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On the Accessibility of Higher-n Phases in
Formamidinium-Based Ruddlesden-Popper and
Dion—Jacobson Layered Hybrid Perovskites

Ghewa AlSabeh, Vladislav Slama, Masaud Almalki, Lena Merten, Paul Zimmermann,
Alexander Hinderhofer, Pascal Alexander Schouwink, Virginia Carnevall,
Nikolaos Lempesis, Lorenzo Agosta, Frank Schreiber, Ursula Rothlisberger,*

Michael Gritzel,* and Jovana V. Milic*

Layered (2D) hybrid perovskites offer a promising alternative for stabilizing
halide perovskite materials, with a growing interest in formamidinium (FA*)
lead iodide derivatives for photovoltaics due to their exceptional optoelectronic
properties. While their potential increases with the number of inorganic layers
(n), the experimental evidence suggests that obtaining n > 2 phases is chal-
lenging for FA-based layered perovskites. To address this challenge and identify
the conditions governing the formation of higher-n phases, representative FA-
based layered hybrid perovskite materials containing aromatic spacer cations,
namely benzylammonium (BNA) and 1,4-phenylenedimethanammonium
(PDMA)—are investigated as model systems for the corresponding
Ruddlesden-Popper and Dion-Jacobson phases based on (BNA),FA,_,Pb, |5, .,
and (PDMA)FA,_;Pb, |5, formulations (n = 1-3), respectively. Moreover, the
effect of Cs* cations on the formation of n > 1 phases is explored through a
combination of X-ray scattering measurements, solid-state NMR spectroscopy,
optoelectronic characterization, and density functional theory calculations.
Despite improved photovoltaic performances, the formation of higher

(n > 2) phases is excluded, even in the presence of Cs*, due to the favorable
formation of other low-dimensional phases revealed by the theoretical
investigation. The results contribute to a comprehensive understanding

of these materials of broad interest to their application in optoelectronics.

