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ABSTRACT: Hybrid organic−inorganic layered (2D) halide perovskites
have demonstrated advantages in improving the performance and stability of
perovskite solar cells, and there is an ongoing interest in tailoring organic
cations for their application in photovoltaics. We apply tailored molecular
systems based on perfluorinated benzylammonium (F-BNA) and 1,4-
phenylenedimethylammonium (F-PDMA) cations, forming Ruddlesden−
Popper and Dion−Jacobson perovskite phases, respectively, at the interface
with 3D perovskite layers in conventional n−i−p perovskite solar cells. The
characteristics of 2D/3D perovskite phases are investigated through a
combination of techniques including X-ray diffraction, UV−vis absorption, and photoluminescence spectroscopy. We demonstrate
the beneficial effects of perfluoroarene perovskite phases in improving the stability and performance toward advancing photovoltaics.
KEYWORDS: mixed-dimensional perovskites, 2D/3D perovskites, perfluoroarenes, interfacial engineering, photovoltaics

■ INTRODUCTION
In recent years, there has been a growing interest in exploring
2D/3D perovskite structures, aiming to merge the favorable
attributes of 2D and 3D perovskite materials.1,2 This hybrid
approach seeks to capitalize on the stability inherent in 2D
perovskites while harnessing the high efficiency associated with
their 3D counterparts.1 Metal halide perovskites are described
by the general formula AMX3 (Figure 1), where A denotes the
central cation (e.g., methylammonium MA+, formamidinium
FA+, or Cs+), M represents a divalent metal ion (predom-
inantly Pb2+ or Sn2+), and X signifies a halide anion (I−, Br−, or
Cl−).3 Their layered (2D) perovskite analogues have gained
considerable interest due to their superior stability compared
with 3D perovskite materials.4 They are formed by introducing
spacer cations between the layers of hybrid perovskites (Figure
1),4 leading to the formation of common Ruddlesden−Popper
(RP) and Dion−Jacobson (DJ) phases.5 RP systems typically
have the general formula S2′An−1MnX3n+1, where S′ denotes
monofunctional spacers, resulting in the formation of a bilayer
structure with a half-unit-cell displacement between adjacent
layers (Figure 1). Conversely, DJ systems are characterized by
the formula SAn−1MnX3n+1, incorporating bifunctional spacer
(S) moieties between aligned perovskite layers.6−9 Spacer
cations can tune the properties of 2D perovskites, their
morphology, and structure, forming a natural quantum-well
electronic structure and altering the band gap while serving as
protective layers that increase hydrophobicity and prevent ion
migration.4,10 There is a significant interest in incorporating
these materials into perovskites due to their structural diversity
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Figure 1. Layered hybrid perovskite structure. Schematic of the
layered (2D) perovskite structure with the Ruddlesden−Popper (RP)
and Dion−Jacobson (DJ) perovskite phase (represented by n = 2
compositions) and structures of F-BNA and F-PDMA perfluoroar-
enes.

Articlewww.acsaem.org

© 2025 American Chemical Society
8914

https://doi.org/10.1021/acsaem.4c01710
ACS Appl. Energy Mater. 2025, 8, 8914−8920

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 T

U
E

B
IN

G
E

N
 o

n 
Ju

ly
 1

5,
 2

02
5 

at
 0

8:
35

:5
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/curated-content?journal=aaemcq&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weifan+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Min+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Zimmermann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Hu%CC%88gli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sun-Ju+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengqiong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ghewa+AlSabeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ghewa+AlSabeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Hinderhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Schreiber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jovana+V.+Milic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Youn+Seo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.4c01710&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/8/13?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/13?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/13?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/13?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


and stabilizing potential.11 In particular, the use of mixed-
dimensional 2D/3D perovskite heterostructures, with the
capacity to simultaneously improve photovoltaic performances
and stabilities through a synergy of 2D and 3D perovskite
layers, has been relevant to advancing perovskite photo-
voltaics.1,2 They are accessed by depositing 2D perovskites or
organic spacer cations onto 3D perovskite layers.1,2

To this end, perfluorinated organic moieties are particularly
noteworthy since introducing fluorine can enhance the
hydrophobicity and suppress ion migration.12,13 Accordingly,

perfluoroarenes are of interest to tailoring structural and
optoelectronic properties of 2D perovskites toward their
applications.13−15 The perfluoroarene systems are relevant to
controlling hybrid perovskite assemblies through π-based
interactions, hydrogen bonding, van der Waals forces, as well
as halogen bonding.4,11,13 These interactions can modify the
optoelectronic and structural properties of the hybrid
materials. For example, hydrogen bonding can regulate
perovskite assemblies and the activation energy for ion
migration.13 Additionally, π−π interactions between arene

