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Efficient charge separation at localized 2D ferroelectric
domains in perovskite solar cells

This work reveals the potential of ferroelectric-assisted
charge separation in 2D perovskites in conjunction with
conventional p-n junction photovoltaics. We fabricate
high-quality perovskite devices in which a ferroelectric 2D
perovskite layer with oppositely polarized regions is locally
formed on top of a 3D perovskite layer. This configuration
promotes distinct potential offsets between the two regions
and acts as an excellent electron-hole pair separator. Our
findings offer promising opportunities for the design of
ferroelectric and p-n junction hybrid photovoltaic devices.

Image reproduced by permission of Jae Sung Yun from
Energy Environ. Sci., 2025, 18, 5287.

¥® ROYAL SOCIETY
PN OF CHEMISTRY

As featured in:

Energy &
Environmental
Science

See Dohyung Kim, Jun Hong Noh,
Jae Sung Yun et a/.,
Energy Environ. Sci., 2025, 18, 5287.

rsc.li/ees

Registered charity number: 207890



Open Access Article. Published on 06 maggio 2025. Downloaded on 04/04/2026 13:59:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & o

Environmental S%Yé\..%éﬁ.%'?%
. L

Science

View Article Online

View Journal | View Issue

W) Cheok for updates Efficient charge separation at localized 2D
ferroelectric domains in perovskite solar cells¥

Cite this: Energy Environ. Sci.,

20218, 5287 Jihoo Lim,#* Seungmin Lee, (2 :° Hongjae Shim,#* Lei Wang, {2 ¢ Hyeonah Cho,”

Jincheol Kim, (2 ¢ Claudio Cazorla, (2 ¢ Yong-Jin Kim," Hanul Min, (5 ¢
Minwoo Lee, (9 Xiaojing Hao,” S. Ravi P. Silva, " Jan Seidel, ©© ¢
Dohyung Kim, @ * Jun Hong Noh @ *°9 and Jae Sung Yun (2 *@"

Ferroelectric properties can be utilized for efficient charge carrier separation through spontaneous
electric polarization. Here, we reveal the potential of ferroelectric-assisted charge separation in 2D
perovskites in conjunction with conventional p—n junction photovoltaics. We fabricate high-quality
perovskite devices in which a ferroelectric 2D perovskite layer with oppositely polarized regions is locally
formed on top of a 3D perovskite layer. Such distinct regions are created near the grain boundary and

Received 4th February 2025, grain interior regions within the perovskites, and their polarity can be manipulated under bias voltage
Accepted 14th April 2025 and light illumination. This configuration promotes distinct potential offsets between the two regions
DOI: 10.1039/d5ee00640f and acts as an excellent electron—hole pair separator. Our findings offer promising opportunities for the

design of ferroelectric and p—n junction hybrid photovoltaic devices, resulting in a power conversion
rsc.li/ees efficiency of 26.0%, with an independently certified efficiency of 25.2%.

Broader context

Perovskite solar cells (PSCs) have emerged as a leading photovoltaic (PV) technology, but further efficiency gains require improved charge separation strategies.
While conventional PSCs rely on p-n junctions, ferroelectric materials offer an alternative approach by generating internal electric fields that drive charge
carrier separation. This work integrates a ferroelectric 2D perovskite with a 3D perovskite, using a solid-state in-plane growth (SIG) method. This enables
precise control over localized ferroelectric polarization at grain boundaries and grain interiors, enhancing charge separation and boosting efficiency. Our
devices achieve a power conversion efficiency (PCE) of 26.0% (certified at 25.2%), demonstrating the impact of ferroelectricity in hybrid perovskites. Beyond
photovoltaics, this approach could benefit a wide range of optoelectronic applications, including light-emitting diodes and memory devices. By leveraging
ferroelectric effects in perovskites, this study provides a new avenue for designing more efficient and stable perovskite devices.

Introduction and have achieved excellent power conversion efficiencies

(PCEs)." The conventional approach to constructing high-
Perovskite solar cells (PSCs) consist of an active perovskite efficiency solar cells involves charge separation and collection
absorber positioned between multiple layers of charge- through p-n junctions or p-i-n structures. In halide PSCs, a
selective materials, facilitating unidirectional current flow p-njunction is established between the interface of perovskites
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and charge transporting layers,”” and the difference in charge
carrier affinity facilitates free charge separation and charge
transport.>” Various routes for efficient charge separation,
such as defect engineering in which deep trap defects are
well-passivated, have been demonstrated.®°