1. Introduction

Hybrid halide perovskites represent
mixed ionic-electronic  semiconduc-
tors with high absorption coefficients,
long charge carrier lifetimes and dif-
fusion lengths, and exceptional defect
tolerance.l?] These properties have es-
tablished hybrid halide perovskites as at-
tractive semiconductors in photovoltaics,
light-emitting diodes, photodetectors,
and the emerging field of optoionics.!*]
Despite their outstanding performances,
perovskite devices have not been com-
mercialized due to their limited stability
when exposed to oxygen, moisture, tem-
perature variations, light, and voltage
bias.[268] As a result, a growing interest
in low-dimensional (2D) or layered hy-
brid perovskites (LHPs) has emerged due
to their superior stability.”'?l They are
based on layers of organic ammonium
cations templating hybrid perovskite
layers®13] whose stability is attributed
to the hydrophobicity of the organic
spacers and their ability to mitigate ion
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migration.37) They can be defined by the S,A ;M X, for
mula where S is the spacer with ammonium-functionalized
groups (x = 2, if the cation is monofunctional, or x = 1, if it is
bifunctional), A stands for the central monovalent cations (e.g.,
methylammonium (MAY), formamidinium (FA*), or Cs*), M
represents divalent metal cations (mostly Pb**, Sn**), and X
halide anions (I, Br~, Cl7), whereas n defines the number of per-
ovskite layers.[”!8] The structures are classified into Ruddlesden—
Popper (RP) and Dion—Jacobson (DJ) phases in which each has a
different relative orientation of the adjacent perovskite layers.!8]
The inorganic slabs displaced by halfa unit cell along the in-plane
directions is a characteristic of RP phases, usually containing a bi-
layer of monofunctional spacers,!'! whereas the absence of dis-
placement is a characteristic of a D] phase that is mostly based on
bifunctional spacers.[??) LHPs can also be classified by the num-
ber (n) of the inorganic layers.!"821:22] Ag nincreases, the bandgap
(E,) decreases, and the system shifts toward the properties of 3D
perovskites (n = 00).[2*] To this end, 3D FA-based perovskites are
the most attractive materials in photovoltaics!%24-26] gince they
are more thermally stable as compared to perovskite materials
based on archetypical MA* central cations under device opera-
tion conditions.?! Moreover, FAPbI, has a near-optimal band
gap for light absorption, making it an ideal candidate for solar
cells.[?] However, the perovskite a-FAPDI, phase is not thermo-
dynamically stable below 150 °C and undergoes a phase tran-
sition to the photoinactive §-FAPbI, phase.l?* Various methods
have been developed for stablhzmg the a-phase, such as inter-
mixing with Cs* by optimizing the Goldschmidt tolerance factor
due to its smaller ionic radius compared to FA*, thereby promot-
ing a more stable perovskite lattice.?#?:28] This structural opti-
mization alleviates lattice strain and enhances crystallinity while
reducing defect density by promoting uniform grain growth.!!
Additionally, Cs*, as an inorganic cation with a higher forma-
tion energy than organic counterparts like FA* or MA*, en-
hances the thermal and environmental stability of the mate-
rial. In 2D perovskites, Cs incorporation further improves crys-
tallinity, promotes better phase orientation, and suppresses unde-
sirable low-n phases that can hinder charge transport and device
efficiency.[23% These effects collectively lead to higher phase pu-
rity and reduced nonradiative recombination, making Cs* partic-
ularly advantageous over other small monovalent cations such as
Rb* or K*, which are either too small or less compatible with the
perovskite lattice.[?3! Recent advancements in FA-based 2D per-
ovskites highlighted the potential of both RP and DJ structures
in achieving high power conversion efficiencies (PCEs) and en-
hanced stability. In RP systems, the incorporation of novel spacer
cations has led to significant improvements. For instance, the
use of f-fluorophenylethanamine (#-FPEA) as a spacer cation re-
sulted in quasi-2D RP perovskites, with PCEs reaching 19.11%,
attributed to enhanced crystallinity and optimized energy level
alignment.[3? Similarly, selenophene-based spacers have been
employed to achieve nominal n = 5 RP perovskites with PCEs
exceeding 19%, demonstrating the effectiveness of spacer engi-
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neering in promoting higher-n phase formation.*}] However, di-
rect structural confirmation of higher-n phases has been lack-
ing. Similarly, in D] perovskites, strategies such as seed-induced
growth have been explored to control crystallization and phase
distribution. A notable example involves the use of MAPbCI,
and 1,4-butyldiammonium (BDA) based BDAPDI, as seeds to fa-
cilitate the growth of FA-based DJ perovskite films, leading to
devices with PCEs of 20.0% and improved stability.**] Another
example is the 2D D] perovskite solar cells achieving a PCE of
19.11% using n = 5 compositions.[®! This was attributed to the
high efficiency and long-term stability due to a slight interlayer
displacement that enhances charge transport and structural in-
tegrity. However, these studies lacked the structural confirma-
tion of higher n-phase formation. The instability of a-FAPbI,
is translated into the corresponding FA-based 2D perovskites,
which demonstrated the incapacity to form higher-n phases (n >
2).[103637] This was ascribed to the unfavorable enthalpies of for-
mation, suggesting that the incorporation of smaller ions than
Cs* could enable accessing higher-n (n > 2) phases of FA-based
2D perovskites, which remain unknown to date.

In this work, we investigate FA-based LHPs integrating benzy-
lammonium (BNA)®! and 1,4-phenylenedimethanammonium
(PDMA) halides (X = I, Br; Figure 1) to explore the possibility of
the formation of higher-n (n > 2) phases.*®! These organic spac-
ers were chosen as representative model systems for RP (BNA)
and DJ (PDMA) phases, respectively. The 2D perovskite structure
was evidenced by X-ray diffraction (XRD) and solid-state nuclear
magnetic resonance (NMR) spectroscopy, complemented by op-
toelectronic characterization using UV-vis absorption and pho-
toluminescence (PL) spectroscopy, as well as their photovoltaic
characteristics. The incorporation of Cs* into the perovskite
framework was investigated by solid-state NMR spectroscopy,
grazing incidence wide-angle X-ray scattering (GIWAXS) mea-
surements, and density functional theory (DFT) calculations to
identify the role of Cs* in the formation of higher (n > 2) compo-
sitional representatives, leading to a better understanding of the
structure-property relationships that govern material characteris-
tics and their application.

