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Mixed-dimensional perovskites containing mixtures of organic
cations hold great promise to deliver highly stable and efficient
solar cells. However, although a plethora of relatively bulky organic
cations have been reported for such purposes, a fundamental
understanding of the materials’ structure, composition, and phase,
along with their correlated effects on the corresponding optoelec-
tronic properties and degradation mechanism remains elusive.
Herein, we systematically engineer the structures of bulky organic
cations to template low-dimensional perovskites with contrasting
inorganic framework dimensionality, connectivity, and coordina-
tion deformation. By combining X-ray single-crystal structural
analysis with depth-profiling XPS, solid-state NMR, and femto-
second transient absorption, it is revealed that not all low-
dimensional species work equally well as dopants. Instead, it was
found that inorganic architectures with lesser structural distortion
tend to yield less disordered energetic and defect landscapes in the
resulting mixed-dimensional perovskites, augmented in materials
with a longer photoluminescence (PL) lifetime, higher PL quantum
yield (up to 11%), improved solar cell performance and enhanced
thermal stability (Tgo up to 1000 h, unencapsulated). Our study
highlights the importance of designing templating organic cations
that yield low-dimensional materials with much less structural
distortion profiles to be used as additives in stable and efficient
perovskite solar cells.
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New concepts

Addition of low-dimensional hybrid perovskites (LD HPs) into their 3D
counterparts is known to result in a desirable passivation effect on the
resulting “mixed-dimensional” materials. However, although there are
numerous reports utilizing such an approach and despite the fact that
there are many organic cations capable of templating LD HPs, many
aspects remain elusive especially when it comes to the fundamental
understanding of the structure-property relationship of the mixed-
dimensional species derived from such different possible
combinations. Using low-dimensional perovskites with contrasting
inorganic framework dimensionality (2D to 0D), connectivity (flat vs.
corrugated), and coordination deformation, this study found that
higher surrounding the lead-iodide

octahedra in the inorganic lattices (ie., intra-octahedral distortion)

coordination deformation
tends to result in worse optoelectronic properties. This observation can
be explained by the fact that structural deformation tends to provide
suitable environments for the formation of intra-gap states, which in turn
act as recombination centers for the photogenerated charge carriers in
the materials. As a result, fewer defective materials lead to devices with
not only better performances, but also superior thermal stability. This
study provides the previously unknown design criteria for the search of
organic templating cations that can realize a material system with a much
lesser defect landscape.
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Introduction

Hybrid halide perovskites have emerged as one of the most
promising next-generation photovoltaic materials that can
potentially drive down the cost of clean and renewable solar
energy conversion.”” Owing to their continuous three dimen-
sional (3D) inorganic lattices comprising corner-sharing metal-
halide octahedra at the molecular level, halide perovskites
(HPs) possess remarkable optoelectronic properties that have
propelled the certified power conversion efficiency (PCE) of the
stand-alone solar cells made out of the materials to 25.7%.%"
For perovskite solar cells (PSCs) to be commercially viable,
however, they need to endure long-term environmental stresses
imposed by external stimuli, such as heat and moisture.® While
great progress has been made in enhancing the stability of
PSCs through the development of suitable packaging schemes
or physical barrier layers,””® the compositional variation in HPs
would nonetheless determine their stability upper limit (i.e.,
materials stability) for encapsulated devices.”°

One strategy to improve the materials’ stability is through
dimensional engineering in which 3D HPs are mixed with
hybrid metal-halide species containing lower lattice structures
(e.g., 2D, 1D, or even OD) during/after the fabrication
process.""'* Such low-dimensional (LD) materials can be con-
sidered as bulk assemblies of quantum structures where the
complete isolation of inorganic metal-halide building blocks at
the molecular level enables the resulting bulk materials to
exhibit the intrinsic properties of individual building blocks.*
The advantages of such structural modulation are two-fold.
Firstly, in comparison to their 3D counterparts, it grants access
to improved stability against degradation by moisture and
oxygen as a result of the incorporation of inherently more
hydrophobic, relatively bulkier organic cations.'>* Secondly,
it affords significant room for materials exploration and engi-
neering as the steric constraints imposed on the organic
cations for the formation of 3D perovskites (typically assessed
by Goldschmidt’s tolerance factor) are no longer relevant.*>*°
Unfortunately, however, the utilization of LD HPs in photo-
voltaic applications has not been straightforward because the
more confined inorganic lattices in the materials tend to result
in fast charge carriers recombination, a narrow absorption
window, and high excitonic binding energy, which overall
would limit the current density and the PCE of the corres-
ponding devices."”"® Therefore, combining 3D and LD HPs is
often taken as an approach to strike the balance between
efficiency and stability.