As an alternative for charge separation, ferroelectric photo-
voltaics (PVs), such as BiFeO;, operate on principles entirely
distinct from solar cells based on conventional p-n junctions, yet
their device efficiency remains relatively poor.'’™* They have
been demonstrated to achieve successful polarization-assisted
charge separation by creating a substantial electrostatic potential
difference between different polarization orientations. Notably,
at the domain walls of ferroelectric thin films, abrupt changes in
polarization orientation can occur, resulting in the creation of a
strong electrostatic potential difference. This potential differ-
ence can facilitate the separation of charge carriers by pushing
electrons and holes in opposite directions along the electric
fields. Therefore, the domain walls can serve as effective charge
separation interfaces. When this feature is coupled with the
nanoscale structure within the excitonic diffusion lengths,
enhanced PV devices can be accessed by this design.

Recently, the ferroelectric nature of some of 2D halide
perovskites has been found to facilitate strong polarization,
making them promising candidates for exploiting ferroelectric
properties in charge separation for solar cells.">"” However,
several challenges are associated with using 2D perovskites
alone, due to their short carrier diffusion length compared to
their 3D counterparts and their large bandgap that limits the
absorption of solar radiation, and leads to reduced efficiency.'®
A common approach has been to deposit a thin layer of 2D
perovskites on top of a 3D perovskite absorber to passivate
surface defects and create a built-in electric field due to energy
level differences, resulting in enhanced charge separation and
collection.’® ! Recently, ferroelectric 2D perovskites have been
integrated with 3D perovskites, reducing recombination at the
2D/3D interface through ferroelectric polarization. This high-
lights the potential of ferroelectric polarization for further
enhancing device performance.”> However, challenges remain
in precisely controlling the thickness of the 2D ferroelectric
layer and locally manipulating its polarization. This issue arises
from the difficulty in achieving precise control over the com-
position and formation of high quality 2D perovskites due to
the conventional method of coating 2D perovskites based on
organic amine salt onto the 3D perovskite films, followed by the
inter-reaction between them.>* >’ It has recently been reported
that the solid-state in-plane growth (SIG) method enables the
formation of intact 2D/3D junctions with a pristine 2D single
phase perovskite on top of the 3D perovskite film, allowing for
the realization of high quality 2D perovskites.”® However, the
ferroelectric properties of the resulting 2D perovskites have not
yet been fully developed.

In this work, we demonstrate ferroelectric polarization-
driven enhanced charge separation using highly crystalline
2D phenylethylammonium lead halide (PEA,Pbl,) perovskites.
Even though PEA,Pbl, perovskite is known to be a non-
ferroelectric material,>” we show that it exhibits ferroelectric
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characteristics after SIG processing with an underlying methy-
lammonium (MA)-containing 3D perovskite, consistent with
previously reported ferroelectric nature of 2D PEA-MA Ruddle-
sden-Popper (RP) perovskites.”® As a result, a 2D MA*-reacted
PEA,PbI, perovskite layer was successfully formed on top of the
3D (FAPDI;).05(MAPDBr3)0 05 perovskite absorber layer via the
SIG method. Based on light- and bias-dependent piezoresponse
force microscopy (PFM) and Kelvin probe force microscopy
(KPFM) measurements, we demonstrate that the electronic
and polarization properties of the 2D perovskite are altered at
the grain boundary (GB) and grain interior (GI) regions under
electrical bias and illumination. Our ab initio density functional
theory (DFT) calculations reveal that local epitaxial strain
induces polarization vectors in opposite directions, depending
on whether the strain is compressive or tensile. Consequently,
the strain difference between GB and GI regions creates a
unique electronic architecture that facilitates effective charge
carrier separation at the surface, leading to a PCE of 26.0%
(independently certified at 25.2%).

