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The understanding of mixed ionic-electronic conductivity in hybrid perovskites has enabled major advances
in the development of optoelectronic devices based on this class of materials. While recent investigations
revealed the potential of using dimensionality effects for various applications, the implication of this strategy
on mixed conductivity is yet to be established. Here, we present a systematic analysis of mixed conduction
in layered (2D) hybrid halide perovskite films based on 1,4-phenylenedimethylammonium (PDMA) and
benzylammonium (BzA) organic spacers in (PDMA)Pbl, and (BzA),Pbl, compositions, forming representative
Dion-Jacobson (DJ) and Ruddleson—Popper (RP) phases, respectively. Electrochemical measurements of
charge transport parallel to the layered structure reveal mixed ionic-electronic conduction with electronic
transport mediated by electron holes in both DJ and RP phases. In comparison to the 3D perovskites, larger
activation energies for both ionic and electronic conductivities are observed which result in lower absolute
values. While the layered perovskites still allow for a relatively efficient exchange of iodine with the gas
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phase, the lower change of conductivity on the variation of the iodine partial pressure compared with 3D
perovskites is consistent with the exchange affecting only a fraction of the film, with implications for the
encapsulating efficacy of these materials. We complement the analysis with a demonstration of the superior
thermal stability of DJ structures compared to their RP counterparts. This can guide future explorations of
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Introduction

Ion migration is a determining factor for the stability and
performance of metal halide perovskites," enabling the
design of devices with novel functionalities.**™® While the role
of ion transport in the electrical response of perovskite solar
cells is still a matter of debate, the general consensus is that
reducing or suppressing ion migration in these devices would
be beneficial for their long-term operational stability.>> Com-
positional engineering can, to an extent, reduce the problem of
ion migration. For example, partial substitution of A-cations in
methylammonium (MA) lead iodide (MAPbI;) compositions
has been shown to increase the activation energy for the
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dimensionality and composition to control the transport and stabilization properties of 2D perovskite films.

migration of halide vacancies, which are majority carriers in
these systems.'® Varying the dimensionality could provide a
more effective way to tailor ionic transport."'™** Hybrid perovs-
kite materials with reduced dimensionality are templated by
large organic spacer cations (S), which could act as intrinsic
barriers preventing ion migration. They form 2D perovskite
structures, which are typically based on S,A, 1M, X3,+; compo-
sitions, where A is a central cation (e.g., MA, Cs, or formami-
dinium), M divalent metal (mostly Pb>* or Sn**), X halide anion
(I, Br, or CI7), and S either mono- (x = 2) or divalent (x = 1)
alkylammonium spacer cations. The spacers template corner-
sharing {MX} octahedral slabs with perovskite structures that
form RP and DJ phases. These are primarily determined by the
structure of spacer cations (Fig. 1a),"**® which is also expected
to affect the ionic transport properties. For instance, it has been
shown that the spacer moieties have a significant role in
controlling photo-induced halide segregation, which is directly
related to ion migration.®>' Moreover, layered perovskites
based on n-butylammonium (BA) spacers are reported to fea-
ture suppressed ion migration along the in-plane direction.'*"?
Similarly, systems based on 2-phenylethylammonium (PEA)
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Fig. 1 (a) Schematic of RP (top) and DJ (bottom) phases in this study with

the corresponding (BzA, PDMA) spacer structures (cyan) and different
alignments between the adjacent inorganic layers (blue). (b) X-ray diffrac-
tion patterns of (BzA),Pbl, (blue) and (PDMA)Pbl, (black). Here * corre-
sponds to higher-order (h00) reflections.?*~28 UV-vis absorption spectra
of the films are shown in Fig. S1 (ESIt) with XRD patterns showing
comparable structures of the materials in films and devices (ESIT). (c)
Schematic representation of the electrode substrate (quartz) used for
electrical measurements. Inset: Graphic illustration of a DJ perovskite
placed between two electrodes. (d) SEM images of (PDMA)Pbl, and
(BzA),Pbly thin films deposited on the substrates with interdigitated con-
tacts (5 um wide gold fingers are visible in the image). Insets represent the
SEM images of the films at higher magnification (the corresponding scale
bars are shown on the images).