2. Results and Discussion

We synthesized FA-based LHPs by solution-processing (spin-
coating) and mechanosynthesis, following the procedures de-
tailed in the Experimental Section and the Supporting Informa-
tion (Figures S1-S5, Supporting Information). We have analyzed
n = 1-3 compositions of both RP and D] phases based on dif-
ferent counter ions (X = I, Br), which were defined by the nomi-
nal (n) stoichiometry of the precursors without any assumptions
about the structure of the resulting phase.l'! Their properties
were analyzed by a combination of techniques to assess the for-
mation of LHPs.

XRD measurements of thin films indicated the formation
of FA-based LHPs (Figure 2a,b). The XRD patterns displayed
diffraction peaks at low angles (below 10°) that correspond
to low-dimensional perovskites in accordance with previ-
ous reports.’%¥] Moreover, a periodic pattern, typical of 2D
perovskite structures oriented parallel to the substrates, was ob-
served for n = 1 compositions, namely (BNA),Pbl,, (PDMA)PbI,,
(BNA),PbBr, and (PDMA)PbBr,. For the iodide-based
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Figure 1. Layered hybrid halide perovskite (LHP) structure. Structural representation of benzylammonium (BNA) and 1,4- phenylenedimethanammo-
nium (PDMA) based LHP systems (X = |, Br; FA = formamidinium) with the corresponding n = 1-3 phases.

n = 2 compositions ((BNA),FAPDb,I, and (PDMA)FAPD,I,),
n = 2 phases were formed (indicated by the peaks at 4-5°) with
co-existing n = 1 phases (at #6-7.3°) and 3D perovskite phases
(at ~14°). Such a mixture of phases is commonly observed
for n > 1 compositions of 2D perovskites.['”) Bromide-based
(BNA),FAPDb,Br, only showed peaks related to the n = 1
(~5-7.5°) and 3D (~14.8°) perovskite phases. Moreover, n = 2
compositions of PDMA-based perovskites showed lower inten-
sity peaks below 10°, reflecting a decrease in the LHP yield or a
change in the morphology!3l

The optoelectronic properties were thereafter analyzed by UV-
vis absorption spectroscopy of the corresponding thin films.
The n = 1 compositions revealed excitonic peaks that are typi-
cal for 2D perovskites at 510 nm in iodide-based compositions
(Figure 2c),l***1] whereas n = 2 nominal compositions displayed
a gradual red shift of the absorption peaks in accordance with
their lower bandgap.!?}! The n = 2 compositions also featured ad-
ditional signals that are likely associated with the co-existingn=1
phases, along with an extended absorption reaching 800 nm, sug-
gesting the presence of a 3D perovskite phase. This is typical for
the behavior of higher n 2D perovskite thin films, where con-
trolling phase purity remains a challenge.?’] Similarly, steady-
state photoluminescence (PL) spectra of iodide-based systems
(Figure 2c) showed well-defined emission peaks at ~520 nm for
n =1 compositions, with a red shift for n = 2 systems. More-
over, the n = 2 compositions featured more significant Stokes
shifts (>100 nm) that were previously associated with the pres-
ence of layered edge states (LESs) and co-existing 3D phases.*?]
These shifts are also an indication of the presence of a mixture of
phases.['% In the case of the bromide-based samples, UV—vis ab-
sorption spectra (Figure 2d) showed excitonic peaks at ~400 nm,
corresponding to the n =1 phase, whereas the n =2 compositions
exhibited additional signals indicative of higher n and 3D phases,
which were smaller compared to the iodide-based samples. The
PL spectra showed well-defined peaks at 410 nm for n = 1 com-
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positions, with a red shift for n = 2 systems, featuring significant
Stokes shifts similar to the iodide-based compositions. This is
consistent with the XRD results, which predominantly showed
n = 1and 3D phases for the n = 2 nominal compositions.