To exploit ferroelectric characteristics in PSCs, we deposited
a 2D PEA,PbI, layer on top of a 3D formamidinium lead iodide
(FAPbI;) containing 5% of methylammonium lead bromide
(MAPDBr;) perovskite layer using the SIG process by applying
adequate heat and pressure, which controls the thickness of the
2D PEA,PbI, layer. We selected two different pressures for
forming the 2D perovskite layer, namely SIG-LPR (low pressure
- 0.65 kPa) and SIG-HPR (high pressure - 25 MPa), respectively.
Fig. 1(a) and (b) display the cross-sectional scanning electron
microscopy (SEM) images of the control and SIG-HPR perovs-
kite films, respectively. From Fig. 1(c) and Fig. S1 (ESIt), the
control and SIG-LPR perovskite films exhibit similar surface
morphologies, whereas the SIG-HPR film shown in Fig. 1(d)
displays corrugated features within the grains. However, the
surface roughness is reduced after reacting with 2D perovskites,
as shown in Fig. S2 (ESIY), with the SIG-HPR film exhibiting the
lowest roughness value among all samples. Consequently, we
postulate that the SIG-LPR film was deposited with a non-
uniform layer of the 2D PEA,Pbl, perovskite, in contrast to
the uniform layer in the SIG-HPR film. Each corrugated grain in
the SIG-HPR film may stem from terraced topographic features
at the microscale in 2D perovskites,>**° attributed to the uni-
form and well-controlled deposition of 2D perovskites on top of
3D perovskites,®* through the SIG process. Typically, these
steps occur naturally on the surface of a crystal due to the
specific arrangement of atoms within the lattice structure. In
addition, we performed X-ray diffraction (XRD) measurements
on the pure 2D PEA,PbI, film, the control, and the SIG-HPR
films, as represented in Fig. 1(e). The SIG-HPR film exhibits the
(002) peak of 2D PEA,PbI, (at approximately 5.4°),** without
unwanted non-perovskite or mixed quasi 2D phases. Also, the
peak of Pbl, disappears for the SIG-HPR film compared to that
of the control and SIG-LPR film, as shown in Fig. S3 (ESIf).
The SIG-LPR film exhibits no (002) peak, likely due to the signal
being beyond the XRD detection limit and possibly attributed
to not fully optimized formation of the 2D PEA,Pbl, perovskite.
The pure 2D PEA,Pbl, film peak has a full width at half-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Cross-sectional SEM images of (a) control, and (b) SIG-HPR perovskite films, top-view SEM images of (c) control, and (d) SIG-HPR perovskite films,
(e) XRD 2-theta patterns of control (3D perovskite only), a pure 2D perovskite film (n = 1, PEA,Pbly), and SIG-HPR perovskite films, (f) ELQE measurement,
and (g) J-V performance before and after SPO measurements of control and SIG-HPR perovskite devices. The scale bar represents 1 pm.

maximum (FWHM) of 0.176° and SIG-processed PEA,Pbl, on
top of the SIG-HPR film shows a similar value of 0.194°,
indicating the formation of a highly crystalline pure 2D per-
ovskite layer on top of the 3D perovskite layer. However, grazing
incidence X-ray diffraction (GIXRD) measurement using an
incident angle of 0.5° (penetration depth of ~70 nm),*

This journal is © The Royal Society of Chemistry 2025

presented in Fig. S4 (ESIt), shows that the SIG-LPR film exhibits
only a small peak at around 5.4°. To precisely distinguish, we
performed GIXRD measurement on the SIG-LPR film again
using a lower incident angle of 0.2° (penetration depth
of ~25 nm),** focusing on the surface region, as shown in
Fig. S5 (ESIt). This measurement reveals that the SIG-LPR film
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exhibits a weak 2D PEA,PbIl, perovskite peak. These results are
consistent with our SEM results for the SIG-LPR film presented
in Fig. S1 (ESIT), which display a comparable surface morphol-
ogy to the control film. Photoluminescence (PL) measurements,
shown in Fig. S6 (ESIt), further confirm the formation of the
PEA,PbI, (n = 1) phase® at approximately 520 nm in the SIG-
HPR film, while this peak was absent in the control perovskite
film. Therefore, we conclude that only the SIG-HPR film
demonstrates a high-quality 2D perovskite structure.

To investigate the effect induced from the homogeneous
formation of the 2D PEA,Pbl, perovskite on top of the 3D
perovskite on device performance, we fabricated devices using
the control and SIG-HPR films. As shown in Fig. S7 (ESIt), we
measured the electroluminescence quantum efficiency (ELQE) of
each device operating under dark conditions, in accordance with
the current density. The SIG-HPR device displayed higher ELQE
values compared to the control device at the corresponding values
of Jsc. Fig. 1(f) represents ELQE measurements used to evaluate
the recombination behavior of the control and SIG-HPR devices,
by operating the solar cells as light-emitting diodes. Notably, only
the SIG-HPR device showed unique behavior in ELQE as the
measurements were repeated. The control device initially exhib-
ited an ELQE of 0.28%, which decreased to 0.1% after five
repetitions. In contrast, the ELQE of the SIG-HPR device increased
from an initial 5.24% to a final 6.26%. This trend is consistent
with the increase in steady-state power output (SPO), which
involves applying a bias under continuous illumination and was
observed only in the SIG-HPR device (see Fig. S8, ESI{).