In spite of the various terminologies used in the field, the
methods for realizing mixed-dimensional HPs can generally be
classified into two categories:'""? (1) bulk incorporation of LD
HPs in 3D perovskite, and (2) surface treatment of 3D perovs-
kite with LD HPs. In the first approach, the bulky cations are
typically mixed together with the 3D components in the pre-
cursor ink solution to induce the formation of LD phases
throughout the bulk of the 3D perovskite during the subse-
quent thin film fabrication process.’®?® Meanwhile, in the
second method, the pure 3D perovskite thin film is premade
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before it is post-treated with orthogonal solution containing
LD-templating organics, allowing a thin layer of LD species to
be deposited on the surface of a 3D perovskite film.>"** This
article focuses on the mixed-dimensional HPs in which the LD
HPs are incorporated in the bulk of the 3D species.

When added in a small amount, LD HPs are known to act as
an additive that provides a passivation effect to the overall
materials.”® This is made possible due to the preferential
formation of the phases at the grain boundaries of the 3D HP
crystallites, which reduces the amount of defects or trap states,
while concurrently suppressing the ion migrations in these
regions.”>?*® Such a feature is critical because it allows for
improved device performance to be achieved. However,
although there are numerous reports utilizing this approach
and despite the fact that there are many organic cations capable
of templating LD HPs, many aspects remain unknown in the
fundamental understanding of the formation of mixed-
dimensional species derived from such different possible com-
binations. In particular, it is not fully understood what factors
constitute good design criteria for the organic cations when it
comes to desirable device performance and stability. Given the
softness and malleability of their inorganic lattices, which are
considered sensitive to the local structure of the cations,*® it is
conceivable that tuning the organic functionalities can lead to
the formation of low-dimensional species with different archi-
tectures and optoelectronic properties, which may or may not
improve the overall material quality.

Results and discussion

Motivated by the above circumstances, this study aims to probe
the relationships between the molecular structures of the
templating organic cations, the formability of the respective
LD HPs, as well as the optoelectronic properties and stability of
the resulting mixed-dimensional species derived from those
cations. To do that, we fabricated solar cells based on pristine
3D HPs with the FA, 35Cs.15sPbl; composition and n-i-p archi-
tecture where planar SnO, and Spiro-OMeTAD were used as
electron- and hole-transporting materials, respectively (Fig. 1a,
see the ESIL,t for more details). We then compared the corres-
ponding device performances with those fabricated with dif-
ferent solar absorber compositions, of which the 3D species are
doped with 2.5 mol% of different bulky organic cations,
labelled as FPEA, PyrEA, NO,PEA, PrPyr, and NH3;PEA
(Fig. 1b), to induce the formation of mixed-dimensional per-
ovskites (refer to the ESIf for the procedure). The cations were
selected based on the structural similarity with PEA (phenyl-
ethylammonium) which has commonly been used in the field.
Meanwhile, 2.5 mol% (relative to 3D perovskite) was chosen
because such an amount allows the presence of low-
dimensional perovskites to be probed without compromising
the corresponding solar cell performances (see the experi-
mental procedure; vide infra). Statistical representations of
individual photovoltaic parameters of 20 devices, based on
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(a) Schematic representation of the perovskite photovoltaic with a planar n-i-p configuration employed in this study. (b) Molecular structures of

the organic cations used to template the formation of low-dimensional and mixed-dimensional halide perovskites: 4-fluorophenethylammonium (FPEA),
4-(2-ammoniumethyl)pyridinium (PyrEA), 4-nitrophenethylammonium (NO,PEA), N-propyl pyridinium (PrPyr), and 4-(2-ammoniumethylanilinium
(NH3PEA). Statistical representations of (c) open circuit voltage (Voc), (d) short-circuit current (Jsc), (e) fill factor (FF), and (f) power conversion efficiency
(PCE or n) measured for 20 photovoltaic devices, each for pristine 3D and mixed-dimensional perovskite cells based on FPEA and NH3PEA.

different HP variations, are depicted in Fig. 1c-f, and summar-
ized in Tables S1-S6 (ESIY).

