
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 1
0:

49
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Modulating phas
aSchool of Physics and Electronic Informati

530006, China
bUniversity Engineering Research Center

Sensing, Processing and Application of Guan
cHunan University of Technology, Zhuzhou,
dDepartment of Chemical and Biomole

Engineering, New York University, New York

Cite this: RSC Adv., 2025, 15, 44508

Received 26th August 2025
Accepted 10th November 2025

DOI: 10.1039/d5ra06360d

rsc.li/rsc-advances

44508 | RSC Adv., 2025, 15, 44508–
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of 2D Ruddlesden–Popper perovskite films via
a polyvinylidene fluoride buried interface
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Uncontrolled crystallization and phase distribution remain major challenges in two-dimensional (2D)

Ruddlesden–Popper (RP) perovskite films, often leading to the formation of undesirable small-n phases,

poor out-of-plane orientation, and high defect density. Although polymer interlayers have been applied

to improve film morphology, the underlying mechanisms and their effectiveness in quasi-2D systems

remain insufficiently clarified. In this study, we present an effective interfacial engineering strategy to

control phase distribution in two-dimensional (2D) Ruddlesden–Popper (RP) perovskite by incorporating

an ultra-thin polyvinylidene fluoride (PVDF) interlayer at the buried interface. Comprehensive

characterization reveals that the PVDF-modified interface significantly suppresses the formation of low-n

(n < 4) phases in BA2MA3Pb4I13 perovskite films while promoting preferential out-of-plane orientation

and enhanced crystallinity. The optimized devices with enhanced film morphology and phase purity lead

to improved charge transport properties compared to the control devices fabricated directly on

PEDOT:PSS. As a result, the PVDF-modified 2D RP perovskite solar cells achieve a champion power

conversion efficiency of 11.03%, representing a 17.47% enhancement over reference devices without

interfacial modification.
Introduction

Two-dimensional Ruddlesden–Popper phase perovskite solar
cells (2D RP PSCs) have gained signicant attention as prom-
ising light-harvesting materials due to their outstanding opto-
electronic properties and superior environmental stability.1–4

Among them, BA2MA3Pb4I13 (n = 4) was chosen as the repre-
sentative 2D Ruddlesden–Popper perovskite because it exhibits
a moderate optical bandgap of approximately 1.63 eV, which is
favorable for visible light absorption, and reduced exciton
binding energy that facilitates efficient carrier transport.5

Meanwhile, its layered structure with hydrophobic BA+ spacers
signicantly improves environmental stability compared to 3D
MAPbI3 perovskites. Moreover, n = 4 compositions show
excellent lm forming ability, under certain conditions they can
yield compact, highly oriented grains with low defect density,
which are advantageous for device performance.6 However, the
uncontrolled nucleation and crystallization of 2D RP perovskite
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lms frequently lead to several unresolved issues, including the
excessive formation of small-n phases (n < 4) and random crystal
orientation. For instance, even when the precursor composition
is stoichiometrically designed for n = 4, the resulting lms
oen contain mixed phases (e.g., n = 2 and n = 3).7,8 These
small-n phases, possessing wider bandgaps, can act as recom-
bination centers, which hampers efficient vertical charge
transport. These limitations severely restrict performance of 2D
RP PSCs.9,10