We then compared the J-V curves of the control and SIG-
HPR devices before and after SPO measurements, as shown in
Fig. 1(g). The improvement in the performance was observed
only in the SIG-HPR device, which is consistent with the
increased SPO. The initial /-V curves and parameters for the
control and SIG-HPR films after careful optimization are pro-
vided in Fig. S9 (ESIf). As shown in Fig. S8 (ESIf), the SPO
values were approximately 20.5%, and 22.4% for the control
and SIG-HPR devices, respectively. However, a gradual increase
in SPO was observed only for the SIG-HPR device. The -V
curves after applying bias under illumination and the corres-
ponding results are summarized in Fig. S10 (ESIt). After apply-
ing illumination and bias, the SIG-HPR device exhibited the
best performance with a PCE of 24.1% with negligible hyster-
esis, while the control device showed a reduced PCE of 20.1%.

To examine the role of the 2D PEA,Pbl, perovskite layer, we
performed piezoresponse force microscopy (PFM) to study the
microstructure and local polar properties. Fig. 2(a) illustrates
the PFM measurement setup for the SIG-HPR film, in which the
2D PEA,Pbl, is deposited on top of the 3D perovskite, and a
SnO, layer is used as the electron transport layer (ETL), depos-
ited onto an FTO-coated glass substrate. PFM measurements
were conducted under dark conditions to eliminate excess
charge carrier effects.*® The PFM amplitude maps of the control
and SIG-HPR films are shown in Fig. 2(b) and (c), respectively.
In the control film, no discernible electromechanical response
is observed, as shown in Fig. 2(b), with only noise-level ampli-
tude signals detected. This is understandable, as 3D FA-based
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perovskites typically do not exhibit ferroelectric properties due
to the rigid states of the FA molecule.’” In conventional oxide
materials, directly probing the ferroelectricity in ultra-thin
films is often difficult and usually limited by large leakage
currents.®® On the other hand, the SIG-HPR film exhibits a
strong amplitude response with pronounced contrast emerging
near the GB regions compared to the GI regions, as shown in
Fig. 2(c). We suspect that the GB regions in the underlying 3D
perovskite have different local chemistry, lattice strain, and
atomic structure compared to the GI regions.>”*™*!

We then further investigated the potential existence of ferro-
electric polarization in SIG-processed 2D PEA,Pbl, perovskite
films. As shown in Fig. S11 (ESIf), the pure 2D PEA,PbI, per-
ovskite film without MA exhibits non-ferroelectric behavior, which
is consistent with the previously reported literature.>” Interest-
ingly, however, the SIG-processed 2D PEA,Pbl, layer on top of
FAPbI; with 5% of MAPDbBr; perovskite resulted in ferroelectric
characteristics as represented in Fig. S12 (ESIt). To identify the
origin of this ferroelectric behavior, we examined SIG-processed
2D PEA,Pbl, combined with the pure 3D FAPbI; perovskite
(without any MA incorporation), which demonstrated non-
ferroelectric properties, as shown in Fig. S13 (ESIT). Consequently,
we propose that the ferroelectric characteristics arise from the
incorporation of MA in the FAPbI; layer, similar to previously
reported MA-based RP PEA perovskites, where ion translation
plays a role.”® A comprehensive discussion of the ferroelectric
properties exhibited by the MA'-incorporated 2D PEA,Pbl, per-
ovskite (referred to as SIG-HPR 2D (MA)PEA,Pbl,), along with the
potential influence of ionic motion can be found in the Supple-
mentary Text in the ESL.{ The SIG-HPR 2D (MA)PEA,PbI, belongs
to the RP perovskite family. Previous research®® has confirmed its
non-centrosymmetric nature through second harmonic genera-
tion (SHG) studies. Furthermore, our XRD results, shown in
Fig. 1(e), reveal the presence of distinct (002) diffraction peaks
of 2D PEA,Pbl,, suggesting that the (002) planes are aligned
parallel to each other and stacked along the c-axis, forming a
layered perovskite with an orthorhombic crystal structure.

Considering that the SIG-HPR 2D (MA)PEA,Pbl, film exhi-
bits the highest out-of-plane piezo-response, the spontaneous
polarization, e.g. unit-cell deformation, is likely oriented normal
to the surface.*” As shown in Fig. 2(d) and (e), spectroscopic PFM
measurements of the SIG-HPR 2D (MA)PEA,PbI, film were
performed under dark conditions. For the SIG-LPR film, non-
hysteretic PFM curves indicate absent or unstable ferroelectri-
city, as displayed in Fig. S14 (ESIt). In contrast, the SIG-HPR film
reveals ferroelectric-like behavior, such as butterfly-shaped
amplitude and hysteretic phase loops as a function of applied
bias voltage.*® This phenomenon results from well-established
ferroelectric properties of 2D perovskites.**™* We further
explored whether external stimuli, such as electrical bias and
illumination can modulate polarization states under operating
conditions relevant to solar cells. Illumination plays multiple
roles in perovskites. Our previous study'> demonstrated that it
induces structural deformation, which is fundamentally linked
to photo-induced lattice expansion.*® This light-induced effect
alters the internal electric polarization, often leading to