It can clearly be seen that not all organics result in devices
with similar photovoltaic parameters and PCEs. In particular,
we would like to highlight the difference between the PSCs
resulting from cations FPEA and NH;PEA. While it was possible
to improve the pristine device performance by adding FPEA
into the precursor solution, the devices became much less
efficient with the inclusion of NH;PEA. Specifically, pristine
FA(.85Csp.15PbI; solar cells have an average PCE of 17.26 +
0.70%, while FPEA- and NH;PEA-added samples exhibit aver-
age PCEs of 18.31 + 0.59% and 11.84 £ 1.46, respectively. The
performance improvement of the solar cells based on FPEA can
be correlated with the increase in their open circuit potential
(Voc), where an average value of 1084 + 27 mV was obtained,
representing more than a 2% increment in comparison to that
recorded for the pristine sample (1058 + 20 mV). Meanwhile,
the corresponding short-circuit current density value (Jsc)
shows a value very close to that obtained from the control
devices (average Jsc values of 22.43 + 0.46 and 22.19 +
0.28 mA cm™> were observed for mixed-dimensional and 3D
samples, respectively), indicating that the inclusion of bulky
cation FPEA did not compromise charge transport and collec-
tion within the cells.

The current density-voltage (/-V) curves of best-performing
cells under a simulated air mass (AM) of 1 Sun illumination
(100 mW cm ?) are further shown in Fig. S1 (ESIf) and
summarized in Table S7 (ESIt) for pristine 3D and mixed-
dimensional devices. Hysteresis is the major bottleneck phe-
nomenon commonly found in the J-V curves of perovskite solar
cells and originates mainly from ion migration or the presence

538 | Mater. Horiz., 2023, 10, 536-546

of trap states. As shown in Fig. S1b (ESIt), the device fabricated
with organic FPEA exhibited a Voc of 1110 mV, Jgc of
22.11 mA cm 2, FF of 0.79, and PCE of 19.38%, observed in
the reverse scan direction, and a Voc of 1100 mV, Jsc of
21.97 mA cm ™2, FF of 0.76, and PCE of 18.36% in the forward
scan direction, whereas the pure FA, 45Cs, 15Pbl; device exhib-
ited a Voc of 1090 mV, Jsc of 22.15 mA cm™ 2, FF of 0.78, and
PCE of 18.83% in the reverse scan direction and a Vy¢ of
1060 mV, Jsc of 21.47 mA cm™2, FF of 0.74, and PCE of 16.84%
in the forward scan direction (Fig. Sla, ESIt). The reverse scan
shows enhanced Voc, Jsc, FF, and PCE when compared to the
forward scan for both mixed-dimensional and 3D perovskite
devices. However, a negligible amount of hysteresis was observed
in the case of the FPEA-based device compared to the pristine
device, confirmed by the reduction of the hysteresis index from
0.11 (pristine) to 0.05 (FPEA-inclusion). In line with what has been
reported previously,'***** we attribute the observed enhancement
in Voc and reduction of hysteresis behavior to the defect passiva-
tion of FPEA at the grain boundary of 3D perovskites (vide infra).
Intriguingly, such a passivation mechanism appeared to be absent
when cations PyrEA and NH;PEA were added into the precursor
solutions.

In order to explain the dependence of photovoltaic perfor-
mance on different cation additives, we proceeded with inves-
tigating the structural, morphological, and optoelectronic
properties of the final HP films. Measurements with UV-vis
absorption spectroscopy, glancing-angle X-ray diffractometry
(XRD), scanning electron microscopy (SEM) and atomic force
microscopy (AFM) suggest that all the mixed-dimensional
samples investigated in this study exhibit similar features to
that of pristine 3D perovskite. In particular, the materials

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) UV-Vis absorbance spectra, (b) glancing-angle X-ray diffracto-

metry pattern, (c) steady-state and (d) time-resolved photoluminescence
spectra of perovskite films based on 3D FAggsCsg1sPbls and mixed-
dimensional perovskites formed through the addition of cations FPEA
and NHsPEA. Pseudocolour femtosecond transition absorption plots
obtained from mixed-dimensional perovskites based on cations: (c) FPEA
and (d) NHsPEA.

