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ABSTRACT 

The development of bulk photovoltaic effect (BPVE) in polar two-dimensional (2D) organic-inorganic hybrid perovskites (OIHPs) 
is currently impeded by an insufficient understanding of the microscopic mechanisms linking organic-inorganic interactions 
to photovoltaic output. Here, we utilize pressure as an effective thermodynamic probe to decouple these interactions in 
BDA(EA)2 Pb3 Br10 (BDA is 1,4-butanediammonium, EA is ethylammonium), achieving the first pressure-engineered synergistic 
enhancement of short-circuit current ( ISC ) and open-circuit voltage ( VOC ). Comprehensive in situ characterizations reveal 
that pressure-strengthened N ─H ⋅⋅⋅Br hydrogen bonding induces cooperative organic cation ordering and inorganic octahedral 
distortion. This structural synergy amplifies spontaneous polarization, resulting in a 530-fold increase in BPVE efficiency to 0.18% 

at 1.5 GPa, a value surpassing all previously reported OIHPs. Moreover, the enhanced organic-inorganic interaction stabilizes the 
ferroelectric state, elevating the Curie temperature to 433 K. These results elucidate the microscopic mechanism underlying BPVE 

enhancement in 2D OIHP ferroelectrics and establish pressure modulation as an effective strategy for mechanistic studies and 
photovoltaic optimization. 
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 Introduction 

he bulk photovoltaic effect (BPVE), which enables the genera-
ion of photocurrent and photovoltage in non-centrosymmetric
aterials without the need for p-n junctions, has attracted
ncreasing attention as a promising paradigm for next-generation
hotovoltaic and self-powered optoelectronic devices [ 1–5 ].
nlike conventional photovoltaic mechanisms that rely on het-
rostructure design, BPVE originates from intrinsic symmetry
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breaking [ 6, 7 ]. Polar 2D organic-inorganic hybrid perovskites
(OIHPs) have emerged as compelling BPVE-active materials
owing to their unique structural and compositional tunability
[ 8–10 ]. In these materials, the coexistence of polar arrange-
ment of organic cations and distorted inorganic frameworks
gives rise to spontaneous polarization, enabling BPVE responses
[ 11–13 ]. However, the BPVE performance of 2D OIHP ferro-
electrics remains far from practical requirements [ 14, 15 ]. This
challenge is largely due to the lack of a clear microscopic picture
lligence technologies or similar technologies. 
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inking organic-inorganic interactions, structural polarization,
nd BPVE output, which has so far prevented the establishment
f rational optimization strategies for simultaneously enhancing
hort-circuit current ( ISC ) and open-circuit voltage ( VOC ) [ 16, 17 ]. 

o overcome these limitations, major efforts have been devoted
o chemical composition engineering, such as tailoring organic
ation dipoles or substituting inorganic ions [ 18–20 ]. Whereas,
hese chemical methods are intrinsically limited by their discrete
ature; they require the synthesis of a new sample for each
tate, which precludes continuous modulation of the electronic
tructure [ 21, 22 ]. In addition, chemical substitution precludes
n situ characterization of the continuous structure-property
volution, thereby hindering the elucidation of underlying mech-
nisms [ 23, 24 ]. As a thermodynamic parameter, pressure offers a
owerful means to effectively and continuously tune interatomic
istances, lattice distortions, and organic-inorganic interactions
ithout altering chemical composition [ 25–29 ]. While pressure
as been shown to effectively regulate crystalline structures and
lectronic properties in various functional materials, its impact
n the hybrid structure and BPVE performance of 2D OIHP
erroelectrics has remained largely unexplored. 

n this work, BDA(EA)2 Pb3 Br10 was selected as the model sys-
em owing to its non-centrosymmetric ferroelectric structure, a
rerequisite for the BPVE, and its Dion-Jacobson (DJ) frame-
ork, which facilitates strong organic-inorganic interactions.
his combination provides a suitable platform for examining
ow pressure-modulated organic-inorganic interactions affect
he BPVE response. We report the first demonstration of
ressure-engineered enhancement of the BPVE in a polar 2D
IHP, achieving a synergistic increase in both ISC and VOC .
y precisely tuning organic-inorganic interactions, we realize
 45.8-fold enhancement in ISC and an 11.5-fold increase in
OC at 1.5 GPa, leading to a remarkable 530-fold improvement
n BPVE efficiency of 0.18%, a value superior to reported
IHPs, including (EA)4 Pb3 Cl10 [ 30 ], ( n -PA)2 (EA)2 Pb3 I10 [ 31 ],
ALA)2 (EA)2 Pb3 Br10 [ 32 ], and (EA)2 (MA)2 Pb3 Br10 [ 33 ] with n -PA
 n -pentylammonium, ALA = allylammonium, MA = methy-
ammonium. Comprehensive in situ high-pressure structural and
pectroscopic characterizations reveal that pressure-enhanced
 ─H ⋅⋅⋅Br hydrogen bonding promotes orientational ordering
f BDA2 + cations and increases distortions of PbBr6 octahedra.
hese cooperative structural evolutions strengthen the overall
olarization, thereby boosting the BPVE response. Moreover,
nhanced organic-inorganic interaction effectively stabilizes the
erroelectric state, elevating the Curie temperature ( Tc ) from 373
 at ambient conditions to 433 K at 1.9 GPa. This work establishes
ressure as an effective route for optimizing photovoltaic prop-
rties in 2D OIHPs and provides fundamental insights into the
nterplay between organic-inorganic interactions, ferroelectricity,
nd BPVE performance. 