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of PFM measurement, PFM amplitude maps of (b) control and (c) SIG-HPR perovskite films, (d) PFM amplitude, (e) PFM

phase-switching spectroscopy loops, demonstrating ferroelectric-like butterfly amplitude and hysteretic phase loops on the SIG-HPR film surface, PFM
phase spatial maps under illumination with applied bias voltages of (f) 0 V, and (g) +2 V, respectively. DFT results of the epitaxial strain dependence of (h)

lattice parameters, (i) dielectric constant, and (j) piezoelectric coefficient. The scale bar represents 1 um.

structural changes and variations in optical properties. Fig. 2(f)
and (g) show a PFM phase spatial map under illumination with
applied bias voltages of 0 V and +2 V. We applied a bias voltage
of +2 V for switching the polarity, as this corresponds to the
switching voltage in the SIG-HPR 2D (MA)PEA,PbI, film, as
clarified by the PFM hysteresis loop shown in Fig. 2(e). Notably,
the combination of electrical bias and illumination leads to
substantial changes in piezoresponse at both GB and GI regions.
The evolution of phase responses as a function of bias at five
different points across the GB and GI domains was observed
from the PFM phase maps, and the obtained curves are in
flipped directions, as presented in Fig. S15 (ESIf). Note that

This journal is © The Royal Society of Chemistry 2025

illumination generates charge carriers that separate under an
external electric field inducing polarization®® and causes struc-
tural variations,*” thereby impacting the orientation of dipoles®®
and consequently lead to the material’s polarization. These
effects can vary depending on various factors such as chemical
composition, crystal structure, and crystallinity. Further investi-
gation reveals that GBs can be more effectively polarized than
GIs (see Fig. S16 and S17, ESIY), consistent with the observed
PFM images shown in Fig. 2(f) and (g). In ferroelectric materials,
polarization directions are typically oriented in two opposite
directions, conventionally labelled as +P and —P.>" The asso-
ciated charge density forms electric dipoles, which can create