The XRD peak assignment was further scrutinized by atom-
istic modeling. Structures corresponding to n = 1-3 phases for
BNA and PDMA spacers were equilibrated and optimized at the
DFT (PBE+Grimme D3 correction) level. The calculated XRD
spectra forn = 1and n = 2 compositions agreed with the ex-
perimental spectra, corroborating a mixture of n = landn = 2
phases for the nominal n = 2 compositions (Figure S7, Support-
ing Information). The theoretical XRD spectra for n = 3 indi-
cated a distinct peak at 20 = 3.2° for BNA and 3.4° for PDMA,
which was not present in any measured spectra, suggesting the
absence of n = 3 phases (Figure S7, Supporting Information).
Similarly, the PL spectra of these samples (Figure 2c) did not
show a significant difference between the n =1 and n = 2 com-
positions, corroborating previous observations.

In summary, this analysis suggests that both BNA and PDMA
spacers form LHP phases for n = 1 nominal composition in thin
films of both iodide and bromide counter ions, whereas FA-based
n = 2 compositions featured mixtures of phases, including n =
1 and 3D perovskite phases, which could not be controlled by the
stoichiometry of the precursors. To better control this phase for-
mation, especially for the increasing number of perovskite layers
in n> 1 compositions, we investigated the role of Cs* incorpora-
tion into the perovskite framework.

2.1. Effect of Cs* Addition

To assess the effect of Cs* on the LHP phases, we fabricated
and investigated n = 2-3 FA-based LHPs with a 5% Cs* con-
tent for both iodide and bromide-based perovskite compositions.
The formation of the LHPs was analyzed by XRD (Figure 3a,b).
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Figure 2. Formation of FA-based LHPs. a,b) XRD patterns of thin films on microscope glass for (a) n = 1 ((BNA),Pbl, and (PDMA)Pbly), and n
= 2 ((BNA),FAPb,l; and (PDMA)FAPb,l;) I-based samples, and (b) n = 1 ((BNA),PbBr, and (PDMA)PbBr,), and n = 2 ((BNA),FAPb,Br; and
(PDMA)FAPb,Br;) Br-based samples. Optoelectronic properties based on c,d) UV-vis (full line) and PL (dashed line) spectra of films of n = 1 and
n=2 (c) I-and (d) Br-based compositions. The photographs of the films are shown in Figure S6 (Supporting Information).

All samples featured diffraction peaks below 10°, confirming
the formation of low-dimensional perovskites. The XRD patterns
for FA-based n = 2 and n = 3 compositions without Cs* were
closely comparable, without any evidence of the presence of n > 2
phases. However, upon introducing Cs*, changes were observed
for n = 3 nominal compositions. Most of these peaks corre-
sponded to the n = 2 phase and the 3D perovskite phase, which
were in different ratios depending on the applied stoichiome-

Adv. Electron. Mater. 2025, 11, €00164 €00164 (4 of 10)

try. The addition of Cs* alters the phase composition of the ex-
isting phases (n = 1, n = 2, and 3D perovskites) without the
clear formation of the n = 3 phase. A new peak at 7.9° for the
BNA-based sample was observed that could be related to the for-
mation of a new phase. The new phases were further investi-
gated through comparison with theoretical phase models. The
XRD pattern for theoretical n = 3 structures predicted the same
peak positions as for the case without Cs* at 3.23° for BNA and
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Figure 3. The effect of Cs* incorporation into FA-based LHPs. XRD patterns of n = 2 and n = 3 compositions of FA-based and Cs-containing
thin films on microscope glass built upon a) BNA and b) PDMA iodides. XRD patterns for their bromide analogs are shown in Figure S11
(Supporting Information). c) GIWAXS reciprocal space maps at an incidence angle of 1°, for n = 3 compositions of (BNA),(Csg5FAg95)2Pbslig
(BNA-1), (PDMA) (Csq,05FAg.95)2Pb3 110 (PDMA-1), (BNA), (Csg.05 FAg.95)2Pb3 Brig (BNA-Br), and (PDMA) (Csg osFAg 95),Pb3Bryg (PDMA-Br) films. White
dashed lines indicate signals for the perovskite phase, while colored arrows indicate n = 1 (blue) and n = 2 (red) phases. d,e) "H — '3C cross-
polarization (CP) magic angle spinning (MAS) NMR spectra of (d) (BNA),FA,_1Pb,l5,,7 (BNA) and (BNA), (Csg osFAg95)n_1Pbnl3ns1 (BNA(Cs)) and
(e) (PDMA)FA,_;Pb, 13,1 (PDMA) and (PDMA)(Csg 05FA 65)n_1Pbnlsns1 (PDMA(Cs)) based on n = 1-3 compositions. (f) '**Cs NMR spectra for
Cs-based perovskites compared to Csl. Vertical lines mark peak positions for n = 2-3 compositions.
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3.4° for the PDMA-based samples (Figure S8, Supporting Infor-
mation), which was not present in any measured datasets, sug-
gesting the absence of n = 3 phases in detectable amounts. The
lowest angle peaks 4.7° and 9.4° for BNA and 4.3 and 8.7 for
PDMA could be ascribed to the formation of the n = 2 phases,
whereas the appearance of the new peak at 7.9° for the BNA
spacer could be explained by the existence of a 1D phase (Figure
S9, Supporting Information). A similar structure has previously
been reported for benzo[c][l 2,5]thiadiazol-4-methylammonium
(BTDZ) spacers,!*}] which was supported by ab initio molecu-