Recent efforts to address these challenges have focused on
interfacial engineering strategies, such as introducing polymers
or buffer layers at charge transport interfaces. Buried interface
modication has emerged as an effective strategy to regulate the
growth and crystallization of perovskite lms, ultimately inu-
encing the overall device performance.11–15 Xie et al. investigated
the role of the underlying hole-transport layer (HTL) wettability
in the crystallization of 2D perovskite lms by comparing
hydrophilic poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS), moderately hydrophobic poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and highly
hydrophobic poly(3-hexylthiophene-2,5-diyl) (P3HT).16 Their
ndings revealed that moderately hydrophobic PTAA facilitated
the formation of compact and uniform perovskite lms with
enhanced crystallinity. Beyond lm morphology, the buried
interface also plays a critical role in determining the phase
composition and distribution within quasi-2D perovskite active
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XPS spectrum of PEDOT:PSS film onto glass and
PEDOT:PSS/PVDF film onto glass; (b and c) SEM of perovskite
deposited onto PEDOT:PSS and PVDF layer.
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layers. Otherwise, Tian et al. introduced an ultrathin PFN
interlayer (<5 nm) to modify the PTAA surface, which effectively
suppressed the formation of the n = 1 phase in 2D perovskite
lms.17 This optimization led to improved light absorption of
perovskite and achieved a power conversion efficiency (PCE) of
12.78% in PEA2MA3.5FA0.5Pb5I16 (n = 5)-based solar cells.
Similarly, Liu et al. demonstrated that a self-assembled mono-
layer of 4-bromobenzenediazonium tetrauoroborate on
PEDOT:PSS could induce a vertical phase gradient in perovskite
lms. While these methods have demonstrated improvements
in morphology and device performance,18 the mechanistic
origin of performance enhancements remains ambiguous. In
particular, it is not yet clear whether the improvements stem
primarily from surface energy regulation, defect passivation, or
moisture protection, and how these effects interplay in quasi-2D
RP systems.

In this work, we introduce an ultrathin poly(vinylidene
uoride) (PVDF) interlayer at the buried PEDOT:PSS/perovskite
interface to modulate the crystallization of BA2MA3Pb4I13 lms.
The molecular formula of PVDF is –(C2H2F2)n–, and the chem-
ical structures of PEDOT:PSS and PVDF are illustrated in SI
Fig. S1a and b. X-ray photoelectron spectroscopy (XPS) conrms
the successful deposition of PVDF on PEDOT:PSS. Optical
characterization via ultraviolet-visible (UV-vis) and photo-
luminescence (PL) spectroscopy reveals that the PVDF interlayer
effectively suppresses the formation of small-n phases (n < 4),
which are known to hinder charge transport. Furthermore,
grazing-incidence wide-angle X-ray scattering (GIWAXS) and
cross-sectional scanning electron microscopy (SEM) demon-
strates that PVDF promotes enhanced crystallinity and prefer-
ential out-of-plane orientation in the 2D perovskite lm. Top-
view SEM further corroborates these ndings, showing that
PVDF modication leads to larger perovskite grain sizes and
improved lm morphology. As a result of these structural and
optoelectronic improvements, PVDF-modied 2D RP PSCs
employing BA2MA3Pb4I13 as the active layer achieve a champion
power conversion efficiency (PCE) of 11.03%, representing
a 17.47% enhancement compared to control devices without
the PVDF interlayer.

Results and discussion

The UV-vis absorption result of PVDF exhibits only a very weak
absorption in the 200–300 nm range, while in the visible spec-
trum (380–760 nm) no noticeable absorption is observed.
Consequently, most incident light can pass through the PVDF
layer and reach the perovskite. Therefore, the introduction of
PVDF does not adversely affect the light absorption of perov-
skite in the visible region. XPS was employed to verify the
deposition of PVDF on the PEDOT:PSS substrate (Fig. 1a). In the
pristine PEDOT:PSS sample, no F 1s peak was detected, con-
rming the absence of uorine-containing species. However,
aer spin-coating a PVDF layer onto PEDOT:PSS, a distinct F 1s
peak emerged in the XPS spectrum of the PEDOT:PSS/PVDF
composite, providing clear evidence of successful PVDF thin-
lm formation. Furthermore, spectroscopic ellipsometry
measurements conrmed the PVDF layer thickness to be
© 2025 The Author(s). Published by the Royal Society of Chemistry
1.86 nm. The top and cross-sectional SEM are conducted to
investigate the role of PVDF on morphology of the 2D RPP lms
(Fig. 1b, c) and S1. Compared with the perovskite fabricated
onto PEDOT:PSS (hereaer referred to as “control”), the
perovskite fabricated onto PVDFmodied PEDOT:PSS substrate
(here aer referred as “PVDF”) shows a larger grain size, which
indicates the introduce of PVDF could promote the growth of
perovskite lm. Furthermore, the cross-sectional SEM reveals
that some perovskite platelets grown on the PEDOT:PSS
substrate exhibit in-plane orientation, whereas those grown on
the PVDF-modied PEDOT:PSS substrate show a stronger out-
of-plane orientation, which is consistent with the GIWAXS
results discussed below. Moreover, the perovskite lms grown
on the PVDF-modied substrate possess larger grain sizes, with
most grains extending continuously from the bottom to the top
of the lm.

