasi-2D
perovskites. Different types of 2D and quasi-2D materials have
been reported for applications in solar cells and LEDs. Rp%:10:13
and DJ®1011 perovskites, as well as DJ:RP perovskites'4, were
reported to result in improved solar cell stability compared to 3D
perovskites, and the direct comparisons between devices with RP-
and DJ-based perovskites resulted in significant stability advan-
tage for D] perovskite based devices!®!> under exposure to
humidity!®!°, thermal stress!®1>, and illumination!%?>. In addi-
tion, solar cells with DJ and ACI perovskites exhibited increased
efficiency under illumination, different from those based on RP
perovskites?®, Similar to solar cells, in LEDs the use of both
DJ20:21 and RP perovskites!®17-19 have been reported to result in
improved stability compared to 3D perovskites!6-18:20, and direct
comparison between RP- and DJ-based LEDs revealed improved
stability of DJ-based devices?!. The device stability will be dis-
cussed in more detail in section “Device Stability Issues”.
Generally, DJ and ACI materials are considered to be more
stable compared to RP materials due to the absence (in DJ) or
reduction (in ACI) of weak van der Waals forces (between the
spacer cations in the spacer cation bilayer in RP perovskites) and
shorter interlayer distance®, as well as intrinsic stabilization of the
layered structure due to hydrogen bonding of the spacer to
inorganic slabs on both sides!?. Shorter interlayer distance affects
the dielectric screening and mitigates quantum confinement of
the charge carriers®, and results in improved charge transport of
DJ perovskites compared to RP counterparts and consequently
better solar cell performance?3. It was also proposed that
additional out-of-plane lattice contraction occurs under illumina-
tion in DJ and ACI perovskites due to enhanced I-I interaction
across the organic barrier, resulting in increased carrier mobility
and consequently improved photovoltaic performance?>. How-
ever, the presence of both mono- and di-ammonium cations
within the perovskite structure was found to be able to either
improve or worsen the stability compared to a pure D] perovskite,
depending on the cation used, which was attributed to defect
passivation and film  morphology and  crystallinity
improvement!4. In addition, it has been reported that quasi-2D
RP materials exhibit better ambient and thermal (100 °C) stability
compared to DJ materials, while they exhibited comparable
photostability (under 1 sun illumination in ambient)2°. This was
attributed to increased hydrophobicity and higher thermody-
namic stability of quasi-2D RP films2°. However, opposing claims
can also be found in the literature, with DJ perovskites claimed to

be more stable under high humidity, elevated temperature and
illumination!. The difference in stability between RP and D]
perovskites was attributed to the presence of weak interaction
between perovskite layers due to weak van der Waals forces
between spacer cations in the bilayer!. Therefore, further study is
needed to reconcile the findings of decreased stability of quasi-2D
DJ perovskite films in comparison with quasi-2D RP films?® with
other literature claims!, as well as the consistent findings of
improved device stability for D] perovskites in comparison with
RP perovskites, including ambient atmosphere, heat, and/or
illumination stability!®1>2>. Such experiments should be per-
formed under standardized conditions to facilitate easy compar-
isons, since it is possible that the results of thermal stress in inert
atmosphere would yield different results from thermal stress in
ambient air.