 Results and Discussion 

.1 Pressure-Enhanced BPVE in 

DA(EA)2 Pb3 Br10 

o investigate the pressure dependence of BPVE in
DA(EA)2 Pb3 Br10 , an electrical device with a two-electrode
of 9
configuration was fabricated in a diamond anvil cell (DAC)
chamber (Figure 1a ). The crystal was pre-polarized by applying
a -5 V bias for 120 s, after which photocurrent measurements
were carried out at zero bias under 405 nm illumination. As
shown in Figure 1b , the current-voltage ( I-V ) curves do not pass
through the origin, a characteristic feature of the BPVE [ 34 ]. This
behavior originates from the spontaneous polarization in polar
2D OIHPs, which gives rise to ISC and VOC [ 35 ]. The reproducible
on-off photoresponses under 405 nm illumination at zero bias
demonstrate that the BPVE in BDA(EA)2 Pb3 Br10 remains robust
under compression (Figure 1c ). With increasing pressure up to
1.5 GPa, ISC rises from 9.6 pA to 0.44 nA and VOC from 0.06 to
0.69 V, corresponding to 45.8-fold and 11.5-fold enhancements
relative to the initial state, respectively (Figure 1d ). As a result, the
BPVE efficiency of BDA(EA)2 Pb3 Br10 reaches 0.18% at 1.5 GPa,
which is approximately 530 times higher than the initial state,
and then decreases at higher pressures (Figure 1e ; Figure S1 ).
The corresponding I - V curves collected during decompression
are shown in Figure S2 , revealing that the pressure-dependent
photovoltaic response is largely reversible upon pressure release.
Importantly, the BDA(EA)2 Pb3 Br10 achieves a BPVE efficiency of
0.18% under pressure that exceeds that of all polar 2D OIHPs and
most reported traditional ferroelectric materials, including 9.8 ×
10− 3 % for (EA)4 Pb3 Cl10 [ 30 ], 9.7 × 10− 5 % for ( n -PA)2 (EA)2 Pb3 I10 
[ 31 ], 2.6 × 10− 4 % for (ALA)2 (EA)2 Pb3 Br10 [ 32 ], 1.0 × 10− 3 %
for (EA)2 (MA)2 Pb3 Br10 [ 33 ], and most reported traditional
ferroelectric materials (e.g., BiFeO3 (BFO), 1.3 × 10− 2 %; BaTiO3 
(BTO), 2.1 × 10− 4 %; [KNbO3 ]1-x [BaNi1/2 Nb1/2 O3- δ]x (KBNNO),
3.5 × 10− 4 %) (Figure 1f and Table S1 ) [ 36–38 ]. In addition, we
evaluated the factors that may affect BPVE efficiency under
pressure, and the detailed discussion is provided in Tables S2 and
S3 ; Figure S3 ; Figure S4 . 

We further performed pressure-dependent BPVE measurements
on several other representative polar 2D OIHPs (Figures
S5–S7 and Table S4 ). The results reveal a more pronounced
BPVE enhancement in DJ perovskite BDA(EA)2 Pb3 Br10 
than in Ruddlesden-Popper (RP) perovskites (530-fold
for DJ BDA(EA)2 Pb3 Br10 vs. 2.9- to 10.2-fold for several
RP perovskites). This difference could be associated with
stronger hydrogen-bond-mediated organic-inorganic coupling
in DJ structures, which can facilitate the transfer of
compression to the polar inorganic framework. In contrast,
the softer van der Waals interlayers in RP structures can
accommodate the applied compression, thereby limiting its
transfer to the inorganic framework and reducing the BPVE
enhancement. 

Having established the remarkable enhancement of the BPVE
under pressure, we then investigated its polarization dependence
to uncover the underlying mechanism. At ambient conditions,
BDA(EA)2 Pb3 Br10 exhibits a clear photovoltaic response under
uniform illumination, as evidenced by its I - V curves (Figure S8 ).
By applying poling voltages in opposite directions, both VOC and
ISC can be effectively reversed, indicating that the BPVE is closely
associated with the ferroelectric polarization of the material. We
applied successive poling pulses under pressure to explore how
ferroelectric polarization regulates the photovoltaic response of
BDA(EA)2 Pb3 Br10 . As shown in Figure S9 , at 0.5 GPa, a preset
pulse of − 5 V was first applied to initialize the polarization in
the downward direction, giving a VOC of about − 0.36 V and an
Advanced Materials, 2026
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FIGURE 1 Pressure-dependent BPVE characterization of BDA(EA)2 Pb3 Br10 under 405 nm illumination. (a) Schematic of the two-electrode device 
assembled inside a DAC for BPVE measurements. (b) I-V curves of BDA(EA)2 Pb3 Br10 under different pressures. (c) Reproducible photocurrents were 
recorded during on-off light cycles at zero bias under compression. (d) VOC (blue) and ISC (red) as a function of pressure. (e) BPVE efficiency as a 
function of voltages at different pressures. (f) Comparing the BPVE efficiency of reported ferroelectric materials. Data for other materials were taken 
from references (BTO [ 37 ], BFO [ 36 ], KBNNO [ 38 ], (EA)4 Pb3 Cl10 [ 30 ], ( n -PA)2 (EA)2 Pb3 I10 [ 31 ], (ALA)2 (EA)2 Pb3 Br10 [ 32 ], (EA)2 (MA)2 Pb3 Br10 [ 33 ]). The 
connecting lines are guides to the eye and do not represent fits to the data. 
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SC of 0.09 nA. As the positive poling voltage gradually increased,
he VOC evolved from negative to positive values, while the
SC shifted toward the negative direction. This progressive shift
ndicates a gradual evolution of the macroscopic polarization
tate and the corresponding modulation of the internal electric
ield. Conversely, when a reverse voltage was applied to the
ample previously poled at 30 V, both VOC and ISC gradually
eversed. Similar behavior was also observed at 1.0 and 1.5 GPa
Figure S10 ; Figure S11 ), demonstrating that BDA(EA)2 Pb3 Br10
etains a polarization-switchable photovoltaic response under
ressure, which underlies its effectively tunable photoresponse.
n addition, the evolution of VOC and ISC as a function of poling
oltage exhibits clear hysteresis-like characteristics (Figure S12 ),
evealing the intrinsic correlation between the BPVE response
nd the polarization state. We also examined the stability of ISC
nder continuous illumination (Figure S13 ). The stable ISC output
ndicates good operational stability and nonvolatile behavior
nder pressure. These results further confirm that the BPVE
n BDA(EA)2 Pb3 Br10 is effectively regulated by ferroelectric
olarization. 