spacers were found to have a high activation energy for ion
migration.?” Such previous reports mostly involve the analysis
of the ionic properties of 2D perovskites based on monofunc-
tional spacers, which typically form RP perovskite structures.
However, DJ perovskites employing bifunctional spacers are of
increasing interest for optoelectronic applications,?*™>° espe-
cially considering their high thermal stability.>® However, their
mixed ionic-electronic conductivity in comparison with RP
analogs is not well understood. In particular, the effect of the
reduced interlayer spacing and the lack of the van der Waals
gap in DJ phases on their ionic and electronic transport
requires clarification.

In this work, we investigate the electrochemical response of
RP and DJ layered hybrid perovskite model systems based on
comparable aromatic spacer moieties, namely benzylammo-
nium (BzA) and 1,4-phenylenedimethylammonium (PDMA) in
(BzA),Pbl, and (PDMA)PbI, compositions, respectively. We
apply electrochemical techniques to elucidate the effect of
dimensionality and interlayer spacing on mixed conductivity
in layered hybrid perovskites of interest to optoelectronics.

Results

This study focuses on representative layered hybrid perovskites
based on n = 1 compositions comprising BzA, which crystallize
in RP type (BzA),Pbl, structure, and PDMA spacers, forming DJ
(PDMA)PbI, perovskites (Fig. 1a and b).>*"*® The preparation is
detailed in the Methods section of the ESL.{

The structural properties of thin films were investigated by
X-ray diffraction (XRD, Fig. 1b). XRD patterns of a (BzA),Pbl,
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thin film deposited on glass substrates show (00/) reflection
peaks, which indicate the presence of crystallites with perovs-
kite layers that are oriented parallel to the substrate. Similarly,
the most intense peaks of (PDMA)PbI, films show (%200) Miller
indices corresponding to the parallel orientation of perovskite
layers with respect to the substrate (Fig. 1b). In addition, there
are (0kl) reflections coming from perpendicularly orientated
perovskite layers with lower intensity, implying that the domi-
nant crystallite orientation is parallel to the substrate with a
larger d-spacing for RP as compared to DJ phases.*® The spacers
affect the domain sizes for the corresponding phases in thin
films with dimensions in the order of 10-20 um for DJ and
hundreds of nanometres for the RP thin films.>*° This is
relevant for the electrochemical measurements, which were
based on the device architecture with interdigitated gold con-
tacts (Fig. 1c). Considering the preferential orientation of the
crystallites,”*>® the in-plane conductivity is expected to dom-
inate the measured response (Fig. 1c, inset). The films depos-
ited on quartz substrates with interdigitated gold contacts were
assessed by scanning electron microscopy (SEM), evidencing
that both (PDMA)PbI, and (BzA),Pbl, (Fig. 1d) feature compact
uniform morphology.

The electrical properties were measured by galvanostatic
polarization and impedance spectroscopy experiments
(detailed in the Methods section). Direct current (DC) measure-
ments performed in an argon atmosphere at 60 °C in the dark
display significant polarization in the thousands of seconds
timescale, as evidenced by the increase in measured voltage as
a function of time for (PDMA)PbIL, and (BzA),Pbl, films (Fig. 2).
This observation is consistent with a significant ionic conductiv-
ity, similar to previous results obtained for 3D perovskites.>'*
The electronic conductivity extracted from the long time scale
resistance, assuming ion-blocking behaviour at the perovskite—
gold interface, is on the order of 2-5 x 10™™* S em ™" for both DJ
and RP systems.>>® Accurate evaluation of the ionic conductivity
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Fig. 2 Galvanostatic polarization measurements performed on horizontal
devices with (a) (PDMA)Pbl, and (b) (BzA),Pbl,s thin films in an argon
atmosphere and under iodine atmosphere (P(l,) = 7 x 107 bar; argon
carrier gas) at 60 °C in the dark. Impedance spectra collected under
analogous conditions are shown in (c) for the DJ and (d) for the RP film.
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is challenging under these conditions; the impedance spectra do
not show a clear high-frequency feature, complicating the fit of
equivalent circuit models.***> We estimate upper limits to the
ionic conductivity in the range of 10~ **-107'° S em ! by fitting
both bulk and grain boundary elements (two R-C in series) to
the high-frequency feature of the impedance to extract the total
conductivity. We also account for the analysis of the gap width
L (Fig. 1c) dependence of the electrical response for these
estimates.> This highlights the presence of an interfacial
resistance for the DJ film measured under argon, which
becomes negligible when the sample is measured under fixed
iodine partial pressure (P(I,)) (see Supplementary discussion
and Fig. S2, ESI{). We can, thus, confidently assign such
estimates to the bulk properties.