Ambient stability. Ambient stability testing commonly involves
testing the sample in ambient air, which contains ~20% oxygen,
room temperature, and varying percentages of ambient humidity,
with humidity considered a key factor contributing to
degradation?’-28, The exact oxygen concentration and ambient
temperature are often not specified, and no attempt is often made
to control it. Another important detail which is commonly not
specified is whether the samples are in the dark or exposed to
ambient illumination. It would be expected that general trends in
relative comparisons between different perovskite materials would
be valid over a range of ambient exposure conditions, although it
should be noted that the humidity-induced degradation in per-
ovskites tends to accelerate for RH >50%?28, Despite expected
validity of general trends over a range of relative humidities, it
would be highly useful and desirable to standardize ambient sta-
bility testing conditions for perovskite materials and/or experi-
mentally verify whether the same trends are applicable over a wide
range of relative humidity conditions. It has been stated 2D and
quasi-2D perovskites typically exhibit improved ambient stability
compared to 3D perovskites, which is commonly attributed to the
presence of bulky hydrophobic spacer cations®?, and hydro-
phobicity can be further improved by using fluorinated spacer
cations!!. It has been shown that 2D perovskites maintain good
stability with ambient dark storage over a period of 5 months (at
16% RH)®, which is definitely encouraging for the achievement of
improved ambient stability in perovskite devices. Nevertheless,
evidence exists that the moisture ingress into the 3D/2D or quasi-
2D perovskite films still occurs. It has been reported that quasi-2D
and 3D/2D perovskites in the presence of moisture (high humidity
78%?8 to 90%2” RH) exhibit disproportionation, i.e., change in the
presence of different n phases in the film, which results in the
inhibition of further ingress of moisture into the film?7:?8, In
addition, the presence of the capping 2D layer in 3D/2D structure
was reported to result in reduced loss of volatile MAI, slowing
down the degradation?’. The disproportionation process is illu-
strated in Fig. 2a, b. However, it has also been reported that quasi-
2D n=2 and n=3 RP perovskites degraded in the presence of
moisture into n =1 phase and Pbl,?°. The differences among lit-
erature reports can likely be attributed to the differences in film
preparation and composition, as well as variations in stability
testing protocols. In contrast to RP perovskites, D] perovskites were
reported to form a 1D hydrated form upon exposure to humidity,
as illustrated in Fig. 2¢, d, and this hydration process is partly
reversible by annealing (n =1 exhibits higher reversibility com-
pared to n=2)%, illustrating that these materials may be highly
promising due to possibility to regain performance losses in 3D/2D
architectures.

In addition to the chemical composition of the 2D/quasi-2D
perovskite, the sample quality and the role of defects should also
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Fig. 2 Effects of humidity on layered perovskites. Model of MAPbIs/quasi-2D heterojunctions in contact with water (a) schematic of 3D MAPbIs film
covered with PEA-based quasi-2D perovskite (n =5) (b) illustration of disproportionation of n =5 PEA-based perovskite into 3D perovskite MAPbls and
more stable n=3 or n= 2 quasi-2D perovskites, with the loss of I~ ions indicated by violet circles and the loss of MAT ions indicated by green circles
illustrating the irreversible degradation of the 3D perovskite to volatile compounds and Pbl,. Reprinted with permission from ref. 27. Copyright 2019
American Chemical Society; Schematic representations of structural changes in Dion-Jacobson perovskite structure in the presence of water (c) the
(PDMA)PbI, layered structure and d hydrated 1D (PDMA)Pb,l¢-2H,0 structure. Reprinted with permission from ref. 30. Copyright 2021 American

Chemical Society.

be taken into account. For example, it has been reported that the
degradation of BA,Pbl, crystals was dependent on the interaction
between water molecules and uncoordinated defects, and that the
defect passivation (which also resulted in increased hydrophobi-
city due to passivating chemical selected) could significantly
improve ambient stability3!

Thermal stability. Thermal stability investigations for material
stability have also not been standardized, with some studies
investigating thermal stability using differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA)
measurements®, while some examined thermal stability of per-
ovskite films in inert atmosphere (at 100°C)32, and others
examined thermal stability (100 °C) in ambient?®. As with other
stability tests, the thermal stability of 2D/quasi-2D perovskites
was dependent on the choice of spacer cation®. Heating was also
found to induce a change in the crystal orientation in the film®.
Thermal stability of 2D and quasi-2D perovskites in inert
atmospheres was found to be improved compared to 3D per-
ovskites, but there was a non-monotonic stability trend with the
number of layers n32. However, thermal stress, as well as illu-
mination or the combination of illumination and thermal stress,
can lead to the diffusion of the spacer cation in 3D/2D perovskites
into the bulk of the 3D layer, resulting in the formation of quasi-
2D perovskite near the substrate?%. The reorganization of 3D/2D
film structure induced by heating or illumination can thus have
significant effects on the device efficiency (changes at interfaces
affecting charge collection) and stability (increased sensitivity to
moisture after 2D capping layer is degraded).