o probe the light-intensity-dependent behavior of the
PVE, we further measured the I - V curves and on-off
hotoresponses at 2.0 GPa under different incident light
ower densities (Figure S14 ; Figure S15 ). With increasing
ight power densities, the ISC increases while the VOC remains
early constant (Figure S16 ). Moreover, the responsivity
 R ) and specific detectivity ( D* ) of BDA(EA)2 Pb3 Br10 were
valuated under different pressures (Figure S17 and Table
5 ). Under 405 nm illumination with a light intensity of 4.8
dvanced Materials, 2026
mW ∙cm− 2 , both R and D* reach their maximum values at
1.5 GPa, attaining 1.02 × 10− 2 A ∙W− 1 and 3.38 × 1010 Jones,
respectively. These values surpass those of several reported
self-powered photodetectors based on 2D OIHPs, including
( i -BA)2 MAPb2 Cl7 [ 39 ], (EA)2 (MA)2 Pb3 Br10 [ 33 ], (EA)4 Pb3 Cl10 
[ 30 ], and the (4-AMP)(MA)2 Pb3 Br10 /MAPbBr3 heterostructure
[ 40 ], where i -BA and 4-AMP denote isobutylammonium and
4-(aminomethyl)piperidinium, respectively. In addition, both
R and D* gradually decrease with increasing light intensity,
a behavior commonly observed in hybrid perovskite-based
photodetectors (Figure S18 ) [ 41 ]. 

2.2 Pressure-Induced Octahedral Distortion and 

Structural Phase Transition 

The pressure-induced structural evolution correlates closely with
the enhanced BPVE observed in BDA(EA)2 Pb3 Br10 . To clarify
this relationship, in situ synchrotron powder X-ray diffraction
(XRD) measurements were carried out from ambient conditions
to 2.8 GPa (Figure 2b ; Figure S19 ). At ambient conditions,
BDA(EA)2 Pb3 Br10 crystallizes in a 2D perovskite structure with
polar space group Pnm 21 (Phase I). The structure features adja-
cent inorganic layers ( L1 and L3 ) bridged by hydrogen bonds at
both termini of the BDA2 + cations, while EA+ cations occupy the
cavities within the inorganic octahedral framework (Figure 2a ).
These organic-inorganic hydrogen-bonding interactions help sta-
bilize the ambient-pressure polar structure by coupling organic-
cation orientations to distortions of the inorganic PbBr6 octahedra
[ 42–44 ]. As pressure increases, all Bragg diffraction peaks shift to
3 of 9
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FIGURE 2 Evolutions of crystal structure and optical properties of BDA(EA)2 Pb3 Br10 during compression. (a) Crystal structure of 
BDA(EA)2 Pb3 Br10 at ambient conditions, with hydrogen atoms omitted for clarity. (b) In situ synchrotron powder XRD patterns of BDA(EA)2 Pb3 Br10 
at selected pressures. (c) Unit cell volumes as a function of pressure. The values of bulk modulus B0 were determined to be 16.5 and 25.6 GPa in phases 
I and II, respectively. (d) Variations of lattice constants during compression. (e) Pressure-dependent variations of the bond distortion index ∆d , where 
∆d describes the degree of octahedral distortion. (f) UV-Vis absorption spectra at selected pressures. (g) Normalized SHG intensities as a function of 
temperature at selected pressures, which determine the Curie temperature. 
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igher two-theta angles due to the lattice contraction. At 1.8 GPa,
everal diffraction peaks merge, indicating a pressure-driven
tructural phase transition. Rietveld refinements further confirm
he transition from the orthorhombic Pnm 21 phase (Phase I)
elow 1.8 GPa to the orthorhombic Ama 2 phase (Phase II) at
.8 GPa and above, with Rp values of 0.016–0.018 and Rwp values
f 0.029–0.037 (Figure S19 ). The corresponding refined lattice
onstants and unit-cell volumes are summarized in Table S6 . 

he pressure dependence of the unit-cell volumes (Figure 2c
nd Table S6 ) was analyzed using the second-order Birch-
urnaghan equation of state, yielding bulk moduli B0 = 16.5 GPa
or Phase I and B0 = 25.6 GPa for Phase II (Figure 2c ). Both
hases exhibit pronounced anisotropic compressibility, with the
 axis contracting faster than the a and c axes (Figure 2d ).
his anisotropy indicates pressure-enhanced interlayer organic-
norganic interactions that directly influence the octahedral
istortion of PbBr6 units. To quantify the octahedral distortion,
of 9
we employ the bond distortion index ∆d [ 45, 46 ]: 

Δ𝑑 = 1 

6 

∑6 

𝑖= 1 

( ||𝑑𝑖 − 𝑑 ||
𝑑 

) 

2 

(1)

where di and 𝑑 are the individual and average Pb ─Br bond
lengths, respectively. Below the phase transition, ∆d increases
progressively with pressure, indicating enhanced octahedral
distortion. This structural evolution strengthens polarization,
thereby contributing to the enhancement of BPVE performance
(Figure 2e ). 