Energy Environ. Sci., 2025, 18, 5287-5297 | 5291
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unique electric fields near the GB and GI regions. The SIG-HPR
2D (MA)PEA,PbI, film exhibits the PFM phase shift of approxi-
mately 85° (close to 90°) and 123° (over 90°) at the GB and GI
regions (from bias voltage of 0 V to +2 V), respectively. A phase
difference of 180° is typically observed in PFM measurements
when polarization directions are completely reversed. In many
cases, the polarization states are displayed as +90° and —90°,
depending on how the phase offset or reference is defined
during signal processing. Although this appears as a £90° phase
change, it actually corresponds to a 180° phase difference,
indicating polarization reversal (see the Supplementary Text in
the ESIt). In addition, the higher signal of out-of-plane PFM
amplitude compared to that of in-plane signal, as shown in
Fig. S18 (ESIt), suggests that the sample exhibits a more
dominant out-of-plane signal, indicating that the net charge
polarization is oriented in a vertical direction. To accurately
analyse the phase shifts induced by light and bias conditions,
as shown in Fig. 2(f) and (g), we measured the first and second
harmonic responses in PFM, as presented in Fig. S19 (ESIt). The
first harmonic response indicates ferroelectric behavior, while
the second harmonic response reflects ion migration.>>>* A
linear increase in the first harmonic response, without a change
in the second harmonic, suggests that ionic motion is excluded,
supporting the evidence of ferroelectricity. Consequently, it is
expected that opposite electric polarization vectors are formed
between GB and GI regions in a vertical direction as depicted in
Fig. S20 (ESIt). Although the Curie temperature of the n = 1
phase has not been explicitly reported, temperature-dependent
SHG studies on RP halide perovskites with n = 2-4 reveal a
gradual decrease in the SHG signal within the 140-180 °C range,
indicating a transition from the ferroelectric to paraelectric
phase. Notably, the n = 5 composition exhibits a Curie tempera-
ture of 171-176 °C.”® These findings suggest that polarization in
this material family remains stable well above room tempera-
ture, underscoring the significance of the observed ferroelectric
behavior and its potential for practical applications. Further-
more, we performed DFT simulations to study the epitaxial
strain dependence of lattice parameters and dielectric constants,
and piezoelectric coefficients, as shown in Fig. 2(h)-(j). As it is
commonly done,”>*® epitaxial strain (i7) was reproduced by fixing
the length and angle of the two in-plane lattice vectors, namely
b = ¢ and bc = 90 degrees, and fully optimizing the out-of-
plane lattice vector, a. The epitaxial strain was then defined as
n = (b/by — 1) x 100, where b, corresponds to the equilibrium
value of the in-plane lattice vector. All atomic positions were
optimized until the maximum atomic force component was
lower than 0.005 eV A™'. From these epitaxially constrained
DFT simulations, we identified one non-centrosymmetric struc-
ture (triclinic, space group P1) that is vibrationally stable in our
2D/3D junction perovskite system, as shown in Fig. S21 (ESIf). As
shown in Fig. 2(h), the structural parameters evolve under
epitaxial strain as expected. Specifically, the a (or bc) lattice
parameter decreases (increases) under tensile strain (positive
strain) and increases (decreases) under compressive strain (nega-
tive strain). In all cases, the variation of the lattice parameters
follows a nearly linear trend. Fig. 2(i) illustrates the dielectric
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properties of the system under epitaxial strain. Generally, both the
in-plane and out-of-plane components of the dielectric tensor
increase under tensile strain and decrease under compressive
strain. However, the variation in the in-plane components (y-z2) is
significantly larger than that of the out-of-plane component, as
reflected by the differences in the two y-axes in the figure.
Similarly, Fig. 2(j) confirms this trend, showing that both in-
plane and out-of-plane components of the piezoelectric tensor
increase under tensile strain and decrease under compressive
strain. The greater variation in the in-plane components com-
pared to the out-of-plane component aligns well with our PFM
measurements, which reveal two distinct and opposite piezo-
electric tensor components, GBs and GIs, depending on epitaxial
strain. Since GBs and GIs exhibit opposite strain responses,’”
different reactions to external electric fields can be expected in the
two epitaxial strain regimes. Based on the simulation results, we
observed that the out-of-plane and in-plane components change
depending on the internal strain. When applying this to the GB
and GI regions, we propose that the difference in strain may have
influenced the phase signal. While strain does induce deforma-
tion, very small strains may not cause a change in the material’s
phase but rather induce lattice distortions in a similar manner. As
a result, strain can affect the piezoelectric response, which is a
characteristic behavior of ferroelectrics. Therefore, the polariza-
tion reversal observed in the PFM phase signal between the GBs
and GIs may be attributed to the strain-induced variations
between these regions.

To validate the ferroelectric behavior and visualize the local
charge separation from electric dipoles formed in the 2D
perovskites, we performed light- and bias-dependent KPFM
measurements under illumination for control and SIG-HPR
films. A schematic of our KPFM measurement under illumina-
tion is depicted in Fig. S22 (ESIT), where we employed the same
sample configuration as shown in Fig. 2(a). In the current
configuration, an increase in CPD directly refers to an increase
in hole accumulation at the top surface, while electrons flow
toward the ETL/FTO side. Under illumination, the CPD values
are determined by the accumulation of excess charge carriers at
the top surface of the sample.’®*® We investigated the CPD
change upon biasing the atomic force microscopy (AFM) tip
under illumination with an applied bias from 0 V to +2 V to pole
the 2D perovskite layer. The full series of CPD spatial maps
from the light- and bias-dependent KPFM measurements,
along with the corresponding CPD distribution curves, are
presented in Fig. S23 (ESIt). Mean CPD curves of the control
and SIG-HPR films under illumination, with and without an
applied bias voltage of +2 V, are shown in Fig. 3(a) and (b). The
control film exhibits a reduction in overall CPD when the bias is
applied. As shown in Fig. S24 (ESI{), the SIG-LPR film also
shows a decrease in CPD, but at a slower rate compared to the
control film (see Fig. S23, ESIt), suggesting a partial suppres-
sion of halide ion migration, possibly due to the surface
passivation effect of the 2D perovskite layer. However, the
SIG-HPR film shows an increase in overall CPD values. As
expected, the top 2D ferroelectric perovskite layer of the SIG-
HPR film is poled due to the applied bias, which may attract

This journal is © The Royal Society of Chemistry 2025
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more excess holes. To observe local CPD variation, we also
plotted the average CPD values at GBs and GIs in the control
film, and compared them with the values at the GB and GI
regions for SIG-HPR films, with respect to the bias voltage, as
shown in Fig. S25 (ESIt). The control film shows a continuous
decrease in CPD under illumination as the bias voltage
increases from 0 to +2 V, with the CPD variation between GBs
and GIs remaining nearly unchanged. In contrast, the SIG-HPR
film shows a gradual increase in overall CPD under the same
conditions, along with a steady increase in the CPD change
between GBs and GIs. This enhanced band bending at GBs
promotes more efficient charge separation by facilitating stron-
ger carrier separation.®® This behavior can be attributed to the

This journal is © The Royal Society of Chemistry 2025

distinct polarization at GBs and GIs, which differs from that
observed in the control film.