Photostability. Photostability of different 2D/quasi-2D per-
ovskites has been studied. Similar to other stability tests, the
illumination conditions vary between different literature reports.
For example, light sources used include 1 sun simulated solar
illumination?®, 450 nm blue LED (100 mW/cm?)32, and even
laser pulses with subband gap excitation33. The use of different
excitation sources, different testing environments, and different
types of samples (single crystals, thin films) is expected to result
in contradictions in observed stability trends. Even for the same
type of sample, such as thin film, sample preparation may affect
the results when degradation processes involve native defects. For
the purpose of obtaining relevant information for solar cell
applications, obviously the tests under 1 Sun simulated solar
illumination (preferably including UV component of the

spectrum) would be most relevant. Among different materials, it
was reported that 2D bromides exhibited worse photostability
compared to methylammonium lead bromide, while the opposite
was the case for iodides, and the stability of different 2D per-
ovskites was dependent on the spacer cation®. The stability for the
same spacer cation was dependent on the number of octahedral
layers n32

The instability of these materials under illumination can be
attributed to photooxidation32. Similar to 3D perovskites, 2D and
quasi-2D perovskites are susceptible to photooxidation, which
can be mitigated by edge-state passivation using triphenylpho-
sphine oxide and 3-methyl-1-phenyl-2-phospholene-1-oxide!. It
was also found that the degradation of single crystals was initiated
from the edges, and it was hypothesized that distortion of lead
halide octahedra under illumination leads to the loss of volatile
spacer cations and that photostability is improved by
encapsulation3*, While encapsulation can indeed prevent the
loss of volatile degradation products, it also prevents ingress of
oxygen, so the suppression of photodegradation is consistent with
photooxidation. In addition to degradation under illumination in
ambient, changes have also been observed under inert atmo-
sphere due to diffusion of cations and resulting reorganization of
3D/2D into quasi-2D structure?*. Finally, it was also proposed
that illumination contributes to the degradation of ammonium
lead halides under illumination into Pb¥ involving reactions with
Pbll-amide complex as an intermediate product’”. Interestingly,
DJ perovskites have been reported to exhibit inferior photo-
stability under 1 sun illumination in ambient compared to RP
perovskites?6, but this observation is in contradiction with
improved stability of DJ-based solar cells compared to RP-
based ones!®-?>. Further investigation, preferably involving de-
coupling different stressors as well as combining them under
standardized testing conditions, would therefore be of interest.
Such investigation should also involve different types of spacer
cations, since it is possible that the comparisons between different
classes of materials may not necessarily hold for all the possible
spacer cation choices.

Additional consideration for photostability is phase segregation
in mixed halide films. The use of spacer cations has been reported
to reduce both illumination-induced phase separation in mixed
halide solar cells, as well as electric field induced phase
segregation in LEDs compared to 3D perovskites (including
those with mixed small cations)!8. However, photoinduced phase
segregation was found to be strongly dependent on the spacer
cation used3®. Stiffness of the spacer cation was identified as a
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possible reason for suppressed halide segregation, but further
investigation is necessary to understand how the choice of spacer
cation affects the halide segregation. Photoinduced segregation in
DJ perovskites has been less studied compared to RP materials?’.

Other stability issues. Among other factors affecting the stability
of perovskite devices is ion migration during operation, which
contributes to ultimate device failure due to reactions between
migrating halide anions and the electrodes. Different from 3D
perovskites, ion migration in 2D and quasi-2D perovskites is
proposed to be confined to two dimensions3. Additional factor
contributing to the reduction of ion migration in 2D/quasi-2D
perovskites is increased difficulty in the formation of vacancy-
type defects in these materials, which consequently reduces ion
migration38. Ion migration is reported to be reduced in solar cells
with 3D/2D active layers®!2, as well as LEDs with 3D/2D emit-
ting layers'®17 and quasi-2D emitting layers2? where migration of
negatively charged defects (cation vacancies) also needs to be
considered!®. The halide ion mobility was found to be dependent
on the number of octahedral layers n, with increasing activation
energy and decreasing diffusion coefficients with decreasing
number of layers’®, in agreement with the expectation of ion
migration reduction in 2D perovskites?>3%40, In addition, the
reduction of ion migration is also dependent on the choice of
spacer cation?240, with more bulky n-conjugated cations or
longer chain aliphatic cations more effective in reducing ion
migration compared to short chain aliphatic spacer cations?240.