Pressure-induced structural variation also profoundly affects the
optical properties of BDA(EA)2 Pb3 Br10 . We traced the evolution of
the bandgap under high pressure using in situ UV-Vis absorption
spectroscopy (Figure 2f ). Upon compression, the bandgap under-
goes a gradual redshift, but abruptly increases when pressure
Advanced Materials, 2026
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FIGURE 3 Infrared and Raman spectroscopic characterizations of BDA(EA)2 Pb3 Br10 under pressure. (a) Pressure-dependent infrared spectra 
of BDA(EA)2 Pb3 Br10 in the 1400–1650 cm− 1 range. Inset graphs illustrate the corresponding vibration modes. (b) Pressure dependence of infrared 
wavenumbers for the δs (N ‒H) and δas (N ‒H) vibrational modes. (c) Pressure-dependent Raman spectra in the 840–1010 cm− 1 range, where P1 , P2 , and P3 
modes correspond to the ρ(NH2 

+ ) rocking vibration, the ν(C ─C) stretching vibration, and the ν(C ─N) stretching vibration of BDA2 + cations. (d) FWHM 

of the P2 and P3 modes as a function of pressure. (e) Pressure-dependent Raman spectra in the 10–200 cm− 1 range, where the P4 mode corresponds to 
the Pb ‒Br bending vibration of the PbBr6 octahedra. (f) The evolution of the P4 mode as a function of pressure. 

e  

p  

e  

t  

h  

B  

p  

a  

s  

t  

p  

o

2
V

T  

a  

p  

m  

b  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.75197 by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
xceeds 1.8 GPa, consistent with the occurrence of a structural
hase transition (Figures S20 and S21 ). Furthermore, strength-
ned organic-inorganic interactions under pressure are expected
o raise the Tc . To verify this, temperature-dependent second
armonic generation (SHG) measurements were performed on
DA(EA)2 Pb3 Br10 at selected pressures (Figure 2g ). During com-
ression, Tc increases from 373 K at ambient conditions to 433 K
t 1.9 GPa. This substantial increase in Tc not only suggests that
trengthened organic-inorganic interactions effectively stabilize
he ferroelectric state but also highlights the crucial role of
ressure in enhancing the BPVE performance by promoting the
rientational ordering of BDA2 + cations. 

.3 Structure Evolution and Organic Cation 

ibration Under Pressure 

o further elucidate the influence of organic-inorganic inter-
ctions on interlayer cation ordering in BDA(EA)2 Pb3 Br10 , we
erformed in situ infrared and Raman spectroscopy measure-
ents (Figure 3 ). As illustrated in Figure S22 , hydrogen bonding
etween interlayer BDA2 + cations and the inorganic framework
dvanced Materials, 2026
stabilizes an ordered polar structure. Under compression, the
δs (N ‒H) and δas (N ‒H) modes in the infrared spectra exhibit
pronounced redshifts and broadening, indicating N ─H bond
elongation (Figure 3a,b ), which is a signature of strength-
ened organic-inorganic interactions [ 47 ]. Correspondingly, the
δs (NH2 

+ ) vibrational mode (P5 ) and δas (NH2 
+ ) vibrational modes

(P6 , P7 ) in the Raman spectra also redshift with pressure (Figure
S23 and Table S7 ), corroborating the enhancement of organic-
inorganic interactions. 

These intensified organic-inorganic interactions synergistically
regulate both organic cation orientation and inorganic octahedral
distortion. Upon compression, the ρ(NH2 

+ ) rocking mode (P1 )
splits into two sharp bands, signaling an ordered reorientation
of BDA2 + cations to accommodate lattice contraction (Figure 3c ).
Concurrently, the full width at half maximum (FWHM) of the
ν(C ‒C) stretching mode (P2 ) narrows sharply, while that of the
ν(C ‒N) mode (P3 ) broadens progressively, reflecting enhanced
spatial confinement of the BDA2 + cations (Figure 3d ). Notably,
the Pb ‒Br bending vibration mode (P4 ) of the PbBr6 octahedra
redshifts above 1.1 GPa (Figure 3e,f ; Figure S24 ), suggesting
interaction between inorganic lattice vibrations and BDA2 + 
5 of 9
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FIGURE 4 Mechanism of pressure-enhanced BPVE in BDA(EA)2 Pb3 Br10 . (a) Pressure dependence of the Pb off-centering distortion 𝜎2 2 for the 
L1 / L3 and L2 PbBr6 octahedra, derived from single-crystal XRD refinements. (b) 2D fingerprint plots and Hirshfeld surfaces at 0 and 1.2 GPa. (c) Enhanced 
organic-inorganic interactions under pressure promote the orientational ordering of BDA2 + cations and increase distortions of the PbBr6 octahedra, thus 
enhancing the structural polarization. (d) Schematic illustration of BPVE enhancement through pressure-tuned organic-inorganic interactions. 
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ation motions. This interaction promotes octahedral distortion.
ollectively, these findings demonstrate that the strengthening
f hydrogen bonding facilitates the orientational ordering of
DA2 + cations and increases PbBr6 octahedral distortions, both
f which are critical for enhancing the BPVE performance of
DA(EA)2 Pb3 Br10 . Upon further compression into Phase II, the
aman peaks associated with the organic cations (e.g., P1 , P2 , and
3 ) exhibit pronounced broadening, indicating a disruption in
heir orientational order. Since the BPVE is closely related to this
ooperative structural ordering, such structural disorder weakens
pontaneous polarization and leads to the observed decline in
PVE efficiency. 