lar dynamics (AIMD) simulations. The simulated XRD patterns
for the 1D phase (Figure S10, Supporting Information) showed
the lowest peak shifted by —0.3° compared to the experimen-
tally observed peak at 7.9°. A similar deviation between simu-
lated and experimental XRD patterns was also present for the
n = 2 phases (Figures S7,S8, Supporting Information), which
could be ascribed to the limited accuracy of the PBE functional
with Grimme D3 correction!* used to describe the system in
the AIMD. For the bromide-based perovskites (Figure S11, Sup-
porting Information), (BNA),(Cs, os FA, ¢5), Pb; Bry, exhibited the
emergence of a peak at 4.03° that is attributed to the formation of
n = 2 phase, while (PDMA)(Cs, osFA, o5)Pb,Br; showed a high-
intensity peak at 7.8° in addition to 30.4°, without indication of
other low-dimensional phases.

This was further assessed by UV-vis absorption spectroscopy,
revealing a blue shift in Cs-containing samples as compared to
purely FA-based samples, which was more evident in the PDMA
systems upon adding Cs* (Figures S12,S13, Supporting Informa-
tion). In addition, a small shift of the absorption edge ~800 nm
was also observed for n = 3 PDMA samples, indicating the in-
crease in the 3D perovskite contribution for n > 1 compositions.
In the case of bromide-based compositions, a slight red shift
was observed in Cs-containing BNA samples, while their PDMA-
based DJ analogs also featured blue shifts in the presence of Cs*
with more intense excitonic peaks. This was corroborated by the
PL spectra, showing changes upon introducing Cs* with minor
shifts and sharper signals, suggesting that Cs* might also af-
fect phase purity. Specifically, new signals at ~#480 and ~710 nm
were observed upon adding Cs* in the iodide-based BNA sys-
tems, accompanied by a blue shift of the peak in the 780-805 nm
range. On the contrary, for the bromide-based systems, almost
no changes were observed upon adding Cs*, leading us to focus
our further investigation primarily on the iodide-based systems.

The formation of the n = 3 phase was also probed by graz-
ing incidence wide-angle X-ray scattering (GIWAXS) for the
nominal n = 3 compositions (Figure 3c). While n = 1 and
n = 2 layered phases could be identified in the samples, in
addition to 3D phases, there was no evidence of the forma-
tion of n = 3 LHP phases. Both (BNA),(Cs, osFA ¢5),PbsI;, and
(PDMA)(Csy osFA o5),Pb;1;, layered phases exhibited two dis-
tinct preferred orientations for the direction of the layer stack-
ing, i.e., vertically stacked and tilted by ~36°. The main orien-
tation for the stacking direction of (BNA),(Cs, ¢sFA 95),Pb;Br
films was vertical, with a reduced degree of orientation for
(PDMA)(Cs, osFA o5),Pb;Bry, films (Figures S14,S15, Support-
ing Information). The peaks corresponding to the n = 2 phase
were significantly broader than in other compositions, indicat-
ing a lower degree of crystallinity. While this investigation did
not involve single-crystal X-ray structure analysis, it was comple-
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mented by additional experimental and theoretical insights to fur-
ther clarify the underlying structural characteristics.