To further investigate the crystallization behavior and
orientation of the fabricated 2D perovskite lms, GIWAXS
measurements were performed (Fig. 2). Both the control lm
and the PVDF-modied lm exhibit spot-like diffraction
patterns (Fig. 2a and b), indicating high crystallinity and pref-
erential crystallographic orientation.19 In the low q region (q < 1
Å−1), the GIWAXS patterns correspond to small-n phases (n <
4).20 The intensity of these diffraction features is signicantly
suppressed in the perovskite lm deposited on the PEDOT:PSS/
PVDF substrate (Fig. 2b), suggesting a reduced presence of
small-n phases. Otherwise, the perovskite lm on PEDOT:PSS/
PVDF exhibits stronger diffraction intensity in the q $ 10
nm−1 region (Fig. 2c), indicative of enhanced crystallinity.21 The
out-of-plane orientation of the perovskite lms was further
analyzed by examining the azimuthal angular distribution of
the primary diffraction peak at q z 1 Å−1 (Fig. 2d).22 Both lms
display a characteristic dominant peak at 90°, which indicates
a preferential out-of-plane orientation relative to the substrate.
However, the perovskite lm on PEDOT:PSS/PVDF shows
a more pronounced azimuthal intensity distribution, suggest-
ing improved crystallographic alignment along the out-of-plane
direction on PEDOT:PSS/PVDF.23 The uorine atoms in PVDF
RSC Adv., 2025, 15, 44508–44516 | 44509
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Fig. 2 Grazing-incidence wide-angle X-ray scattering (GIWAXS) images of 2D RPP film fabricated onto (a) PEDOT:PSS, (b) PEDOT:PSS/PVDF. (c)
Intensity versus q for both perovskite samples. (d) Azimuth angle of the (111) peak for both perovskite samples.
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are able to form N–H/F hydrogen bonds with organic cations
(MA/FA/BA) and coordinate with under-coordinated Pb2+ ions,
thereby modulating the nucleation and growth process during
lm formation (Fig. S3).24,25 These specic chemical interac-
tions retard rapid crystallization, resulting in larger grain sizes,
enhanced out-of-plane orientation, which might contribute to
reduce trap-state density and lead to suppressed non-radiative
recombination.24

The UV-vis absorption spectra were analyzed to evaluate the
effect of PVDF on the phase composition of 2D RPP lms.
Despite we prepared the perovskite precursor solution with
a nominal stoichiometric ratio of n = 4 (BA2MA3Pb4I13), the
resulting 2D perovskite lms exhibit multiple excitonic
absorption features,5,26 indicating the coexistence of mixed-
phase components (Fig. 3a). Distinct absorption peaks are
observed at 572 nm, 604 nm, 640 nm, and 740 nm, corre-
sponding to the quantum-conned phases of n= 2, n= 3, n= 4,
and the n= N (3D-like) phase, respectively.27,28 Notably, when
the 2D perovskite lm is deposited on PVDF-modied
PEDOT:PSS, the absorption intensity of n < 4 phases decrease.
44510 | RSC Adv., 2025, 15, 44508–44516
This conrms that PVDF suppresses the formation of small-n
phases, in agreement with the GIWAXS results. The reduction in
small-n phase impurities implies improved phase purity in
perovskites grown on PVDF, which may contribute to a more
uniform energy landscape and reduce energy or charge-transfer
losses.29