.4 Mechanism of Pressure-Enhanced BPVE in 

DA(EA)2 Pb3 Br10 

e further employed high-pressure single-crystal XRD mea-
urements within Phase I to directly verify the local structural
volution. We quantified the local polar distortion of the PbBr6
ctahedra using the B -cation off-centering distortion 𝜎2 

2 
, defined

s [ 17, 48 ]: 

𝜎2 2 =
1 

2 

3 ∑
𝑖= 1 

( 𝛽𝑖 − 180◦) 
2 (2)
of 9

v

where βi represents one of the three trans Br ─Pb ─Br bond angles
in each PbBr6 octahedron. The 𝜎2 2 values increase continuously
with pressure for both the octahedra, indicating enhanced Pb
off-centering and increased octahedral distortion (Figure 4a ;
Tables S8 and S9 ). Furthermore, single-crystal structural analysis
reveals a pressure-induced compression and reorganization of
the N ─H ⋅⋅⋅Br hydrogen-bonding network. The average N ⋅⋅⋅Br
distance decreases from 3.338 Å at ambient pressure to 3.244 Å
at 1.2 GPa, while the shortest N ⋅⋅⋅Br distance decreases from 3.322
to 3.072 Å and the number of short contacts increases from 2 to 4
(Figure 4b and Table S10 ). These changes reveal a more compact
and reorganized hydrogen-bonding network, indicating the reori-
entation of the BDA2 + cations and enhanced organic-inorganic
coupling under pressure. Consistently, Hirshfeld surface and
2D fingerprint analyses show more pronounced H ⋅⋅⋅Br contact
regions and a shift toward smaller di and de values under pressure
(Figure 4b ), further supporting a more compact N ─H ⋅⋅⋅Br contact
network. 

Building upon the knowledge obtained from the above high-
pressure experiments, we can optimize the BPVE performance
by controlling organic-inorganic interactions. The strengthened
organic-inorganic interactions drive two key structural modifica-
tions: (i) enhanced orientational ordering of the BDA2 + cations
and (ii) increased distortion and off-centering of the PbBr6 
octahedra. These concurrent changes in molecular orientation
and octahedral geometry cooperatively enhance the structural
Advanced Materials, 2026
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olarization in BDA(EA)2 Pb3 Br10 . The strengthened spontaneous
olarization promotes more efficient separation and transport of
hotogenerated charge carriers, leading to substantial increases
n both VOC and ISC . Consequently, the BPVE performance of pres-
urized BDA(EA)2 Pb3 Br10 is markedly enhanced, as illustrated in
igure 4c,d . 

 Conclusion 

n summary, this work establishes pressure engineering as a
owerful paradigm for optimizing the BPVE in 2D OIHP fer-
oelectrics. Taking BDA(EA)2 Pb3 Br10 as a model system, we
chieved a synergistic enhancement of ISC (45.8-fold) and VOC
11.5-fold) through the precise modulation of organic-inorganic
nteractions. The resulting BPVE efficiency of 0.18% at 1.5 GPa
epresents a benchmark value among reported OIHPs. Further-
ore, the reinforced organic-inorganic interaction effectively sta-
ilizes the ferroelectric state, elevating the Tc to 433 K. Compre-
ensive in situ high-pressure structural and spectroscopic mea-
urements reveal that the strengthening of N ─H ⋅⋅⋅Br hydrogen
onds under compression promotes the orientational ordering of
DA2 + cations and amplifies the distortion of PbBr6 octahedra.
hese cooperative structural evolutions significantly enhance
pontaneous polarization and BPVE performance. These findings
ot only elucidate the microscopic mechanism governing BPVE
nhancement in 2D OIHPs but also establish a new degree
f freedom for rationalizing the design of high-performance
ptoelectronics. 

uthor Contributions 

hiyu Fang : writing – original draft, investigation, data curation, concep-
ualization. Kejun Bu : writing – review and editing, funding acquisition,
ata curation. Huang Ye : investigation. Lijun Xu : investigation. Dong
ang : investigation. Songhao Guo : funding acquisition, writing –

eview and editing. Tonghuan Fu : data curation, writing – review and
diting. Yuhong Mao : data curation, writing – review and editing.
uchen Ye : investigation. Liwei Tang : investigation. Philip Dalladay-
impson : funding acquisition, writing – review and editing, resources.
ederico Aiace Gorelli : writing – review and editing, resources. Yiqiang
han : writing – review and editing. Yang Ding : investigation, fund-
ng acquisition. Zhihua Sun : funding acquisition, writing – review
nd editing. Junhua Luo : writing – review and editing. Xujie Lü:
unding acquisition, conceptualization, project administration, resources,
upervision. 