Dimensionality reduction has a clear and substantial effect
on electrical properties, in that both RP and DJ samples have
several orders of magnitude lower electronic conductivities
(0eon) in the dark in comparison to MAPbI;, for which values on
the order of 107°-107° S cm™* were previously reported.'**3”
The lower electronic conductivity of layered hybrid perovskites is
likely due to their larger bandgap and charge carrier confinement,
which could further decrease the concentration of electronic
charge carriers. These effects would be lower in quasi-2D perovs-
kites based on nominal compositions with n > 1, as their
structural and optoelectronic properties approach those of 3D
perovskites. The reduced ionic conductivity could also be asso-
ciated with multiple factors, including defect formation energy,
anisotropy effects, or ion migration energy barrier, which will be
discussed later.

The conductivity of mixed conductors can be modulated by
changing their stoichiometry in situ. This has been experimen-
tally demonstrated for hybrid perovskites by measuring their
electrical properties under fixed iodine partial pressure.” When
RP and DJ samples are exposed to iodine partial pressure
(7 x 1077 bar), changes in the polarization curves and in the
shape of the impedance spectra of both (PDMA)PbI, (Fig. 2a
and c) and (BzA),Pbl, (Fig. 2b and d) are evidenced compared to
the argon case. As a result, larger values of the electronic
conductivity and shorter time constants in the DC measure-
ments are found for the high P(I,). To probe the conduction
type and gain insights into the defect chemistry of these
systems, partial conductivities in (PDMA)Pbl, and (BzA),Pbl,
are analysed as a function of iodine partial pressure, in the
range from 3.5 x 10”7 to 1.4 x 10> bar (Fig. 3a and b), using
DC and AC measurements performed after equilibration at
each condition. Upon increasing iodine partial pressure, the
electronic conductivity increases with a slope of approximately
0.5-0.6 in both RP and DJ compounds (dashed lines in Fig. 3a
and b), indicating a p-type character for the electronic
conduction.*® Such change in conductivity is only partially
reversible, as highlighted by the data points referring to the
first scan. Specifically, a larger value of o,y is retained when
returning the initial P(I,) value. When performing a second
forward and reverse scan in P(I,), we find a much more
reversible trend of the electronic conductivity, however with a
reduced slope of 0.35-0.4, for both samples (see protocol for

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) and (b) Electronic and ionic conductivities of (a) (PDMA)Pbl, and

(b) (BzA),Pbl,. The positive slope of agion vs. P(l,) recorded for the RP film
points to possible inaccuracy in its estimation (see text). (c) and (d)
Electronic conductivity as a function of time extracted from a series of
DC polarization measurements performed during the equilibration of
(PDMA)Pbl,4 and of (BzA),Pbl, based devices when P(l,) is adjusted from
1.3 x 1077 to 1.3 x 107 bar and when the reverse step is applied. The
carrier gas is argon and the sample temperature 60 °C. (e) and (f) Arrhenius
plots of (PDMA)Pbl, (e) and (BzA),Pbl, (f) for electronic (eon, black) and
ionic (ion, red) charge carrier transport obtained from conductivity mea-
surements performed in the dark under P(l,) 6.9 x 10~ bar atmosphere. In
the legend label, an upward and a downward arrow are used to indicate
the temperature scan used for collecting the data points to describe the
increasing and decreasing temperature, respectively.