Figure 2. Structural and optoelectronic properties of 2D and 2D/3D perovskites. (a) XRD pattern and (b) UV−vis absorption and PL spectra of
the perfluoroarene-based 2D perovskite films of n = 1 nominal composition. (c,d) XPS F 1s and N 1s core level spectra of the 3D control (ref,
black) and 2D/3D perovskite films with either F-BNA (blue) or F-PDMA (red) overlayers. (e) UPS spectra of the control (ref) and treated (F-
BNA or F-PDMA) perovskite films, with the secondary electron cutoff (SECO) for determining the work function. The binding energy of the
valence band spectra is shown in the inset, and the kinetic energy is in Figure S19 of the Supporting Information. (f) Energy level diagram estimate.
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and perfluoroarene species can create an alternating-cation 2D
perovskite system through self-assembly.16 This results in a
more compact parallel stacking in arene−perfluoroarene
systems, altering charge transport.16−18 In this regard, the
emerging 2D/3D perovskite heterostructures1,2,19−21 provide a
relevant platform for perfluoroarenes. However, these (supra)-
molecular systems remain underexploited for their potential to
tailor the properties of the interface with charge-selective
extraction layers in mixed-dimensional perovskite photo-
voltaics.
Here, we applied perfluorinated benzylammonium (F-BNA)

and 1,4-phenylenedimethylammonium (F-PDMA) iodides as
uniquely tailored model systems that form RP and DJ 2D
perovskite overlayers, respectively, onto 3D perovskites in the
corresponding solar cells. The formation of 2D/3D hetero-
structures was investigated by a combination of techniques,
including X-ray diffraction, X-ray photoelectron spectroscopy,
UV−vis absorption, and photoluminescence spectroscopy. We
integrated the 2D/3D perfluoroarene-based perovskite layers
into n−i−p perovskite solar cells, achieving a power conversion
efficiency (PCE) up to 20% for champion devices compared to
18% for a control device without the 2D/3D structure.
Moreover, the devices displayed operational stability with 85%
performance retention after 750 h, showcasing the relevance of
perfluoroarene-based perovskites in photovoltaics.

■ RESULTS AND DISCUSSION
The perfluoroarene spacers were synthesized by reducing
tetrafluoroterephthalonitrile or pentafluorobenzonitrile precur-
sors, followed by protonation of the resulting amines in
accordance with the previous reports,16−18 as detailed in the
Experimental Section of the Supporting Information (Figures
S1−S6). The spacer precursors, F-BNAI or F-PDMAI2, were
thereafter used to prepare materials by reacting them with
stoichiometric amounts of PbI2 to obtain 2D perovskites of n =
1 nominal composition. This was achieved through solution
processing (spin-coating) of films onto glass substrates,
followed by annealing at 130 °C. The effectiveness of
perfluoroarene-based 2D perovskites was thereafter analyzed
in 2D/3D perovskite heterostructures by applying organic
spacers from the solution of F-BNAI or F-PDMAI2 (1 mg/mL
concentration in isopropanol) onto conventional 3D
(Cs0.05FA0.83MA0.17)Pb(I0.83Br0.17)3 compositions, forming 2D
overlayers upon annealing in n−i−p perovskite solar cells.
The structural properties of hybrid materials were analyzed

using X-ray diffraction (XRD). The low-angle reflections (2θ
below 10°) accompanied by periodic reflections indicate the
formation of a layered (2D) perovskite structure (Figure 2a).22

For (F-BNA)2PbI4, a peak below 14° was identified,
corresponding to the (004) reflection. A comparable result
was obtained for the (F-PDMA)PbI4 system. Moreover,
grazing-incidence X-ray scattering (GIWAXS) measurements
showed consistent results with an additional peak for (F-
BNA)2PbI4 at 5° (0.35 Å−1). Additionally, GIWAXS indicated
that the long unit cell axis is preferentially oriented parallel to
the substrate for (F-BNA)2PbI4 (Figure S7), whereas for (F-
PDMA)PbI4, it was mainly oriented parallel to the surface
normal, with a substantial amount of randomly oriented n = 1
2D phases (Figure S8). For the F-BNA phase, we determined a
unit cell consistent with the GIWAXS data (Figure S9). At
room temperature, we found a tetragonal unit cell for (F-
BNA)2PbI4 (n = 1) with the unit cell parameters a = b =
8.55(8) Å, c = 35.6(4) and a volume of V = 2602(78) Å3