cknowledgements 

his work is supported by the National Natural Science Foundation
f China (NSFC) (Grant Nos. 22275004, 22125110, 22505036, W2532012,
nd 22505008), Shanghai Science and Technology Committee (No.
2JC1410300), Shanghai Key Laboratory of Novel Extreme Condition
aterials (No. 22dz2260800), and the National Key Research and Devel-
pment Program of China (Grant No. 2022YFA1402301). Portions of this
ork were performed at Sector 13 (GeoSoilEnviroCARS, The University of
hicago), Advanced Photon Source (APS), Argonne National Laboratory.
eoSoilEnviroCARS is supported by the National Science Foundation-
arth Sciences (EAR-1634415). This research used resources of the
dvanced Photon Source, a U.S. Department of Energy (DOE) Office
f Science User Facility operated for the DOE Office of Science by
rgonne National Laboratory under Contract No. DE-AC02-06CH11357.
artial experiments were carried out at the beamline BL17UM, Shanghai
dvanced Materials, 2026
Synchrotron Radiation Facility (SSRF) and Synergetic Extreme Condition
User Facility (SECUF). The authors thank Dr. Fuyang Liu for his
assistance with the single-crystal X-ray diffraction measurements. 

Funding 

This work is supported by the National Natural Science Foundation
of China (NSFC) (Grant Nos. 22275004, 22125110, 22505036, W2532012,
and 22505008), Shanghai Science and Technology Committee (No.
22JC1410300), Shanghai Key Laboratory of Novel Extreme Condition
Materials (No. 22dz2260800), and National Key Research and Develop-
ment Program of China (Grant No. 2022YFA1402301). 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

The data supporting the key findings of this study are available within the
article and its Supporting Information files. 

References 

1 . X. Han, Y. Ji, and Y. Yang, “Ferroelectric Photovoltaic Materials and
Devices,” Advanced Functional Materials 32 (2022): 2109625, https://doi.
org/10.1002/adfm.202109625 . 

2 . J. Briscoe and J. Shi, “Photogalvanic Effects in Non-Centrosymmetric
Halide Perovskites,”Nature Reviews Physics 7 (2025): 270–279, https://doi.
org/10.1038/s42254- 025- 00822-8 . 

3 . Y. Dang and X. Tao, “Recent Progress of Bulk Photovoltaic Effect in
Acentric Single Crystals and Optoelectronic Devices,” Matter 5 (2022):
2659–2684, https://doi.org/10.1016/j.matt.2022.06.011 . 

4 . A. Pusch, U. Römer, D. Culcer, and N. J. Ekins-Daukes, “Energy
Conversion Efficiency of the Bulk Photovoltaic Effect,” PRX Energy 2
(2023): 013006, https://doi.org/10.1103/PRXEnergy.2.013006 . 

5 . P. Lopez-Varo, L. Bertoluzzi, J. Bisquert, et al., “Physical Aspects of
Ferroelectric Semiconductors for Photovoltaic Solar Energy Conversion,”
Physics Reports 653 (2016): 1–40, https://doi.org/10.1016/j.physrep.2016.07.
006 . 

6 . L. Z. Tan, F. Zheng, S. M. Young, F. Wang, S. Liu, and A. M. Rappe,
“Shift Current Bulk Photovoltaic Effect in Polar Materials—Hybrid and
Oxide Perovskites and Beyond,” NPJ Computational Materials 2 (2016):
16026, https://doi.org/10.1038/npjcompumats.2016.26 . 

7 . Y. Li, J. Fu, X. Mao, et al., “Enhanced Bulk Photovoltaic Effect in Two-
Dimensional Ferroelectric CuInP2 S6 ,” Nature Communications 12 (2021):
5896, https://doi.org/10.1038/s41467- 021- 26200- 3 . 

8 . W. Zheng, X. Wang, X. Zhang, et al., “Emerging Halide Perovskite
Ferroelectrics,”Advanced Materials 35 (2023): 2205410, https://doi.org/10.
1002/adma.202205410 . 

9 . H. Zheng and K. P. Loh, “Ferroics in Hybrid Organic–Inorganic
Perovskites: Fundamentals, Design Strategies, and Implementation,”
Advanced Materials 36 (2024): 2308051, https://doi.org/10.1002/adma.
202308051 . 

10 . K. Leng, R. Li, S. P. Lau, and K. P. Loh, “Ferroelectricity and Rashba
Effect in 2D Organic–Inorganic Hybrid Perovskites,” Trends in Chemistry
3 (2021): 716–732, https://doi.org/10.1016/j.trechm.2021.05.003 . 

11 . J. Xue, Y. Huang, Y. Liu, et al., “Rashba Band Splitting and Bulk
Photovoltaic Effect Induced by Halogen Bonds in Hybrid Layered Per-
ovskites,”Angewandte Chemie International Edition 62 (2023): 202304486,
https://doi.org/10.1002/anie.202304486 . 

12 . X. Zeng, Y. Liu, Y. Chen, et al., “Achieving Effective Self-Driven X-Ray
Detection Sensitivity via Pyroelectric–Photovoltaic Coupling in a Layered
Perovskite Pyroelectric,”ACS Energy Letters 9 (2024): 381–387, https://doi.
org/10.1021/acsenergylett.3c02456 . 
7 of 9

e C
om

m
ons L

icense

https://doi.org/10.1002/adfm.202109625
https://doi.org/10.1038/s42254-025-00822-8
https://doi.org/10.1016/j.matt.2022.06.011
https://doi.org/10.1103/PRXEnergy.2.013006
https://doi.org/10.1016/j.physrep.2016.07.006
https://doi.org/10.1038/npjcompumats.2016.26
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1002/adma.202205410
https://doi.org/10.1002/adma.202308051
https://doi.org/10.1016/j.trechm.2021.05.003
https://doi.org/10.1002/anie.202304486
https://doi.org/10.1021/acsenergylett.3c02456


1  

t  

o
1

1  

P  

d

1  

P  

(

1  

a  

3

1  

P  

8

1  

S  

A  

h

1  

I  

I  

2

2  

C  

F  

M

2  

o  

(

2
I  

(

2  

a  

P  

h

2  

S  

F  

d

2  

R  

I  

d

2  

T  

t  

2

2  

b  

C
2

2  

t  

a  

0

2  

O  

P  

h

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.75197 by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable
3 . I.-H. Park, K. C. Kwon, Z. Zhu, et al., “Self-Powered Photodetec-
or Using Two-Dimensional Ferroelectric Dion–Jacobson Hybrid Per-
vskites,” Journal of the American Chemical Society 142 (2020): 18592–
8598, https://doi.org/10.1021/jacs.0c08189 . 