feature an absorption onset near 800 nm (Fig. 2a), corres-
ponding to a band gap of around 1.54 eV (Fig. S2, ESIt), and
the main XRD peak positions were attributed to, among others,
the (001), (002), (012), (112), (022), and (002) HP crystallite
orientations (Fig. 2b; see Table S8, ESI,f for the peak assign-
ment). Additionally, all series of samples feature compact uni-
form perovskite crystallites with similar grain sizes (in the
range of 400 nm; Fig. S3, ESIt) and surface roughness (of
around 20 nm, Fig. S4, ESIT). While the presence of LD HP in
the final materials cannot be confirmed by the aforementioned
techniques (as we note that features such as XRD peaks at low
angles below 10° and a plate-like morphology that have pre-
viously been reported in other studies due to the presence of
low-dimensional species in the films are absent in our
system,'® vide infra), the results signify that the main phases
are heavily dominated by the 3D species and the final amount
of LD HP is very small and does not significantly affect the
continuous lattice framework of FA g5sCsg.15PbI;.
Interestingly, however, the photoluminescence quantum
yield (PLQY) and charge carrier dynamics (as determined
by time-resolved PL and femtosecond transition absorption

This journal is © The Royal Society of Chemistry 2023
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experiments) profiles do vary across different mixed-
dimensional samples. In particular, mixed-dimensional HP
based on FPEA emits a photon at 795 nm around one order
of magnitude higher in terms of intensity than that of NH;PEA
(Fig. 2c and Table S9, ESIt), while simultaneously showing an
enhanced fluorescence lifetime (Fig. 2d; the average character-
istic decay times of NH3;PEA- and FPEA-added samples were
observed to be 10 ns and 120 ns, respectively; see Table S10
(ESIY) for the fitting details and values for the TRPL of different
mixed-dimensional perovskites investigated in this study). A
similar trend was also observed in the corresponding transient
absorption spectra of the thin films with the inclusion of FPEA
in comparison to that with NH;PEA where the latter shows a
more pronounced photo-bleaching peak band in the 795 nm
spectral region (Fig. 2e and f; see Fig. S5, ESI,¥ for the
corresponding peak fitting and its explanation). The increase
in PL intensity and carrier lifetime lengthening indicate that in
contrast to other mixed-dimensional perovskites fabricated
with PyrEA and NH;PEA, non-radiative recombination channels
are relatively reduced in the FPEA-based sample. The observa-
tions also suggest that although there is little variation in terms
of structural and morphological aspects, the energetic and
defect landscapes among the five mixed-dimensional HPs
appear to be different, and corroborating this observation with
the Voc data of the corresponding solar cells presented pre-
viously, it can be concluded that defect passivation could only
be achieved with cation FPEA, but not with PyrEA to NH;PEA.

While attempting to elucidate the factors that determine the
optoelectronic contrast observed in the series of our mixed-
dimensional materials, we assume that the previously reported
findings, in which the low-dimensional species was identified
to be located at the grain boundaries of the 3D perovskites,'"'?
also hold true in our system. If that’s the case, we hypothesize
that the optoelectronic characteristics at the grain boundaries
would then affect the overall material quality. This would also
mean that such a characteristic is highly dependent on the
selectivity of the bulky cations in directing certain low-
This is because,
although the templating organics possess frontier orbitals not
capable of “interacting” with those of inorganic lattices, their
specific molecular arrangement (e.g., charge distribution, steric
level, and weak interactions) can lead to the formation of a wide
range of anionic metal-halide fine structures featuring different

dimensional metal-halide frameworks.

energetic and defect landscapes.”'"*® As such, in order to
analyze the cations templating effect, we proceeded with the
growth of single crystals of pure low-dimensional hybrids based
on the respective organics FPEA and NH;PEA and had the
structures solved through the single crystal X-ray diffraction
technique.