To probe the spatial distribution of phase components, we
performed PL spectroscopy measurements with excitation from
both the perovskite side (front illumination) and the substrate
side (back illumination) (Fig. 3b). For control, the PL spectra
exhibit distinct emission peaks at 619 nm, 649 nm, and 760 nm,
corresponding to the n = 3, n = 4, and n = N (3D-like) phases,
respectively.30 There is a 2 nm red-shi for PL of PVDF sample,
which could be ascribed to the decrease of small-n phases. A
comparative analysis of the front- and back-illuminated PL
spectra reveals signicant differences in phase distribution. For
both perovskite lms, back illumination yields stronger PL
intensity from the n = 3 and n = 4 phases compared to front
illumination. This observation indicates a vertical phase
segregation, where phases of n = 3 and n = 4 predominantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis absorption spectrum of perovskite film fabricated onto different substrate. (b) PL of perovskite film fabricated onto different
substrate.
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accumulate near the substrate interface, while the 3D-like (n =

N) phase concentrates toward the lm surface.31 Such vertical
phase gradation is particularly advantageous for charge trans-
port in photovoltaic devices, as it establishes a natural energy
alignment that promotes efficient hole transfer from the
perovskite layer to the underlying hole transport layer (HTL).18

Based on the above discussion, we fabricated 2D PSCs with
a conguration of ITO/(PEDOT:PSS/PVDF)/BA2MA3Pb4I13/
PC61BM/BCP/Ag (Fig. 4a) to investigate the effect of PVDF on the
device performance. The current density–voltage (J–V) curves
under standard AM 1.5 G illumination (Fig. 4b) shows increased
open-circuit voltage (VOC) and short-circuit current density (JSC)
when inserting a PVDF layer. The relevant photovoltaic
parameters are summarized in Table 1. The control device
achieved a power conversion efficiency (PCE) of 9.39% with a JSC
of 13.87 mA cm−2, VOC of 0.94 V, and ll factor (FF) of 0.72.
Compared to the PEDOT:PSS device, the PCE of the champion
PEDOT:PSS/PVDF device is signicantly increased from 9.39%
to 11.03%, due to the increasement of JSC (13.87 to 15.72 mA
cm−2) and VOC (0.94 to 0.98 V). The GIWAXS analysis reveals
that PVDF incorporation promotes crystalline while suppress-
ing phase heterogeneity in 2D RPP lms, which contributes to
the observed enhancement in JSC. It's reported low-n phases
(e.g., n = 3) will act as hole traps in perovskite systems,5,32

affecting the transporting of carriers.
To evaluate the energy levels of the device, ultraviolet

photoelectron spectroscopy (UPS) measurements were per-
formed for PEDOT:PSS, PVDF/PEDOT:PSS, and the 2D RPP lm.
For PEDOT:PSS deposited on ITO glass, the onset energy (Ei)
and cutoff energy (Ecut-off) were determined to be 1.75 eV and
18.20 eV, respectively. For PVDF/PEDOT:PSS on ITO glass, the Ei
and Ecut-off values were 1.97 eV and 18.22 eV, respectively. Based
on these results, the corresponding work functions were
calculated as 4.77 eV and 4.97 eV using the equation 4= 21.22−
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Ecut-off − Ei) (Fig. 5a and b). For the 2D RPP lm, the Ecut-off, Ei,
and valence band minimum were determined to be 17.80 eV,
2.12 eV, and 0.10 eV, respectively (SI Fig. S5a–c). By combining
these with the optical bandgap of 1.62 eV for the 2D RPP lm
obtained from Tauc plots (SI Fig. S4), the conduction band and
valence band positions were estimated to be 4.01 eV and
5.63 eV, respectively (Fig. S5c). The overall energy level diagram
of the device is presented in Fig. 5c. Notably, the introduction of
PVDF reduces the hole extraction barrier from 0.86 eV to
0.66 eV, thereby facilitating more efficient hole extraction.