This can be further investigated by subtracting the CPD map
measured at +2 V from the CPD map at 0 V for both the control
and SIG-HPR films, as shown in Fig. 3(c) and (d), respectively.
The subtracted CPD maps at each bias voltage are shown in Fig.
526 (ESIt). As can be seen, grain-to-grain contrast is not clear
for the control film. Meanwhile, there is a distinct CPD contrast
difference between GB and GI regions for the SIG-HPR film as
evident from Fig. 3(c) and (d). Additionally, the CPD distribu-
tion within individual grains is relatively homogeneous in the
SIG-HPR film compared to the control film under applied bias.
A representative grain from each film was selected and its CPD
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values are shown in Fig. S27 (ESIt). The control film exhibits an
inhomogeneous CPD distribution within a grain at each bias
voltage, whereas the SIG-HPR film shows progressively
enhanced homogeneity as the bias voltage increases.

To establish a direct correlation with device performance, we
carried out illumination- and bias-dependent KPFM measure-
ments with an HTL layer (Spiro-OMeTAD) atop control and SIG-
HPR perovskite films. Due to the positive nature of the HTL, it
is expected that the 2D perovskite film experiences a similar
effect of applying positive bias voltages, as observed in the
above measurements. The KPFM results are summarized in Fig.
S28 (ESIt), and the corresponding CPD distribution curves are
shown in Fig. S29 (ESIT). While the control film exhibits a
variation of —0.019 V in CPD as the bias voltage increases from
0 V to +1 V, the CPD of the SIG-HPR film gradually increases,
resulting in increased CPD variations of 0.039 V. This can be
visualized by subtracting the CPD map measured at +1 V from
the map at 0 V for both the control and SIG-HPR films with an
HTL on top of the surface, as shown in Fig. 3(e). In addition,
normalized CPD values in Fig. S30 (ESIT) show that the higher
CPD variation in the SIG-HPR film, compared to the control
film, is responsible for the improved hole extraction induced by
ferroelectric polarization and the combined effects of illumina-
tion and bias. Furthermore, the FWHM of the CPD distribution
curves indicates that the SIG-HPR film exhibits a more uniform
distribution of surface charge resulting from ferroelectric polar-
ization, as shown in Fig. S31 (ESIY).

Fig. 3(f) and (g) show schematics of the charge separation
mechanism driven by selective ferroelectric polarization in the
SIG-HPR film. Fig. 3(f) represents the state in which the electric
dipoles exist without external bias and light, and they are
disordered, resulting in low spontaneous polarization. However,
with applying bias under illumination, as shown in Fig. 3(g), the
alignment of electric dipoles improves, contributing to the
enhancement of local ferroelectric polarization. For charge
carriers that are separated near the surface of the 3D perovskite
layer, holes are repelled by the positive dipole at the bottom of
the grains and attracted by the negative dipole beneath the GB
region. They then move through the grains toward the surface
due to the negative dipole at the top of the grains. Additionally,
due to the positive dipole formed at the bottom of the grains in
the 2D perovskite layer, electrons that have migrated cannot
travel upward because of the negative dipole at the top of the
grains. Instead, they move toward the GB region and then
descend to the bottom via the negative dipole formed at the
bottom of the GB region. Therefore, selective charge separation
can occur between GB and GI regions, due to the existence of
oppositely oriented dipoles formed in these domains. Our KPFM
results on the SIG-HPR film show a relatively lower CPD at the
GB region compared to the GI region upon positive biasing (see
Fig. S25, ESIt). The lower potential at GB regions implies
electron accumulation, while the higher potential at GI regions
promotes hole accumulation. A type-II band alignment is
required for allowing the extraction of holes and blocks the
other type as shown in UPS measurement in Fig. S32 (ESIY).
Fundamentally, carrier separation occurs at the 2D/3D interface
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rather than within the 2D PEA,Pbl, perovskite layer. Based on
our results, we propose that the combined effects of type-II band
bending and ferroelectric domain engineering, induced by ferro-
electric 2D PEA,Pbl,, create regions with distinct polarization
directions. These domains serve as potential wells and barriers,
further aiding in the spatial separation of charge carriers.
Electrons tend to migrate toward positively polarized regions,
while holes migrate toward negatively polarized regions (GBs
and GIs in Fig. 2(g), respectively).