Unsurprisingly, as presented in Fig. 3, we found that,
indeed, the different cations direct the formation of HPs with
varying types of inorganic motifs. While 2D layered architec-
tures were obtained with FPEA, PyrEA, and NO,PEA, polymeric
1D chain and discrete mononuclear coordination complexes
(i.e., “0D”) resulted from PrPyr and NH;PEA, respectively. Even
within the 2D category itself, different metal-halide connectivity

Mater. Horiz., 2023,10, 536-546 | 539
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Fig. 3 X-Ray crystal structures of (a) (100) 2D perovskite (“Ruddlesden—Popper”) (FPEA),Pbly, (b) (100) 2D perovskite (“Dion—-Jacobson”) (PyrEA)Pblg,
(c) (110) 2D perovskite (NO,PEA),Pbl,, (d) 1D “perovskite” (PrPyr)Pblz, and (e) OD “perovskite” (NHzPEA),Pble. Ellipsoids are shown at 50% probability.
H atoms are omitted for clarity. Gray, purple, brown, red, and blue spheroids represent Pb, I, C, O, and N atoms, respectively. The insets show the

molecular structures of the templating cations.

or topology can be observed: the “flat” (FPEA),Pbl, and (Pyr-
EA)Pbl, represent the ““(100)” subclass (though the former is a
typical “Ruddlesden-Popper” type and the latter is of ‘“Dion-
Jacobson” variant), while (NO,PEA),Pbl, is an example of the
comparatively rarer corrugated ‘“(110)’ 2D perovskite. The
formation of different perovskites has serious implications
for the corresponding optoelectronic properties. This is
because as mentioned previously, the physical nature of the
resulting hybrids is dictated mainly by their inorganic halome-
tallate components with connectivity, dimensionality and dis-
order playing major roles,**® which, in turn, are sensitive to the
metal-halide second-sphere coordination environment sur-
rounding the metal-halide octahedra.””*®

For the above reason, we are interested in examining the
different degrees of lead-iodide coordination deformations in
the pure LD HPs based on FPEA and NH;PEA and probing its
interdependence on the optoelectronic features of the corres-
ponding mixed-dimensional materials and devices. Relevant to
our investigation, it has previously been demonstrated that
intra-octahedral distortion can determine the defectivity of the
material via modulation of the defect formation energies.?”"*°
In particular, it was observed that higher intra-octahedral
distortion tends to give rise to the higher formation of intra-
gap states as a result of a lower barrier for hole self-trapping
which stabilizes the formation of trihalide species like I;”. Such
charge localization could be detrimental to the materials and
device performance. The degree of lead-iodide coordination
deformation in this study is accessed by using three structural
parameters, namely octahedral bond length distortion (Ay),
octahedral elongation (/,.), and octahedral angle variance
(62> The equations for each parameter and explanations
of their meaning can be found in the ESI,{ while a summary is
given in Table 1. The resulting values take into account the
lead-iodide bond length and angle deformations in their
[Pbl¢]*~ octahedra building blocks, where larger values indicate
a greater degree of distortion (see Tables S11-5S20, ESIT for the
list of bond lengths and angles of the inorganic component in
each of the LD HPs).

Generally, it is found that the lower the dimensionality of
the inorganic lattices, the higher the distortion. Although it has
to be examined on a case-by-case basis, we associate this trend

540 | Mater. Horiz., 2023,10, 536-546

Table 1 Distortion parameters derived from the single crystal X-ray
structures of low-dimensional perovskites based on cations FPEA and
NH3zPEA

Compound Ad® (x 10%) Doet” 2.
(FPEA)ZPbI4 0.58 1.0013 4.29
(PyrEA)PbI, 1.54 1.0038 12.96
(NO,PEA),Pbl,* 6.15 1.0065 21.53
(PrPyr)Pbl, 7.90 1.0108 36.15
(NH;PEA),PbI, 23.23 1.0028 1.41

¢ Averaged distortion parameters are given for (NO,PEA),Pbl, as it
contains three geometrically distinct octahedra. ? Octahedral bond
length  distortion. © Octahedral  elongation. ¢ Octahedral — angle
variance.