The structural characteristics were further assessed by
solid-state NMR spectroscopy (Figure 3d—f), effective in inspe-
cting atomic-level interactions.[**¢] For this purpose, powders
of (BNA),FA, ,Pb.ly,,;, (PDMA)FA, Pb.ly,,,, (BNA),
(C80.05FAg95)n1Pby 1501 and  (PDMA)(Csg s FA g5), 1 PD, 1344
(n = 1-3 compositions) were synthesized mechanosynthetically
using ball milling (procedure reported in the Experimental
Section). The *C NMR spectra showed small chemical shifts in
the aromatic region (120 to 130 ppm) and the FA cation (150 to
160 ppm) for BNA-based systems (Figure 3d). Similarly, for the
PDMA-based systems, minor shifts were observed in the -CH,—
(40 to 50 ppm) and aromatic (130 to 140 ppm) regions, as well
as for FA cations (150 to 160 ppm; Figure 3e), indicating the
presence of the spacers and FA cations in a new structure or
geometry. However, these changes were not sufficient to indicate
the formation of n = 3 phase in the Cs-containing samples.
133Cs NMR was applied to monitor the consumption of CsI (at
~284 ppm) in all perovskite samples, which was accompanied
by the appearance of a new peak at ~22 ppm, suggesting the
incorporation of Cs* into the structure.”] However, the n =
3 perovskite phase could not be unambiguously confirmed,
corroborating the challenges in forming higher-n phases.

To understand the apparent absence of n > 2 phases, we relied
on a theoretical investigation of the effect of different Cs* con-
centrations on the formation of higher-n phases by using AIMD
simulations complemented by DFT calculations for a range of
perovskite compositions (n = 1-3, the computational details are
given in the Supporting Information). These results indicate that
the formation energies for n = 2 remain lower than that of

= 3 compositions for any Cs* percentage less than 43%
for BNA-based samples and ~48% for PDMA-based ones
(Figure 4), suggesting a threshold concentration for the for-
mation of the n = 3 phase that was thereafter assessed
experimentally.

To assess the effect of Cs* concentration on the resulting char-
acteristics, samples incorporating different quantities of Cs* (15,
30, 45, 60, and 80%) were fabricated by spin-coating followed
by annealing and investigated for their structural and optoelec-
tronic properties. XRD was used to analyze the formation of the
LHP phases (Figure 5a,b). While all samples exhibited low-angle
reflection peaks below 10°, confirming the formation of low-
dimensional perovskites, no additional peak ~3° corresponding
to a n = 3 phase was detected (according to the simulated XRD
patterns in Figures S7,S8, Supporting Information), indicating
the absence of this phase across all investigated Cs* concentra-
tions. GIWAXS measurements (Figure S16, Supporting Infor-
mation) revealed minor structural variations upon increasing the
concentration of Cs* without the appearance of new signals. The
BNA-based system was more oriented, especially the thin film
containing 45% Cs* with spot-like diffraction patterns. At higher
concentrations of Cs* (> 60%), minor changes could be observed
in the XRD patterns, including the disappearance of the peaks at
9.9° and 28.3° along with the appearance of a new peak at 26.3°
for the BNA-based sample, yet without unambiguously evidenc-
ing a distinct (n = 3) perovskite phase formation.

This was in accordance with the theoretical calculations, which
showed the formation of competing 1D phases even at low
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Figure 4. Factors governing the formation of higher-n phases in FA-based LHPs. Formation energies per stoichiometric unit for n > 1 LHP compositions

compared to n = 1 based on a) BNA and b) PDMA iodide compositions.