To further elucidate the charge transport dynamics of
perovskite lm with/without PVDF, we performed time-resolved
photoluminescence (TRPL) measurements under substrate-side
excitation (Fig. 6). Biexponential tting of the decay curves
(Table 2) demonstrates that PVDF-modied lms exhibit
a shorter carrier lifetime (2.02 ns) compared to the control
sample (2.89 ns), suggesting more efficient charge transport
and extraction processes.33,34 Furthermore, the increased grain
size observed in PVDF-incorporated lms reduces grain
boundary density, thereby suppressing non-radiative recombi-
nation pathways. These collective effects contribute to
improved VOC.35 To evaluate the producibility of the results, we
analyzed the statistical data of VOC, JSC, FF, and PCE of 6 devices
from the same batch, as shown in Fig. 4c–f. The relevant
photovoltaic parameters are also listed in Table 1. The average
VOC, JSC, FF, and PCE show a consistent increasing tendency
with that of the champion device (Fig. 6).

Finally, we tested the stability of devices with and without
PVDF under dark conditions in air (SI Fig. S6). The results show
that the control device retained only 63% of its initial efficiency
aer 410 hours, whereas the device incorporating PVDF
retained 67% of its initial efficiency aer the same duration.
These results indicate that the introduction of PVDF contributes
to enhanced device stability. Although the improvement is
RSC Adv., 2025, 15, 44508–44516 | 44511
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Fig. 4 (a) Perovskite solar cell architecture. (b) Solar cell J–V curves from forward scan. (c–f) Statistic parameters of VOC, JSC, FF and PCE of the 6
devices form the same batch.

Table 1 A summary of the solar cell parameters

Device JSC/mA cm2 VOC/V FF PCE/%

Control 13.87 (13.823 � 0.2873) 0.94 (0.948 � 0.0098) 0.72 (0.686 � 0.0288) 9.39 (8.989 � 0.2889)
PVDF 15.72 (15.421 � 0.5298) 0.98 (0.967 � 0.0251) 0.72 (0.7038 � 0.0135) 11.03 (10.489 � 0.3837)

44512 | RSC Adv., 2025, 15, 44508–44516 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UPS of PEDOT:PSS and PVDF/PEDOT:PSS in the (a) cutoff (Ecut-off) and (b) onset (Ei), (c) schematic energy level diagram of the entire
device without or with PVDF interlayer.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 44508–44516 | 44513
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Table 2 Parameters of the TRPL spectroscopy of control film and
PVDF modified film with a structure of ITO/PEDOT:PSS/PVDF/perov-
skite. The excitation wavelength for TRPL was 485 nm. The average
lifetime (save) is calculated using: save = (A1s1

2 + A2s1
2)/(A1s1 + A2s2)

Sample A1 s1 A2 s2 save

Control 3450.25 1.34 7259.37 3.20 2.89 ns
PEDOT:PSS/PVDF 8388.01 0.83 2785.91 3.01 2.02 ns

Fig. 6 TRPL spectra of 2D RPP films on PEDOT:PSS and PEDOT:PSS/
PVDF substrates.
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modest, it still demonstrates the positive role of PVDF in sup-
pressing degradation and prolonging device lifetime.
Conclusion

In summary, we have demonstrated that a simple PVDF inter-
facial modication strategy can effectively regulate the phase
distribution and crystallization behavior of 2D RP perovskite
lms. The ultra-thin PVDF interlayer not only suppresses the
formation of undesirable low-n phases but also promotes
favorable vertical orientation and enhances crystallinity in
BA2MA3Pb4I13 perovskite lms. These synergistic effects
contribute to improved charge transport and collection effi-
ciency in the resulting devices. The signicant performance
enhancement (17.47%) achieved through this approach high-
lights the critical role of buried interface engineering in opti-
mizing 2D perovskite solar cells. This work provides a facile yet
effective strategy for controlling phase purity and crystal
orientation in low-dimensional perovskite photovoltaics,
offering new insights for the development of high-performance
PSCs.
Experimental details
Material