The reduced ion migration in 3D/2D-based LEDs was attributed
to increased migration barrier across 2D capping layer and
improved film morphology!”. Both RP%121617 and DJ
perovskites?? contributed to mitigation of the ion migration during
operation of the devices. However, it should be noted that ion
migration in the presence of 2D perovskites still occurs!3-3, but it
can be further suppressed by insertion of additional interfacial
layers!3. In addition, the edges of quasi-2D perovskites can exhibit
low stability, with the formation of 3D perovskite at the edges,
which was attributed to the substitution of the spacer cation by the
methylammonium cation, although exact process was not fully
clear*!. The substitution of the spacer cation by methylammonium
cation can also be achieved by immersion in solution*2.

Other challenges include retaining the phase purity and crystal
orientation, as these affect the device performance!2. While
efforts have been made to control phase purity and crystal
orientation during deposition!2, it has been shown that elevated
temperature can result in crystal reorientation3, while the changes
in phase composition can occur with ambient exposure2”-28:42 or
illumination®4. However, it was also found that the choice of the
spacer cation had significant effect on the stability of 2D/3D
interface, as illustrated in Fig. 3. The cation which formed pure
phase 2D capping layer resulted in stable 3D/2D interface under
ambient exposure and elevated temperature, which could possibly
be related to the differences in packing of organic cations (exact
mechanism requires further research)*3. The packing and/or
hydrogen bonding of the organic cations can also significantly
affect charge transport and solar cell performance?3.

Finally, similar to 3D perovskites, 2D perovskites are also
sensitive to exposure to vacuum, which results in the loss of
volatile organic components and the formation of metallic lead*4.
This has important implications on the accuracy of characteriza-
tion measurements on these materials which are performed in
vacuum*4,

It should also be noted that the field of studying the stability of
2D and quasi-2D perovskites would generally benefit from
transfer of characterization methods and good practices in
characterization as well as reporting which are more common

in 3D perovskites. In particular, comprehensive investigation of
the material stability including detailed structural characterization
under conditions relevant for device operation is expected to play a
key role in developing accurate understanding of the degradation
processes involved. For example, studies of ion migration would
benefit from employing consistent methodologies and utilizing
different measurement techniques, such as comprehensive impe-
dance characterization (AC/DC conductivity)*®> and transient ion
drift measurements®0. Transient ion drift measurements in
particular would be interesting, especially for examining the effects
of film preparation conditions on the small cation diffusion in
quasi-2D materials, as the activation energy of MA+ was shown to
be dependent on film preparation in 3D perovskite#®. It should be
noted that the interpretation of the measured data is dependent on
the adopted models, which can result in significant variation in
mobile ion densities depending on the model used?’. The validity
of the models used in 3D materials needs to be examined for 2D
and quasi-2D materials, including taking into account significant
anisotropy of in-plane and out-of-plane properties.

Device stability issues

Unlike the studies of material stability, protocols have been
proposed for investigation of the stability of PSCs*® and per-
ovskite LEDs*%°0. Thus, it would be useful to align material
stability studies to device stability, for example to use tempera-
tures relevant for modified ISOS protocols proposed for PSCs*3,
namely 65 and 85 °C. Out of these, 85 °C would be more relevant,
as the test temperature of 65°C has been originally introduced
into ISOS protocols due to limitations in thermal stability of some
common organic charge transport layers, such as 2,2,7,7'-Tet-
rakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene
(Spiro-OMeTAD). For humidity there is a wider range of relevant
values, but in all cases humidity must be monitored and reported,
while light source should also be clearly specified (type, intensity,
spectrum, calibration, presence of filters)*8. While the protocols
for stability testing of LEDs at present do not make clear speci-
fications on environmental conditions, reporting exact conditions
during tests would be useful. Making an estimate on the tem-
perature increase of the perovskite material during bias would
also be very useful to establish needed material stability testing
protocols relevant for LEDs.