with the higher exposure of the inorganic network to the crystal
packing forces (provided by the cations in the form of coulom-
bic and hydrogen bonding interactions) when the dimension-
ality is reduced, which makes the lead coordination sphere
susceptible to deviation from the ideal octahedral symmetry. In
addition, across different 2D perovskites, “Dion-Jacobson’ and
corrugated structures appear to have a higher distortion in
comparison to that of the “Ruddlesden-Popper” variant. The
large intra-octahedral distortion in the ‘“Dion-Jacobson’-type
of material is owing to the inherently asymmetric environment
of their constituent [Pbls]'~ octahedra in which the dicationic
PyrEA within the monolayer alternate in terms of its orienta-
tion, with either its phenyl head or ethylammonium tail point-
ing into the “bay regions” formed by the terminal iodide
ligands of four nearest neighbouring Pb-I octahedra (Fig. 3b).
Meanwhile, the presence of two types of alternating octahedra
in (NO,PEA),PbI, (i.e., those with ¢rans- and cis-oriented term-
inally bound iodides, respectively) as a result of supramolecular
interactions with organic NO,PEA is the origin to the signifi-
cant deformation within the [Pbls]*~ coordination (Fig. 3c).
The difference in the structural profiles of each of the LD
HPs is also manifested in the Raman spectra of each of the
species. As presented in Fig. S6a (ESIt), the low wavenumber
Raman bands are mainly contributed by the vibrations of the
inorganic sub-lattices. The peaks above 60-70 cm™" are asso-
ciated with Pb-I bond stretching coupled with the libration or
translation vibrations of the organic molecules, while the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Correlation plots between intra-octahedral distortion parameters: (a) octahedral bond length distortion (extracted from Table 1), (b) octahedral
elongation (Table 1), and (c) octahedral angle variance (Table 1) obtained from pure low-dimensional perovskites based on cations FPEA and NH3PEA with
the photoluminescence quantum yield (PLQY; Table S9, ESIt) and average open-circuit voltage (Voc) recorded from mixed-dimensional perovskites with

the addition of cations FPEA and NHzPEA (Tables S2-S6, ESI+).

bands above 110 cm ' are mainly induced by organic

librations.>**® The peaks below 60 cm ™" are further assigned
to the bending, twisting and distortion in the iodoplumbate
network which vary across the materials depending on the
extent of propagation of the [Pbls]*~ building blocks in the
material lattices, thus forming fingerprint regions. A more
detailed discussion regarding the Raman feature of the series
of LD HPs investigated in this study can be found in the ESL¥

We then attempted to correlate the lead-iodide coordination
deformation of pure LD HPs templated by cations FPEA and
NH;PEA with the Voc and PLQY data obtained from the
corresponding mixed-dimensional materials and interestingly,
a close relationship can be observed between them (Fig. 4). In
general, it was found that higher distortion tends to result in
worse optoelectronic properties. As hypothesized earlier, this
can be explained by the fact that structural deformation tends
to provide suitable environments for the formation of intra-gap
states, which in turn act as recombination centers for the
photogenerated charge carriers in the materials.””*° Therefore,
adding those cations in the 3D system results in more defective
materials, rather than passivating them. This trend resonates
with the recently reported work in light emitting devices, where
the more distorted perovskites would give rise to worse per-
forming devices.®” More intriguingly, we observed that this
structural distortion parameter appears to outcompete other
factors, such as inorganic lattice separation, when it comes to
improving the device PCE. As shown in Fig. 3, (PyrEA)PbI,

This journal is © The Royal Society of Chemistry 2023

features a much shorter Pb-I interlayer distance than
(FPEA),Pbl,. While the shorter separation may be beneficial
for charge transport, the resulting mixed-dimensional perovs-
kite still suffers from the more disordered energetic landscapes
as a consequence of the heavier coordination deformation
experienced by the [Pblg]*~ octahedra in the lattices templated
by PyrEA.

In order to rule out the electronic effect of the cation’s
functionality, we also fabricated devices and performed struc-
tural analysis on the LD HPs based on PEA and 4-
hydroxyphenylethylammonium (OHPEA). As shown in Fig. S7
and Tables S21, S22 (ESIt), the device performances are not
affected by the electron withdrawing or donating capabilities of
the groups attached to the phenyl rings, but rather it is the
nature of the resulting inorganic lattices that causes the fluc-
tuations. Featuring relatively milder intra-octahedral distortion
relative to the compound based on NH;PEA, the best perform-
ing devices of PSCs whose active layers were fabricated with the
addition of PEA and OHPEA could still achieve 19.03% and
18.53%, respectively (champion device of the NH;PEA-doped
sample is 14.35% efficient). We believe that this empirical
observation could explain why PEA, for example, has consis-
tently been used by many research groups as effective perfor-
mance enhancers over the years.