4 . H. Li, F. Li, Z. Shen, et al., “Photoferroelectric Perovskite Solar Cells:
rinciples, Advances and Insights,”Nano Today 37 (2021): 101062, https://
oi.org/10.1016/j.nantod.2020.101062 . 

5 . V. Raj, S. A. Rajput, and A. K. Chandiran, “Leveraging the Anomalous
hotovoltaic Effect in Halide Perovskite-Based Photovoltaics,” Small 21
2025): 2503460, https://doi.org/10.1002/smll.202503460 . 

6 . G. Xing, N. Mathews, S. Sun, et al., “Long-Range Balanced Electron-
nd Hole-Transport Lengths in Organic-Inorganic CH3 NH3 PbI3 ,” Science
42 (2013): 344–347, https://doi.org/10.1126/science.1243167 . 

7 . Y. Fu, S. Jin, and X. Y. Zhu, “Stereochemical Expression of Ns2 Electron
airs in Metal Halide Perovskites,” Nature Reviews Chemistry 5 (2021):
38–852, https://doi.org/10.1038/s41570- 021- 00335-9 . 

8 . W. Li, Y. Ma, Y. Liu, et al., “Halogen Substitution Strategy of
pacer Cations in Two-Dimensional Perovskite Ferroelectrics Gives Giant
nomalous Photovoltaic Effect,” Nature Communications 16 (2025): 7535,
ttps://doi.org/10.1038/s41467-025-62903-7 . 

9 . X. Li, J. Bie, Q. Wang, et al., “Two-Dimensional Layered Germanium
odide Perovskite Ferroelectric Semiconductors,” Angewandte Chemie
nternational Edition 64 (2025): 202424058, https://doi.org/10.1002/anie.
02424058 . 

0 . G. Peng, Z. Li, Y. Xu, Y. Lei, H. Wang, and Z. Jin, “Evidence of
ation Symmetry Reduction Induced Bulk Photovoltaic Effect in Metal-
ree Perovskite for Efficient Self-Powered X-Ray Detection,” Advanced
aterials 37 (2025): 2502335, https://doi.org/10.1002/adma.202502335 . 

1 . J. Xue, R. Wang, X. Chen, et al., “Reconfiguring the Band-Edge States
f Photovoltaic Perovskites by Conjugated Organic Cations,” Science 371
2021): 636–640, https://doi.org/10.1126/science.abd4860 . 

2 . Y. Gao, E. Shi, S. Deng, et al., “Molecular Engineering of Organic–
norganic Hybrid Perovskites Quantum Wells,” Nature Chemistry 11
2019): 1151–1157, https://doi.org/10.1038/s41557- 019- 0354- 2 . 

3 . S. Guo, Y. Li, Y. Mao, et al., “Reconfiguring Band-Edge States
nd Charge Distribution of Organic Semiconductor–Incorporated 2D
erovskites via Pressure Gating,” Science Advances 8 (2022): add1984,
ttps://doi.org/10.1126/sciadv.add1984 . 

4 . Z. Guo, J. Lin, and L. Mao, “Dynamic Control of Halide Perovskite
tructures for Tailored Ferroelectric and Second-Order Nonlinear Optical
unctionalities,” Chemical Society Reviews 54 (2025): 8845–8887, https://
oi.org/10.1039/D5CS00475F . 

5 . S. Guo, W. Mihalyi-Koch, Y. Mao, et al., “Exciton Engineering of 2D
uddlesden–Popper Perovskites by Synergistically Tuning the Intra and
nterlayer Structures,” Nature Communications 15 (2024): 3001, https://
oi.org/10.1038/s41467-024-47225-4 . 

6 . S. Guo, K. Bu, J. Li, et al., “Enhanced Photocurrent of All-Inorganic
wo-Dimensional Perovskite Cs2 PbI2 Cl2 via Pressure-Regulated Exci-
onic Features,” Journal of the American Chemical Society 143 (2021):
545–2551, https://doi.org/10.1021/jacs.0c11730 . 

7 . K. Bu, X. Feng, D. Wang, et al., “Quantifying Structural Polarization
y Continuous Regulation of Lone-Pair Electron Expression in Molecular
rystals,” Journal of the American Chemical Society 146 (2024): 22469–
2475, https://doi.org/10.1021/jacs.4c05927 . 

8 . S. Guo, Y. Zhan, and X. Lü, “High-Pressure Research on Optoelec-
ronic Materials: Insights From in Situ Characterization Methods,”Matter
nd Radiation at Extremes 10 (2025): 033802, https://doi.org/10.1063/5.
258375 . 