concentrations of Cs*, with lower formation energies than the
n = 3 perovskite phase. In the n = 3 phase stoichiometry, it is
possible to form two stoichiometric units of the 1D phase, i.e.,
(BNA)PbI;, and a pure 3D phase of FAPDI;. The estimated for-
mation free energy of the 1D phase was lower than the forma-
tion free energy of the n = 3 phase, which points to the favoured
formation of the 1D phase. Adding Cs* to the solution leads to
a stabilisation of the 3D a-phase of FAPbI, and the 1D phase,
which disfavours the formation of the n = 3 phase with increas-
ing concentration of Cs* ions in the solution. This is accompa-
nied by the emergence of the new XRD peaks ~7° and the for-
mation of the pure Cs* phases, such as the §-CsPbl, phase with
a characteristic XRD peak at 10° (Figure S17, Supporting Infor-
mation). The new emerging peak at 7.9° at low Cs* concentra-
tion could be ascribed to a 1D phase based on the 5-FAPbI;, with
FA* replaced by the larger BNA spacer ion (Figure S10, Support-
ing Information). On the other hand, the peak at 7° present at
high Cs* concentration could be assigned to the 1D phase based
on the §-CsPbl, phase with the Cs* replaced by the BNA spacer
(Figure S17, Supporting Information). At intermediate Cs* con-
centrations between 15-45%, a peak at 7.4° emerges, with the
highest intensity at 30% of Cs*, corresponding to a real-space
distance of 11.9 A between diffraction planes. This is too large
for any 3D phase or the iodide salts of precursors, yet smaller
than the values corresponding to 2D phases, and requires fur-
ther analysis to be adequately identified beyond the scope of this
study. Nonetheless, even if the n = 3 becomes more stable than
the n = 2 phase with increasing concentration of Cs*, its forma-
tion was not observed due to the formation of a variety of compet-
ing low-dimensional or segregated phases with lower formation
energies.

These changes were reflected in the optical properties
(Figure 5c,d). UV-vis absorption spectra revealed nearly identical
peaks in the 570-575 nm range for all the BNA-based samples,
with a slight blue shift for this peak as the Cs* concentration in-
creases. In the PDMA-based system, a main peak ~565 nm was
observed corresponding to the n = 2 phase, which also shows a
slight blue shift with the increase in Cs* concentration; however,
a new red-shifted peak in the range of 610-620 nm emerged for
the samples having Cs* percentage equal to or higher than 30%,
which was theoretically predicted for higher n-phases, in accor-
dance with the PL spectra. While some of these spectral changes
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could be associated with the formation of new phases, PXRD
and GIWAXS data do not support the assumption that n = 3
phase forms in the presence of Cs* in sufficient quantities to be
detected. This shift could, therefore, be due to the formation of
other Cs-containing phases with higher Cs* concentrations, such
as other low-dimensional Cs-containing phases, more likely to
form under these conditions.

The impact of Cs* addition on the optoelectronic prop-
erties was further evaluated in solar cell devices. These
devices were n-i-p perovskite solar cells with a fluorine-
doped tin oxide (FTO)/compact titanium dioxide (c-
TiO,)/mesoporous TiO, (m-TiO,)/perovskite/2,2,7,7 -tetrakis
(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-
OMeTAD)/gold (Au) architecture, featuring an active area of
0.16 cm? (0.4 cm X 0.4 cm). The -V characteristics of the
perovskite solar cells were recorded under standard AM1.5
illumination with a light intensity of 100 mW cm™2 (Figures
S18,S19, Supporting Information). An enhancement in the
photovoltaics properties is observed upon the addition of
Cs*, with PCE of champion devices increasing from 6.1%
for (BNA),FA,Pb;I;, to 7.2% for (BNA),(Cs,sFAjo5),Pb;sL4.
Similarly, for the PDMA-I based devices, there is an enhance-
ment in the PCE of the champion devices from 4.5% for
(PDMA)FA,Pb,I,, to 5.7% for (PDMA)(Cs,0sFAq05),Pbsly.
This increase was accompanied by an increase in the average
current density (], ), fill factor (FF), and open circuit voltage (V)
upon the addition of Cs* for both sets of devices. The integrated
current density, derived from the internal photon conversion
efficiency (IPCE) spectra, and the short-circuit J,. values ob-
tained from the current—voltage characteristics were measured
for the devices (Figure S20, Supporting Information). In the case
of BNA-based devices (Figure S20a, Supporting Information),
BNA-I(Cs) exhibited consistently higher IPCE values across the
spectrum, leading to an integrated ] of ~11.7 mA cm™2, com-
pared to ~#10.1 mA cm~2 for BNA-I. For the PDMA-based devices
(Figure S20Db, Supporting Information), a similar trend is ob-
served, with PDMA-I(Cs) showing broader spectral response and
a modest increase in integrated J.. (~8.6 mA cm~2 compared to
~7.4 mA cm~2). While the overall performance can be further
optimized in functional devices, which goes beyond the scope of
this study, the enhancement upon Cs* addition can be attributed
to factors other than the formation of higher-n phases, including
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Figure 5. Identifying critical Cs* concentration for FA-based LHP phases. a,b) XRD patterns of n = 3 FACs-containing thin films incorporating different
Cs* percentages on glass for systems based on (a) BNA and (b) PDMA iodide with their ¢,d) UV-vis and PL spectra. The black arrows indicate shifts of