the experiment in the Methods section of the ESIf). Such
observation could be consistent with some reactivity of the
sample to iodine that irreversibly changes its properties. The
ionic conductivities of the two thin films undergo a less
pronounced change when varying P(I,), with a slight decrease
for the DJ sample and a more significant increase for the RP
sample. The overall slopes recorded for the ionic conductivities
of the DJ and RP samples are on the order of -0.16 and 0.33,
respectively. We expect a large error associated with the esti-
mated ionic conductivity. For the DJ sample, the slightly
negative slope extracted for the ionic conductivity data is
consistent with the intrinsic behaviour of the film and provides
confidence in the interpretation of the data. On the other hand,
the positive slope extracted for the RP sample cannot be easily
explained and it might point to a more complex electronic and
ionic transport mechanism in the film, and accordingly, to a
possible overestimation of the ionic conductivity in our analysis
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(further discussion on possible defect chemical models relevant to
these 2D systems can be found in the Sections 2 and 3 of the ESI).

The kinetics of iodine exchange with the films was analyzed
to probe the effect of dimensionality reduction on the incor-
poration/excorporation of halogen. The evolution in the elec-
tronic conductivity as a function of time after switching the
iodine partial pressure in the measuring cell was recorded by
performing a sequence of DC polarization measurements. Even
though layered perovskites are more resistive than MAPbI; and
iodine incorporation is expected to occur across layers sepa-
rated by insulating organic spacers in the sample architecture
used (Fig. 1c), the equilibration kinetics show a relatively short
characteristic time constant of 2-10 h (Fig. 3c and d, data fitted
with a single exponential function; fit of a double exponential
also shown for the iodine excorporation). Note that the differ-
ences in time constant between the incorporation and excor-
poration reactions can be explained by the relatively large steps
in P(I,) value used here. These were selected to detect large
enough changes in conductivity. The time scale of the iodine
exchange, which is comparable to the one recorded for MAPbI;
under similar conditions,*® would not point to bulk diffusion
as a limiting factor to the overall reaction. It is possible that in
the 2D systems, the surface exchange may be the limiting step
to the exchange reaction,* although anisotropy effects make
the comparison with the polarization timescale difficult. It is
also interesting that similar kinetics recorded for DJ and RP
samples refer to two different film compositions but also
different surface morphologies. The relatively efficient surface
reaction step in the studied DJ and RP systems points to the
possible diffusion of iodine within the perovskite layers, such
as through grain boundaries and other high dimensional
defects in the films (Fig. S3, ESIt), as well as in regions where
layer orientations that are not parallel to the substrate are
present, which may be more likely for DJ films. The observed
halogen exchange at the solid/gas interface for both RP and DJ
films could potentially undermine their use for passivation in
perovskite solar cells. As noted above, it is striking that the P(I,)
dependence of the electronic conductivity in these films is less
pronounced than the one reported for MAPDI; after exposure to
large iodine partial pressures (in the intrinsic region, o oc
P(1,)"?, see Section 4 of the ESIt). Indeed, if some parts of
the films (possibly the region far from the solid-gas interface)
were less accessible due to the layered nature of the com-
pounds, the exchange of iodine would induce a <1/2 slope in
the conductivity trend vs. P(I,). As a result, such “retardation”
in iodine exchange would provide an enhanced encapsulation
capability, compared with the case of a 3D perovskite film that
is fully exposed to the gas phase, while not entirely resolving
the issue of halogen exchange. Future investigations are needed
to ascertain such a scenario.

To assess the activation energies for ion migration, we
analysed the temperature dependence of the ionic and electro-
nic conductivities based on the relation in eqn 1.