It should also be noted that other components in the device,
namely electrodes, charge transport layers, and interfaces are all
contributing to the device degradation®!. Many materials com-
monly used as charge transport layers (CTLs) are unstable under
illumination, and also it is necessary to pay attention to the
interfaces in the devices to ensure favorable energy level align-
ment for efficient charge collection and avoiding accumulation of
charges®l. The passivation of defects at interfaces is generally
beneficial for device performance, but it should be noted that
interface passivation which involves charge transfer can result in
changes in energy level alignment not only at that particular
interface but also other interfaces in the device2. This can be
beneficial for inverted solar cells, where unfavorable energy level
alignment for electron collection can hinder employing 2D sur-
face modifications at the top surface, which regardless of energy
level alignment, increase device resistance to exposure to
humidity>2. While the use of quasi-2D and 3D/2D perovskite
active layers generally results in stability improvements compared
to 3D perovskites8-1423-57 and in case of 3D/2D often also
improved efficiency, it is not the only possible solution to the
problem, nor is it a replacement of the need for passivation of
defects and interfaces in the PSCs. For example, it has been
shown that the use of additives in precursor solutions improves
the performance of both 3D and 3D/2D devices, with the 3D/2D
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without the additive having higher efficiency than 3D with the
additive and overall best PCE achieved by 3D/2D device with
additive®>. In 3D/2D architecture, 2D layer can function as top
interface modification, but further interface optimization to
additionally suppress ion migration and reduce recombination
losses has been shown to benefit both efficiency and stability!3. A
variety of spacer cations has been demonstrated to offer stability
benefits®”~%Y, and attempts to classify them and offer guidance on
spacer cation selection have been made®, although there is clearly
need for better understanding of properties of these materials and
their application in devices®”. In addition to conventional 3D/2D
structures, the use of same small cation halides for bulk and
surface passivation® and the use of mixed organic ammonium
halides to achieve 1D/2D surface passivation®® should be men-
tioned. Although it has been claimed that quasi-2D and 3D/2D
perovskites could likely replace 3D perovskites as active layers®’,
it is worthwhile to also optimize other device components care-
fully (with particular attention paid to defect passivation and
interface modifications) to obtain high performance devices both
in terms of efficiency and stability. Different approaches, such as
the use of additives®”-01-93, interface modifications/interfacial
layers at different interfaces®*% and minimization of ion
migration in general (such as extrinsic ion migration due to
electrode choices)®” are all important contributors to the devel-
opment of stable PSCs. While interface modifications play a key
role in the improvement of efficiency and stability of PSCs, it
should be noted that energy level alignment at the interfaces is
really critical not only for device efficiency but also for device
stability®. Charge accumulation due to unfavorable energy level
alignment across the interface can result in increased ion
migration resulting in reduced stability®’.

Similar to solar cells, other device components (charge transport
layers, electrodes) also contribute to device degradation in LEDs,
and interfaces play a key role in device stability. However, there are
also differences - the lack of simulated solar illumination, need to
have balanced charge injection, different compositions of per-
ovskite materials (in particular for shorter wavelength spectral
ranges), as well as different bias conditions. As the LEDs operate at
higher voltages than solar cells, ion migration is obviously exa-
cerbated in these devices. The use of 2D materials in LEDs reduces
intergrain ion migration, although devices are still susceptible to
ion migration®), and overall results in improved stability!>-20,
Similar to solar cells, the performance of these devices can be
enhanced by using various additives®®-7!, which can passivate
defects as well as modify the crystallization of the quasi-2D per-
ovskite layer, as well as interface modifications, where the use of
amine-terminated carbon nanodots has been recently shown to
yield dramatic improvements in efficiency, brightness, and stability
compared to devices without carbon nanodots’2. However, the
stability of LEDs is still lagging significantly behind that of solar
cells, and the advantages of the use of quasi-2D materials are less
significant compared to solar cells, with some quasi-2D-based
devices even with passivated interface exhibiting Tg, of the order of
tens of minutes’2. The problem of balancing the charge injection,
reducing Joule heating and further suppressing ion migration are
key issues for improving the LED stability.