Furthermore, we also observed that crystallization kinetics
play little role in determining the quality of the final material.
We performed the in situ UV-vis absorption spectroscopy

Mater. Horiz., 2023, 10, 536-546 | 541
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experiment (see the ESIT for the details) and found that mixed-
dimensional samples have similar features to that of pristine
3D FA 45CS0.15PbI;. In particular, the majority of peaks (at 355,
420, 529, 779 nm) that appeared right after the anti-solvent was
introduced were effectively from those of 3D perovskites
(Fig. S8, ESLf black arrows), while there seems to be no
contribution from the low-dimensional species, at least in our
measurement timescale, that would otherwise have appeared at
319, 376, and 524 nm for the FPEA-based sample and at 305
and 371 nm for the NH;PEA-based sample (Fig. S8, ESI;T dotted
blue line). This can be attributed to the relatively small amount
of bulky organic dopants that was added to the starting
precursor solution. Nonetheless, although it was difficult to
trace the kinetics, solid-state nuclear magnetic resonance (ss-
NMR) spectra of the scratched thin film powder (Fig. S9; see the
ESIt for experimental details) confirm the presence of low-
dimensional perovskites at the end of the crystallization pro-
cess and surprisingly, the amount is pretty much similar in
terms of the ratio in comparison to that in the starting ink
solution (i.e., around 2.5 mol% of LD HPs relative to the 3D
FA 55CS0.15Pbl3). Moreover, though it is harder to probe if the
multiple-layered structures formed in the final materials, it can
be confirmed from ss-NMR spectra that the bulky organic

View Article Online
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cations exist in an LD HP form, rather than segregating into
iodide salt (Fig. S9b, ESIT).

Having known which system was more defective relative to
the others, it became more straightforward to predict what the
stability trend would look like. As expected, upon carrying out
stability monitoring at 85 °C with 10% relative humidity (RH),
mixed-dimensional HPs doped with cation FPEA exhibited
much better stability in comparison to that of NH;PEA
(Fig. S10, ESIf). In particular, while more than 50% of the
active material had converted to Pbl, in the case of NH;PEA (as
suggested from the respective XRD patterns of the aged sam-
ples), mixed-dimensional HP based on FPEA could retain
around 80% of the initial amount even after 1000 hours of
testing. Indeed, the stability behaviour of FPEA also outcom-
peted that of pristine FA, g5Csy.15PbI; where the active material
was only left with ca. 60% under the same measurement
timeframe. Such a similar trend resonated with what was
observed in the device and optical studies, suggesting that
higher quality 3D perovskites would last longer when subjected
to durability testing. This is particularly true because while the
presence of bulky cations could render the overall materials to
be more hydrophobic (thus more stable towards moisture), we
were intrigued to find that the thermal stability of LD HPs alone
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Fig. 5 Thermal-stability test comparison between the pristine 3D FAq g5Csg.15Pbls and mixed-dimensional perovskite solar cells based on the cation
FPEA. Tests were performed for more than 1500 hours at a relative humidity (RH) level of 10% where the photovoltaic parameters namely (a) open circuit
voltage (Voe), (b) short-circuit current (Jsc), (c) fill factor (FF), and (d) power conversion efficiency (PCE or i) were regularly monitored. The black arrows
indicate improvement made by the addition of cation FPEA in the composition. (e) Normalized PCE parameters at different time intervals.
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was actually lower than the pure 3D counterparts (Fig. S11, ESIT).
As such, we reaffirm the role of LD HPs as additives capable of
passivating defects, especially at the grain boundaries, without
causing radical changes to the overall material’s structural and
physical properties (which are significantly 3D in nature).

More stable materials subsequently translated to PSCs with
better thermal stability. When subjected to a similar environ-
ment (85 °C; 10% RH), as presented in Fig. 5, Ty, of the
unencapsulated devices based on FPEA improved by a factor
of ~4 relative to that of their pure 3D counterparts. Despite the
use of relatively thermally unstable Spiro-OMeTAD in our cur-
rent architecture, mixed-dimensional PSCs with FPEA still
exhibited an average PCE of 11.28 & 0.80%, even after subject-
ing them for more than 1500 hours. Therefore, this result
demonstrates the benefit of significantly improving the material
stability of the solar absorbers and we foresee even much better
stability behaviour when a polymer-based HTL and/or a physical
barrier/encapsulant are utilized in the device stack.”*?® Taking
a closer look at each of the photovoltaic characteristics collected
throughout the stability testing, the more significant improve-
ment in FPEA-added devices seems to come from the fill factor,
indicating that the degradation process could have initiated at
the interfaces. This applies especially in our case because not
only moisture is capable of inducing the perovskite degradation,
but the hygroscopic and volatile additives added in the HTL
layer could also play a role.*>*