-Fn(77) 2
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here, g, is a prefactor, k is Boltzmann constant, E, is the
activation energy, and T is the temperature in Kelvin. Because
of the different annealing temperatures (i.e., 100 °C (BzA),Pbl,
and 150 °C (PDMA)PbL,), the DJ film was measured in the range
between 333 and 393 K, while the RP film from 323 K to 353 K.
The activation energies of the electronic and ionic conductivity
in (PDMA)PbI, extracted from upward and downward tempera-
ture scans are in the order of 0.4 to 0.5 eV for E, ¢, and 0.84 for
Eajion, respectively (Fig. 3e). A slight decrease in magnitude is
observed for the latter compared to the former scan for both
electronic and ionic conductivities. These activation energy
values are larger than values reported for 3D perovskites. The
larger E, con is consistent with their larger bandgap and deeper
valence band edge compared to 3D iodide perovskites.***%*! In
contrast, the large value of E, ;,, may be due to a larger defect
formation energy, although changes in migration energy and
possible contribution from grain boundaries cannot be
excluded. The conductivity for the RP sample underwent clear
changes during the temperature-dependent measurements. We
recognize two different slopes for both the electronic and ionic
conductivity in the Arrhenius plot (Fig. 3f). While relatively
small E, are recorded for the increasing temperature scan,
much larger E, and lower conductivities are extracted when
decreasing temperature, suggesting irreversible changes occur-
ring under these conditions (Fig. S4, ESItT). The slightly larger
E, for (PDMA)PbI, compared with typical values reported for 3D
perovskites might also be attributed to a higher degree of
octahedral distortion.*? Moreover, while the accumulation of
ionic defects at grain boundaries would enhance conductivity
and potentially lower the activation energy,”® our data point to
the blocking of grain boundaries in the (PDMA)PbI, film (Fig.
S2 and ESIY). Since the data in (Fig. 3e) were collected for a
device with gap width of 10 um (shorter than the average grain
size), such blocking behaviour is not expected to influence
significantly the measured E,. On the other hand, anisotropy
effects due to layered crystal structure have to be taken into
account. In this regard, E, across perovskite layers may be
affected by the orientation. Thus, the E, of (PDMA)Pbl, might
be influenced by crystallites with the perovskite basal planes
perpendicular to the substrate and intra-grain misorientation,
as well as shorter interlayer distances between adjacent inor-
ganic slabs as compared to RP phases. The (BzA),Pbl, RP
sample consists of crystallites with layer orientation parallel
to the substrate, allowing, in principle, to measure in-plane
activation energy. Irreversibility in the temperature-dependent
conductivity did not allow for reliable E, measurements.
Attempts to record the out-of-plane activation energy were
unsuccessful since there is no strategy to effectively control
the crystal orientation at this point. Direct electrode deposition
on top of perovskites also did not yield measurable devices. For
this purpose, measurements on single crystals might be a good
alternative in the future. Nevertheless, our data reveal that, for
DJ samples, layered hybrid perovskites have higher E, of ionic
transport as compared to their 3D counterparts, confirming
that dimensionality reduction is an effective strategy to miti-
gate ion migration. Previous studies report activation energies

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 XRD peak intensity change over time and of (a) (PDMA)Pbl4 sample
in the temperature range of 100-150 °C and of (b) (BzA),Pbl, sample in the
temperature range of 100-140 °C in a nitrogen atmosphere. The peak
intensities were normalized by taking the initial values at starting tempera-
tures (Fig. Séc, ESIT).

of iodide defects in MAPbI; in the range 0.2-0.6 eV.>>*44
These values are very dispersed because activation energy
depends on several parameters, and in particular, the specific
defect chemical situation resulting from the preparation step.*®
Specifically, variations in the local structure might significantly
affect the activation energy barrier. For instance, it has
been shown that partial A cation substitution could result in
increased,'”*® or decreased E,.°° In addition, morphology is
also an essential factor affecting activation energy, as grain
boundaries might facilitate or hinder ion transport.*’ Lastly,
dimensionality reduction has been proven an effective strategy
to increase activation energy. More specifically, suppressed ion
migration along the in-plane direction has been reported in
(BA),(MA),Pbsl,,,"* while others have shown 0.74 eV activation
energy in (PEA),Pb(Br,I), thin films.??