Outlook

One of the biggest challenges which still remains is improving our
understanding of the relationship between the structure of 2D and
quasi-2D perovskites, in particular the choice of the spacer cation,
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and their properties. It is known that this has a significant effect on
the stability, for example stability under illumination®11:43, thermal
stability!!, and ambient exposure*3. Some relative comparisons,
such as that of alkyl chain spacers of different length, have been
made’3, but alkyl chain spacers represent just one out of many
different groups of spacer cations classified by their chemical
composition, namely linear and branched alkyl chains, conjugated
spacers, aromatic spacers, aromatic heterocyclic spacers, and
hetero-atom containing spacers (S, O, F, Cl, Br, 1)%0. It should also
be noted that not all spacer cations lead to the formation of layered
2D structures’47>, and further studies are needed to improve our
understanding of the effect of spacer cation interactions and
ordering on the possibility of formation of layered 2D structures.
The requirement of good spacer cation solubility is also important
for the formation of good quality 2D perovskite, while high
dielectric constant is desirable to reduce quantum and dielectric
confinement®. In addition, although structure-property relation-
ships are generally not well understood, one of the consistent
findings is that halogenated spacers may offer advantages due to
increased hydrophobicity and non-covalent interactions in the
crystal lattice that improve stability!!. Although increased hydro-
phobicity can be achieved by, for example, adjusting alkyl chain
length”3, fluorinated spacers®”>7%77 are of particular interest, since
they can not only offer increased hydrophobicity but also enable
improved charge transport properties®’. It should be noted that
while interactions among spacer cations can be beneficial and
stabilize the structure, excessive interactions can result in lattice
distortions which are detrimental®®. Nevertheless, non-covalent
interactions can play a significant role in stabilizing halide per-
ovskites, among which halogen bonding has been recently recog-
nized to play an important role in improving stability against
moisture and reducing halide migration’®. Halogen bonding (XB)
occurs between XB donor, commonly fluorinated moiety, and XB
acceptor (another halogen, N or 0)78, and this effect can be another
contributing factor to improved stability observed with fluorinated
spacers. However, further study is needed to understand the role of
XB in 2D perovskites containing halogenated spacers’8. In general,
further studies are needed to fully understand the effects of spacer
cation choice, since even a relatively small difference, such as one
additional carbon atom in 2-thiopheneethylammonium iodide
compared to 2-thiophenemethylammonium iodide, can have

significant effect on the stability of 3D/2D interfaces*3. Another
area of interest is the development of layered perovskites which
incorporate semiconducting organic moieties to improve their
electronic properties’>3%, In addition, theoretical studies are
expected to make a significant contribution to elucidation of the
relationships between the choice of spacer cation, including inter-
molecular interactions between spacer cations, and the properties
of resulting perovskite, but in this Perspective we are primarily
concerned with experimental investigations.

In addition to this major area requiring further study, sig-
nificant area of interest is the clarification of the structural
reorganization of these materials (transformations of 3D/2D into
quasi-2D perovskite, changes in phase composition of quasi-2D
perovskites, etc.) upon exposure to ambient environment, illu-
mination, and/or elevated temperature. This has important
implications on both device efficiency as well as device stability*3.
Yet, it is still not understood how exactly does this process occur
nor why some spacer cations show greater resistance to such
transformations. Nevertheless, due to significant advantage of 3D/
2D solar cells in terms of efficiency and their significantly
improved stability compared to those with 3D active layers, it is
necessary to study stability and transformations of 3D/2D
structure in more detail to develop strategies leading to improved
stability of 3D/2D interface. This will likely include grain
boundary passivation in 3D layer, and suitable selection of spacer
cations (or a mixture of cations) to optimize the 2D layer. It
should be noted that while papers comparing their performance
generally show improved efficiency and/or stability of 3D/2D
devices compared to 3D control devices, due to less stringent test
conditions (for example, in solar cells dark storage remains the
most commonly reported due to impressive times achieved, but
this is also the least meaningful testing condition since illumi-
nation plays a critical role in device stability) and variations in
perovskite compositions, device architectures, and encapsulation
it is difficult to compare the results of these tests to other pub-
lished work. For commercialization, it is critically important to
demonstrate stability under more stringent testing conditions,
such as damp heat and outdoor testing for example, where the
devices need to exhibit stability at high temperature, high
humidity (damp heat) and under illumination with varying
ambient conditions (outdoor testing). In Table 1 we have

Table 1 Examples of reported stability of solar cells with different perovskite compositions under damp heat and outdoor testing

conditions.