(Table S1). The optoelectronic properties of 2D phases were
further analyzed by UV−vis absorption and photolumines-
cence (PL) spectroscopy (Figure 2b). The excitonic features in
the absorption spectra at around 460 nm corroborate the
formation of 2D structures.5,18,23 In addition, the PL spectra of
F-PDMA-based films (Figure S10) exhibit multiple signals
indicative of disorder, consistent with prior reports,16 which
require further investigation.
Having evidenced 2D perovskite formation, the structural

properties of the 2D/3D perovskite materials were further
analyzed. GIWAXS measurements were conducted to assess
the effect of the spacers on the 3D perovskites, which showed
no change in the orientation upon their use (Figure S11). All
samples showed a preferred orientation of approximately 35°
and 65° toward the substrate (Figure S12). Moreover, the
control 3D sample was composed mainly of a cubic perovskite
and some PbI2 traces, whereas the F-PDMA-treated sample
showed a peak at 0.5 Å−1. The same peak was found for the
pure (F-PDMA)PbI4 phase, indicating the formation of a 2D
(n = 1) layer on top of the 3D perovskite accompanied by the
reduction of PbI2 and hexagonal phase in the underlying 3D
perovskite layer (Figure S13). Furthermore, X-ray photo-
electron spectroscopy (XPS) measurements were performed
on 3D and 2D/3D perovskite films to evaluate the formation
of the overlayers (Figure 2c,d) by analyzing changes in the
chemical environment. The untreated (control) 3D perovskite
films exhibited no detectable fluorine (F) signal, whereas a
distinct F 1s core level signal emerged at 685 eV for the 2D/
3D perovskite films. In addition, the N 1s spectra of the 3D
perovskite films featured characteristic C−N bonds (397.5 eV)
associated with the A cation (Figure 2d, Table S2).24 F-
PDMA-treated samples exhibited a more pronounced (0.5 eV)
shift toward lower binding energy compared with the control
film. This indicates that the F-PDMA-based overlayer interacts
more with the surface (e.g., Pb2+ or I−), altering the electronic
structure around nitrogen, which is more pronounced than the
F-BNA systems. These interactions result in an increased
electron density around the nitrogen atom, which was more
pronounced compared to the C 1s XPS spectra (Figure S14),
suggesting interactions predominantly taking place through the
ammonium groups.24 The effects of the interaction on the
interfacial energetics were further analyzed using ultraviolet
photoemission spectroscopy (UPS), with the bandgap
estimated using PL spectra and the Tauc plots with the
corresponding UV−vis absorption spectra. The work function
(WF) showed differences of 0.02 and 0.26 eV between the
reference and F-BNA- or F-PDMA-treated films, respectively
(Figure 2e). Furthermore, the valence band (VB) maxima were
0.04 and 0.13 eV lower than the reference for treated films,
respectively. UPS analysis confirmed that the energy level of
the perovskite film changes when F-BNA or F-PDMA is
applied, with the valence band (VB) tending to shift. While the
energy alignment featured a minor mismatch at the hole
transport layer (Figure 2f), the thickness of the overlayer did
not compromise charge transport.25,26 This was further
analyzed by steady-state and time-resolved PL spectroscopy
(TRPL). The PL spectra of 2D/3D perovskites revealed a
reduced intensity upon applying the 2D overlayer, which can
be related to an increase in nonradiative recombination due to
changes in the interfacial defect concentration (Figure S15).
This observation is consistent with the TRPL data of the
perovskite films, showing longer charge-carrier lifetimes for
reference 3D perovskite materials (Figure S16 and Table S3).
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However, in the presence of the hole-transport layer, a faster
decay was observed for the treated samples than in the control,
suggesting that the perfluoroarene layers do not act as a barrier
for charge extraction (Figure S17). By applying an exponential
fit to the TRPL decays, the extraction time was estimated
(Table S4), suggesting a facilitated charge extraction in the
2D/3D perovskite heterostructures to the 2,2′,7,7′-tetrakis-
(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene (Spiro-
OMeTAD).27 This is likely the result of arene−perfluoroarene
interactions16−18 with the hole-transporting material, which
were envisaged to stabilize the interface with the hole-
extraction layer and improve the contacts relevant to device
performance and long-term stability. Furthermore, the analysis
of the morphology of the 2D/3D structures by scanning
electron microscopy (SEM) showed an increased grain size in
the 2D/3D perovskite samples (Figure S18), which is further
relevant to their charge extraction and the photovoltaic
performance. The SEM images also reveal gaps that may
result from solvent evaporation or the escape of volatile
molecules from the surface. The passivation effect at grain
boundaries can nonetheless minimize device performance
losses, whereas further optimization of the morphology offers
space for improving device performance in the future.
The performance of 2D/3D perovskites in photovoltaics was

investigated in solar cells based on the n−i−p architecture of
fluorine-doped tin oxide (FTO)/c-TiO2/mp-TiO2/perovskite/
Spiro-OMeTAD/Au (Figure 3a). Their performance was
evaluated by measuring the current−voltage (J−V) character-