To gain further insights into the effects on the thermal
stability of these 2D materials, which is relevant to their
application,® DJ and RP thin films were analysed using
in situ temperature-dependent XRD in the dark under a nitro-
gen atmosphere. By tracking the intensities of diffraction peaks
over time (Fig. 4a and b) we reveal that (BzA),Pbl, (002)
and (004) peaks slightly change at 90-100 °C, indicating
minor layered structure disruption in this temperature range
(Fig. S6a, ESIt). Moreover, a peak at 6.9° appears during the
measurement and becomes more intense with time, which we
interpret in terms of layered structure conversion to another
intermediate phase occurring for the BzA-based RP sample for
temperatures greater than ~90 °C (Fig. Séc, ESIT). At higher
temperatures, this phase is transformed into Pbl, (Fig. 4b). We
note that (BzA),Pbl, films show no decomposition (Fig. Seéb,
ESIt) when kept at 60 °C for up to 42 days, indicating that no
significant structural changes occurred during the electrical
characterization performed at such temperature.** We note
that temperature stability of the RP film would be expected in
the temperature range used to collect the data (Fig. 3f,
50-80 °C) based on this analysis. The recorded irreversible
conductivity trend points to changes in the material occurring
already at temperatures in the order of 80 °C, which are
however not detectable from our XRD study. Importantly, the
data (Fig. 3f) were collected under a fixed P(I,), which may lead
to slight differences in the thermochemical stability of the
material. On the contrary, the (PDMA)PbI, samples show remark-
ably better thermal stability as no degradation is observed in the

This journal is © The Royal Society of Chemistry 2024
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temperature range up to 150 °C (Fig. 4a and Fig. Sé6d, ESI}),
corroborating enhanced stabilities of DJ as compared to RP phases.
This difference in thermal stability between the DJ and the RP
compounds can be related to the van der Waals gap between organic
layers in RP hybrid halide perovskites. Weakly bound spacer mole-
cules might be more susceptible to thermal stress, which could
eventually induce material degradation. In contrast, bifunctional
spacers in DJ analogues do not form a van der Waals gap between
adjacent perovskite layers, thereby featuring shorter I"T interlayer
distances, which can be relevant for their thermal stability.>® Con-
sequently, the more rigid structure provides improved stability at
high temperatures®***>' as corroborated by the results. This makes
DJ perovskites potentially more promising materials for designing
protection and passivation layers in perovskite solar cells.

Conclusions

We investigate the electrochemical properties of (PDMA)PbI, and
(BzA),Pbl, layered perovskite thin films representing D] and RP
phases, respectively. We find that these materials are mixed ionic-
electronic conductors, with ionic conductivities on the order of 10~ *°
S cm™ ' in the dark close to equilibrium at 60 °C in the direction
parallel to the perovskite layers, about 2-4 orders of magnitude lower
compared to 3D hybrid perovskites. This result emphasizes the
lowering of ion transport by dimensional reduction. The similar
conductivity values measured for DJ and RP samples indicate that
the chemical nature of the spacer is of minor influence on the
conduction properties. Exposure of the samples to atmospheres with
fixed iodine partial pressure revealed iodine incorporation and
excorporation rates comparable to MAPbI;. Increased electronic
conductivity on increasing iodine partial pressure indicates p-type
conduction in both the RP and DJ systems. Temperature-dependent
conductivity measurements indicate higher activation energies of ion
migration in the 2D phases compared to 3D hybrid perovskites,
consistent with the suppressed ionic conductivity. We demonstrated
thermal stability up to 150 °C for (PDMA)PbI, DJ samples. This is not
matched by (BzA),Pbl, films, which suffer from degradation detected
with XRD measurements at temperatures above ~100 °C, and irrever-
sible changes in conductivity already at temperatures ~80 °C. This is
possibly due to weak van der Waals interactions in the spacer layer. We
conclude that, despite their significantly reduced ion migration com-
pared to 3D systems, layered perovskite compositions based on phenyl-
derived aromatic spacers still allow for detectable halogen exchange
with the gas phase. While these findings partially challenge the current
perspective on the role of these materials in stabilizing perovskite
devices, they stimulate further investigations to realize their potential
through a careful understanding of layer stacking and surface reactions.
These questions may become more critical for quasi2D perovskites
(n > 1) due to inherited features from 3D perovskites, with broad
implications in perovskite materials and devices.
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