All chemicals were used as received without further purica-
tion. Lead iodide (PbI2) was purchased from Advanced Election
Technology Co., Ltd. Methylammonium iodide (MAI) and
44514 | RSC Adv., 2025, 15, 44508–44516
butylammonium iodide (BAI) were obtained from Xi'an Polymer
Light Technology Corp. The hole-transporting layer material,
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS, Clevios™ AI 4083), was acquired from Heraeus.
The electron transport materials,6,6-phenyl-C61-butyric acid
methyl ester (PC61BM) and bathocuproine (BCP), were
purchased from Xi'an Polymer Light Technology Corp. Poly-
vinylidene uoride (PVDF), N,N-dimethylformamide (DMF),
and chlorobenzene (CB) were sourced from Sigma-Aldrich. The
BA2MA3Pb4I13 precursor solution was prepared by mixing PbI2,
MAI, and BAI in a molar ratio of 4 : 3 : 2 in DMF solvent, yielding
a nal concentration of 0.25 mol L−1. The PC61BM solution was
prepared by dissolving in CB at a concentration of 25 mg mL−1.

Device fabrication

The indium tin oxide (ITO)-coated glass substrates, with a sheet
resistance of 15 U ,−1, were sequentially cleaned by ultra-
sonication in glass detergent, deionized water, and ethanol.
Aer drying with a nitrogen gun, the substrates underwent
oxygen plasma treatment for 10 min to enhance surface clean-
liness. The HTL was prepared by spin-coating ltered
PEDOT:PSS (Clevios™ AI 4083) onto the ITO substrates at
4000 rpm for 40 s, followed by thermal annealing at 120 °C for
15 min in ambient air. For devices incorporating a PVDF
interlayer, a PVDF solution was spin-coated on the PEDOT:PSS
at 4000 rpm for 20 s and annealed at 100 °C for 10 min. All
substrates were then transferred into a nitrogen-lled glovebox
for subsequent processing. Prior to perovskite deposition, the
substrates were preheated at 100 °C for 10 min. The BA2MA3-
Pb4I13 precursor solution (0.25 M in DMF) was then spin-coated
at 5000 rpm for 20 s onto either PEDOT:PSS or PEDOT:PSS/
PVDF, followed by thermal annealing at 100 °C for 10 min to
form the perovskite active layer. For the electron-transport layer
(ETL), a PC61BM solution (25 mg mL−1 in chlorobenzene) was
spin-coated at 1500 rpm for 40 s. Subsequently, an ∼8 nm-thick
bathocuproine (BCP) buffer layer was deposited via thermal
evaporation. Finally, a 100 nm silver (Ag) cathode was thermally
evaporated under high vacuum (5 × 10−4 Pa) to complete the
device structure. The active area of each device, dened by the
overlap between the Ag cathode and ITO anode, was 4 mm2.

Device characterization

Film thicknesses were determined using spectroscopic ellips-
ometry. The J–V characteristics of the PSCs were measured
under simulated AM 1.5 G solar irradiation (100 mW cm−2)
using a Keithley 2400 source measurement unit. Surface
morphology was analyzed by scanning electron microscopy
(SEM, Sigma 300, Carl Zeiss, Germany). Grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements were conducted
at the So Matter Interfaces beamline (12-ID) of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory. XPS and UPS measurements were performed using
a Thermo ESCALAB 250Xi system. Optical properties were
evaluated by UV-vis-NIR spectroscopy (a Cary 5000) on devices
with the structure of ITO/PEDOT:PSS/PVDF/perovskite, with
illumination incident from the perovskite side. Steady-state PL
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
spectra were acquired using a Horiba QuantaMaster-8075-21
spectrophotometer on samples with the architecture of ITO/
PEDOT:PSS/(PVDF)/perovskite, employing an excitation wave-
length of 550 nm. Time-resolved photoluminescence (TRPL)
measurements were conducted with excitation through the ITO
side with the architecture of ITO/PEDOT:PSS/(PVDF)/perovskite.
All characterizations were performed under ambient atmo-
spheric conditions without device encapsulation.
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