the emission with increasing Cs* concentration.

the stabilization of the 3D a-FAPDI, phase, crystal orientation,
morphology, and surface quality,?#“8] contributing to the
overall performance. This broadens the understanding of the
stabilization of FA-based low-dimensional perovskite phases,
stimulating further investigations.

To evaluate the impact of Cs* on film morphology, plane-view
scanning electron microscopy (SEM) images of the films were
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obtained (Figure S21, Supporting Information). The BNA-I films
without Cs* showed poor surface coverage with non-uniform
grains and pinholes, while the BNA-I(Cs) film demonstrated im-
proved uniformity and compactness. Similarly, PDMA-I films
exhibited increased grain size and clearer grain boundaries
upon Cs* incorporation, indicating enhanced crystal growth and
film quality. These morphological improvements correlate well
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with the improved photovoltaic performance of Cs* containing
devices.

The use of Cs* was also expected to influence the operational
stability of the perovskite solar cells. To evaluate this, we moni-
tored the photovoltaic performance at the maximum power point
(MPP) under continuous illumination in an inert atmosphere at
ambient temperature (Figure S22, Supporting Information). No-
tably, the devices had been aged for over two months prior to test-
ing, which provides a more stringent assessment of their opera-
tional durability. While overall stability may be considered mod-
est due to aging, the Cs-containing samples clearly demonstrated
improved operational stability compared to their Cs-free coun-
terparts. This enhancement is attributed to the stabilizing effect
of Cs* on the 3D perovskite lattice as reported previously.[>#]
These findings demonstrate the beneficial effect of the Cs* ad-
dition in improving the operational stability of perovskite solar
cells.

3. Conclusion

A systematic examination of layered hybrid perovskites based
on (BNA),(FA,Cs,),.,Pb,L,,; and (PDMA)(FA,Cs,), ,Pb,Ly,.,
(n = 1-3) compositions was performed to understand the impact
of incorporating Cs* on the formation of higher n-phases. While
5% Cs* incorporation into the perovskite framework induced mi-
nor changes in the structural and optoelectronic characteristics,
we found no evidence for the formation of the n = 3 phase. X-
ray scattering measurements indicated a mixtureof n=1,n=2,
and 3D phases in the n = 3 compositions, with the absence of the
n = 3 phase. Molecular dynamics simulations and density func-
tional theory calculations suggested this was due to unfavorable
formation enthalpies, which were estimated to be beneficial only
in higher Cs* concentrations (> 40%) for both BNA and PDMA-
based LHP materials. While thin films with a high Cs* percent-
age show some difference in their structural properties with pref-
erential formation of n = 2 phase for the BNA-Br samples in the
presence of Cs*, the formation of higher-n phases could not be
unambiguously identified under these conditions. Instead, theo-
retical analysis suggests the preferential formation of other low-
dimensional phases. Nonetheless, incorporating small amounts
of Cs* (5%) into the perovskite material led to improvements in
the photovoltaic characteristics. This provides important insights
into the design of FA-based LHPs and the factors governing their
structural and optoelectronic properties. While the use of FA-
based mixed-dimensional perovskite compositions is of increas-
ing interest for photovoltaics, our investigation suggests that this
is not likely to involve the formation of 2D perovskites other than
n = 1-2 phases. These findings have a broader implication for
the design and application of FA-based LHPs in optoelectronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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