The enhanced charge separation induced by ferroelectric
polarization can be further clarified by performing time-resolved
photoluminescence (TRPL) measurements, from which differen-
tial lifetimes were calculated to distinguish between charge
extraction and trap-assisted recombination, as depicted in
Fig. 4(a). The SIG-HPR film exhibited a longer average lifetime
compared to the control film, indicating reduced nonradiative
losses in the SIG-HPR film. In Fig. 4(b), the differential TRPL
decay curves show a significantly steeper initial transition within
the first 30 ns and a prolonged lifetime beyond 100 ns for the
SIG-HPR film, compared to the control film, suggesting more
efficient hole extraction at the 2D PEA,Pbl,/3D perovskite inter-
face. The best-performing SIG-HPR perovskite device, containing
35% MACI, achieves an SPO of 25.3% (see Fig. 4(c)) and an
impressive certified PCE of 25.2% (see Fig. 4(d)), with negligible
hysteresis. The statistical data of device performance are pro-
vided in Fig. S33 (ESIt). As expected, the SIG-LPR device demon-
strated better performance than the control device, attributed to
the surface passivation effect of the 2D perovskite layers. Nota-
bly, there was no significant difference in Jsc values among the
three devices, which were comparable to previously reported Jsc
values of highly efficient PSCs (see Table S1, ESIT). However, the
SIG-HPR device exhibited the highest FF and Vqc, indicating that
ferroelectric dipoles are well-aligned due to the distinct polariza-
tion at GBs and GIs, in contrast to the control and SIG-LPR
devices. This outstanding performance is attributed to enhanced
charge separation and collection driven by ferroelectric polariza-
tion, induced by the uniform formation of 2D perovskites. This
is reflected in the enhanced external quantum efficiency (EQE) of
the SIG-HPR device across both the short-wavelength (350-
450 nm) and long-wavelength (750-850 nm) regions, as shown
in Fig. S34 (ESIt). This improvement suggests that the uniform
deposition of the 2D perovskite layer in the SIG-HPR device
enhances charge transport efficiency. Although there is a small
hysteresis in the SIG-HPR device, it is evident that the polariza-
tion between the GBs and GIs remains nearly unchanged when
bias voltages from +1 to +2 V are applied, as depicted in Fig. S35
(ESIt). This indicates that once polarization is initiated, it will be
maintained within the positive bias voltages. Since both the
forward and reverse bias voltages are swept within the positive
bias voltage range, no substantial changes in the polarization
states are expected.

This enhanced device performance is independently certi-
fied with an efficiency of 25.2% as shown in Fig. S36 (ESIY).
Additionally, the operational stability of the encapsulated
devices was assessed using maximum power point tracking
(MPPT) under continuous 1-sun-equivalent white-light LED

This journal is © The Royal Society of Chemistry 2025
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device and the inset shows the corresponding J—V parameters, and (e) operational stability test of the control and SIG-HPR perovskite devices under

1-sun illumination at room temperature.

illumination, as represented in Fig. 4(e). The SIG-HPR device
maintained approximately 98.8% of its initial PCE over 1000
hours, while the control device retained only 89.4% of its initial
PCE after 415 hours. The SIG-HPR device may exhibit a better
balance between electron and hole injection, leading to improved
radiative recombination and resulting in better stability compared

This journal is © The Royal Society of Chemistry 2025

to the control device. This indicates that the SIG-HPR device not
only achieved high efficiency but also demonstrated excellent
operational stability. These results highlight that integrating
ferroelectric 2D perovskite engineering, specifically using 2D
PEA,Pbl,, is a promising strategy to significantly enhance both
the efficiency and stability of PSCs.
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Conclusion

We demonstrate the potential of ferroelectric polarization-
enhanced charge separation in improving the performance of
conventional p-n junction PSCs. Our study utilized highly
crystalline 2D PEA,Pbl, perovskites and showed that selective
polarization occurs between the grain boundary and interior
regions. We further reveal that, under electrical bias and
illumination, ferroelectric polarization can be tuned, forming
opposite dipoles at these regions, resulting in efficient charge
separation. Importantly, our findings show that the use of
ferroelectric polarization in PSCs led to a remarkable power
conversion efficiency of 26.0% (with a certified efficiency of
25.2%). Our work highlights the potential of ferroelectric
materials in enhancing the performance of conventional p-n
junction PSCs, and further research could lead to the develop-
ment of more efficient and stable PSCs.
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