Types 3D Perovskite Spacer PCE (%) Test conditions Year Ref.
Test type Time (h)

2D/3D  Csgo7FAQ93PbI3 Oleylammonium iodide 20.3 Damp heat T96, 1250 2022 8

2D/3D  (FAPbI3)o.95(MAPbBr3)0 05 Butylammonium iodide 213 Damp heat T95, 1056 2021 82

2D/3D CSO_05(MA0‘17FA0183)0_95Pb(|0_83B|’0_17)3 Phenethylammonlum iodide 19 Outdoor T87,1728 2021 13
Damp heat T80, 816

3D FA0.85MA( 15Pbl 55Bro 45 (Module) N/a 19.1 Damp heat T86, 1000 2022 8

3D Cs0.05(MAg17FA0 83)0.95Pb(lo 83Bro17)3 N/a 18.1 Outdoor T90, 500 2021 84
Damp heat T85, 100

3D CSo‘osFonggMAo‘[ﬁPb|2v568r0.44 N/a 19.3 Damp heat T91, 1000 2021 85

3D (FAPbI3)0.05(MAPbBr3)0 05 N/a 19.7 Damp heat T85, 530 2021 86

3D (FAPDbI3)0.85(MAPbBr3)o 15 N/a 21.6 Damp heat T85, 1070 2020 &7

3D MAPDI5, N/a 19.9 Damp heat T80, 500 2020 88

3D CSO‘05(MA0‘17FA0‘83>0,95P|31‘1(|o'838r0,17)3 N/a 18.5 Outdoor T50, 840 2020 89

3D Rb: Cs0.05(MAg17FAG.83)0.95Pb11(l083Bro17)s  N/a 20.1 Damp heat+1sun  T92, 1000 2019 90

3D (MAo_WFAo_gg)o_gspr(Io_83BrO_‘I7)3 N/a 18.7 Outdoor T95, 2160 2016 o1

3D Csp.15FA.85Pbl; 55Brg 45 N/a ~14-16%  Outdoor T100, >4320 2022 92
Damp heat T95, >1500

The time Txx denotes the time corresponding to the retention of xx% of the initial power conversion efficiency.
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summarized some reports of these two testing conditions for
different 3D and 3D/2D devices selected either on the basis of
high efficiency or good stability!381-92. It can be clearly
observed that more stability testing under stringent conditions
(outdoor testing, IEC 61215 tests (damp heat, thermal cycling))
is needed for 3D/2D devices as well as quasi-2D devices, since
these tests are needed to conclusively demonstrate stability
improvements and commercialization potential. It should be
noted that appropriate encapsulation®®?3 should be employed
for such tests to be successful, due to more harsh testing con-
ditions which can cause encapsulation failure. Standardization
of encapsulation protocols would be very helpful to facilitate
further development, since at present variations prevent direct
comparisons of reported results under practically relevant
accelerated aging conditions.

Finally, halide perovskite studies often report contradictory
observations primarily due to differences in material/device pre-
paration, as well as different testing conditions. Thus, this area of
research would also benefit from (a) more comprehensive
reporting of the experimental details, including small details on
sample preparation (b) more comprehensive characterization of
the samples, since some factors such as grain size can have sig-
nificant effect on the properties and (c) more standardized testing
conditions for material stability (preferably closely matching
humidity and temperature levels employed in device testing). An
example of a detailed reporting of synthesis procedures* illus-
trates how even small experimental details affect the perovskite
properties. Quasi-2D materials in our experience are even more
sensitive to the synthesis details, and thus it is critical to improve
the level of detail on sample synthesis to reduce contradictory
reports in the literature.
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Published online: 06 September 2022
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