We then performed depth profiling X-ray photoelectron spectro-
scopy (XPS) to gain further insight into the potential cross-sectional
compositional difference between mixed-dimensional and pristine
3D perovskites. Interestingly, we did observe a non-homogeneous
distribution of the bulky organic cations in the film. As shown in
Fig. 6a, the XPS signal corresponding to cation FPEA was only
observed in the early stage of scanning. As a comparison, we also
performed the same experiment with the film of FA,gsCsg15Pbl;
that has been post-treated with FPEA (i.e., spin-coating the cation
after the pristine 3D perovskite was fabricated; see the ESI} for
details). The resulting sample exhibited a higher XPS signal of FPEA

Bulk approach Post-treatment approach
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due to the relatively more amount that ended up in the film during
deposition. However, a similar trend can be observed: the signal
would eventually disappear after subsequent etching of the film
(Fig. 6b). More interestingly, we found that similar behavior was also
demonstrated by organics with different functionalities. In the case
of cation NH;PEA, for example, we observed the strongest XPS peak
only at the initial stage of the etching process (Fig. 6c and d).
Though a further study is required to understand the principle
behind the process, our initial examination implies that the phe-
nomenon could be universal and not only the fluorinated group
causes the organic species to be “repelled” to the top of the films.
We suggest that the above observation could be related to
the kinetics of formation of the low-dimensional species which,
in comparison to that of 3D counterparts, appears to be
relatively more preferable under fast crystallization that occurs
during the spincoating process. This is in line with the report
by Zhou and co-workers who found that the composition of
mixed-dimensional halide perovskite thin films right after
spincoating consisted of more of the layered halide perovskites
featuring low “n” values (e.g., n = 2 and n = 3 where n denotes
the number of contiguous 2D inorganic layers, i.e., not sepa-
rated by organic cations) rather than their 3D counterparts.*'
This indicates the preferred formation of low-dimensional
halide perovskites templated by bulky organic cations at the
early stage of crystallization, despite the formation energy of
the materials being in general higher than that of their 3D
counterparts.’” We anticipate that such a tendency can play an
important role especially when a HTL with volatile or reactive
dopants, such as Spiro-OMeTAD, is utilized and a judiciously
designed bulky cation is expected to improve the stability of
multi-dimensional HP-based devices even more.

Conclusions

In summary, we investigated the effects of the functional
groups of structurally related organic cations on the formability
of the corresponding low-dimensional hybrid perovskites

Bulk approach Post-treatment approach
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Fig. 6 Depth profiling profiles of mixed-dimensional perovskite samples based on bulky cations FPEA and NH3PEA fabricated via bulk (a and c) and post-
treatment (b and d) approaches. The plots are constructed from high resolution XPS spectra of the F 1s (for FPEA-based sample, (a and b)) and C 1s (for

NHzPEA-based samples, (c and d)) collected on several etch cycles.
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together with the optoelectronic and stability behaviors of
mixed-dimensional species resulting from their mixing with
3D FAy g5Cs¢.15Pbls. Generally, it is found that higher coordina-
tion deformation surrounding the lead-iodide octahedra in
inorganic lattices (i.e., intra-octahedral distortion) tends to
result in worse optoelectronic properties (e.g., short photo-
luminescence (PL) lifetime, low PL quantum yield and open-
circuit potential). This observation can be explained by the fact
that structural deformation tends to provide suitable environ-
ments for the formation of intra-gap states, which in turn act as
recombination centers for the photogenerated charge carriers
in the materials. Less defective materials lead to devices with
not only better performances (more than 19% PCE), but also
superior thermal stability. (T, up to 1000 h, unencapsulated).
A closer look at the samples’ cross sectional compositional
profiles suggests a non-homogeneous distribution of the bulky
organic cations in the film in which more of the species are
found near the surface of the perovskite layer. This behavior is
observed regardless of the functionality attached to the organic
cores, implying that the templating capability of the bulk
cations could also play important roles in modulating the
interfacial stability of the device stacks, especially when a
HTL with volatile or reactive dopants, such as Spiro-OMeTAD,
is utilized.
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