istics with a AM 1.5G light source (Figure 3b). The use of 2D/
3D perovskite heterostructures with spacer overlayers resulted
in increased open-circuit voltage (VOC) and short-circuit
current density (JSC) while maintaining an unchanged fill
factor (FF), thereby enhancing the overall PCE (Figure 3c).
The increase in the VOC was in accordance with the passivation
effect at the interface, consistent with TRPL and SEM
measurements, whereas a slightly reduced bandgap (estimated
to be 1.59 eV for the control and 1.55 eV for the 2D/3D
perovskites) was reflected in the improvements of the JSC,
leading to the overall improved performances. The J−V curves
of the devices also exhibited a small hysteresis (Figure S20).
The champion devices yielded PCEs of 18.4%, 20.0%, and
20.0% for the 3D, F-BNA-, and F-PDMA-treated samples,
respectively (Table S5).
To further optimize the device performance, MACl was

incorporated either by using 10 mol % into the perovskite
precursor solution as an additive or by applying an overlayer
(o.l.; 3 mg/mL in isopropanol) onto the reference 3D
perovskite (Figures S21−S24).28−30 This strategy led to an
increase in VOC and a slight improvement in FF, leading to an
overall increase in PCE (up to 1.5%) upon treatment.
Conversely, applying 2D overlayers onto these films resulted
in a slight reduction in JSC and FF, while VOC remained
comparable (Figure S25). The overall PCE remained similar,
indicating that 2D overlayers did not significantly impact the
MACl-treated films. The J−V curves of the champion devices
showed a more significant hysteresis (Figure S26), with higher

Figure 3. Photovoltaic performances in 2D/3D perovskite solar cells. (a) Schematic of the n−i−p solar cell. (b) J−V curves of the champion
control, F-BNA-, and F-PDMA-treated devices under the AM 1.5G illumination. (c) Statistical distribution of the open-circuit voltage (VOC), short-
circuit current density (JSC), fill factor (FF), and power conversion efficiency (PCE) for control, F-BNA-, and F-PDMA-treated (18) devices.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.4c01710
ACS Appl. Energy Mater. 2025, 8, 8914−8920

8917

https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01710/suppl_file/ae4c01710_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01710?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PCEs observed for champion devices of 19.9% for the 3D
control, 20.2% for the MACl-based additive, and 20.7% for the
MACl overlayer, whereas 20.3% for the F-BNA and 20.5% for
the F-PDMA-treated samples. While these performances can
be further optimized, the analysis suggests that the treatment
of the 3D perovskite with MACl has a more pronounced effect
on photovoltaic performance, whereas the 2D overlayer is
expected to influence stability.
The operational stability was assessed by monitoring the

evolution of the maximum power point (MPP) of n−i−p
devices (2−4 devices per condition to ensure reliability) under
continuous 1 sun irradiation in a nitrogen atmosphere at
ambient temperature, comparing reference devices with and
without MACl treatment, as well as upon the use of
perfluoroarenes (Figures 4 and S28). The F-BNA- and F-
PDMA-treated samples demonstrated a significant advantage
over the 3D control devices, degrading only by around 20%
after more than 500 h (Figures 4a, S27). We observed a faster
decrease in MPP at the beginning, likely due to defects at the
perovskite interface, causing the initial rapid drop in MPP,
which may undergo self-healing after a certain time, improving
surface defects and slowing down the rate of degradation.31 In
contrast, the reference devices with MACl showed more
pronounced degradation, particularly without a 2D overlayer,
with their power output decreasing by approximately 80% after
600 h (Figure S28). These improvements in operational
stability can be associated with interactions at the interface and
increased hydrophobicity upon treatment, as evidenced by
contact angle measurements with a water droplet (Figures 4b
and S28). The increase in the hydrophobicity is further
relevant to the improvement in the contacts with the hole-
transport layer, corroborating the structural and optoelectronic
characteristics, which underscore the impact of perfluoroarenes
in photovoltaics.

■ CONCLUSIONS
In summary, we explored the use of perfluoroarene-function-
alized organic spacers, namely, perfluoroarene benzylammo-
nium (F-BNA) and 1,4-phenylenedimethylammonium (F-
PDMA) iodide, in 2D/3D perovskite photovoltaics. We
demonstrated the formation of layered (2D) perovskite
materials and their 2D/3D heterostructures by a combination
of structural and optoelectronic characterization. The materials
were incorporated into solar cell devices with 20% perform-

ance loss after 750 h. The performance could be further
improved by adding MACl to the 3D perovskite. However,
combining the 2D overlayer with MACl did not result in any
additional performance gains. Furthermore, the 2D overlayers
significantly enhanced operational stability compared to those
without the 2D layer, maintaining high performance with only
∼15−20% degradation over 600 h, compared to ∼80%
degradation without the 2D overlayer. This study highlights
the potential of hybrid perfluoroarene-based perovskite
materials in photovoltaics, providing a proof of concept that
sets the stage for further improving device performances.
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