9 . Y. Mao, S. Guo, W. Yang, and X. Lü, “High-Pressure Research on
ptoelectronic Perovskites: From Structure–Property Relationships and
ressure Engineering,” Journal of Materials Research 41 (2026): 1195–1216,
ttps://doi.org/10.1557/s43578- 026- 01834- 5 . 
of 9
30 . S. Wang, L. Li, W. Weng, et al., “Trilayered Lead Chloride Perovskite
Ferroelectric Affording Self-Powered Visible-Blind Ultraviolet Photode-
tection With Large Zero-Bias Photocurrent,” Journal of the American
Chemical Society 142 (2020): 55–59, https://doi.org/10.1021/jacs.9b10919 . 

31 . S. Han, L. Li, C. Ji, et al., “Visible-Photoactive Perovskite Ferroelectric-
Driven Self-Powered Gas Detection,” Journal of the American Chemical
Society 145 (2023): 12853–12860, https://doi.org/10.1021/jacs.3c03719 . 

32 . Y. Peng, X. Liu, Z. Sun, et al., “Exploiting the Bulk Photovoltaic Effect
in a 2D Trilayered Hybrid Ferroelectric for Highly Sensitive Polarized
Light Detection,” Angewandte Chemie International Edition 59 (2020):
3933–3937, https://doi.org/10.1002/anie.201915094 . 

33 . X. Liu, S. Wang, P. Long, et al., “Polarization-Driven Self-Powered
Photodetection in a Single-Phase Biaxial Hybrid Perovskite Ferroelectric,”
Angewandte Chemie International Edition 58 (2019): 14504–14508, https://
doi.org/10.1002/anie.201907660 . 

34 . P. J. Huang, K. Taniguchi, and H. Miyasaka, “Bulk Photovoltaic Effect
in a Pair of Chiral–Polar Layered Perovskite-Type Lead Iodides Altered by
Chirality of Organic Cations,” Journal of the American Chemical Society
141 (2019): 14520–14523, https://doi.org/10.1021/jacs.9b06815 . 

35 . X. Xing, S. E. Ng, Y. B. Tay, N. Yantara, W. S. Lew, and N. Mathews,
“Unravelling the Factors Influencing Halide Perovskite Based Switchable
Photovoltaics,”Advanced Functional Materials 34 (2024): 2315982, https://
doi.org/10.1002/adfm.202315982 . 

36 . S. Y. Yang, J. Seidel, S. J. Byrnes, et al., “Above-Bandgap Voltages From
Ferroelectric Photovoltaic Devices,”Nature Nanotechnology 5 (2010): 143–
147, https://doi.org/10.1038/nnano.2009.451 . 

37 . A. Zenkevich, Y. Matveyev, K. Maksimova, R. Gaynutdinov, A.
Tolstikhina, and V. Fridkin, “Giant Bulk Photovoltaic Effect in Thin
Ferroelectric BaTiO3 Films,” Physical Review B 90 (2014): 161409, https://
doi.org/10.1103/PhysRevB.90.161409 . 

38 . I. Grinberg, D. V. West, M. Torres, et al., “Perovskite Oxides for Visible-
Light-Absorbing Ferroelectric and Photovoltaic Materials,” Nature 503
(2013): 509–512, https://doi.org/10.1038/nature12622 . 

39 . L. Lu, W. Weng, Y. Ma, et al., “Anisotropy in a 2D Perovskite Fer-
roelectric Drives Self-Powered Polarization-Sensitive Photoresponse for
Ultraviolet Solar-Blind Polarized-Light Detection,” Angewandte Chemie
International Edition 61 (2022): 202205030, https://doi.org/10.1002/anie.
202205030 . 

40 . X. Zhang, C. Ji, X. Liu, et al., “Solution-Grown Large-Sized Single-
Crystalline 2D/3D Perovskite Heterostructure for Self-Powered Photode-
tection,”Advanced Optical Materials 8 (2020): 2000311, https://doi.org/10.
1002/adom.202000311 . 

41 . Y. Zhang, E. Han, B. W. Zhang, et al., “2D and Quasi-2D Hybrid
Halide Perovskite Single Crystals: From Fundamentals to Functionalized
Photodetectors,” Nano Energy 132 (2024): 110368, https://doi.org/10.1016/
j.nanoen.2024.110368 . 

42 . X. Li, N. Ding, Q. Wang, et al., “Direct Observation of Noncollinear
Ferrielectricity in a Two-Dimensional Hybrid Germanium Perovskite,”
Journal of the American Chemical Society 148 (2026): 25347–25353, https://
doi.org/10.1021/jacs.6c06421 . 

43 . W. Guo, H. Xu, Y. Ma, et al., “The Unprecedented Highest-Layer-
Number Ferroelectric Semiconductor of 2D Homologous Single-Phase
Perovskites Tailored by Regulating Thickness of Inorganic Frameworks,”
Advanced Functional Materials 32 (2022): 2207854, https://doi.org/10.
1002/adfm.202207854 . 

44 . H. Ye, Y. Peng, X. Shang, et al., “Self-Powered Visible-Infrared
Polarization Photodetection Driven by Ferroelectric Photovoltaic Effect
in a Dion–Jacobson Hybrid Perovskite,” Advanced Functional Materials
32 (2022): 2200223, https://doi.org/10.1002/adfm.202200223 . 

45 . K. Robinson, G. V. Gibbs, and P. H. Ribbe, “Quadratic Elongation: A
Quantitative Measure of Distortion in Coordination Polyhedra,” Science
172 (1971): 567–570, https://doi.org/10.1126/science.172.3983.567 . 
Advanced Materials, 2026

 C
reative C

om
m

ons L
icense

https://doi.org/10.1021/jacs.0c08189
https://doi.org/10.1016/j.nantod.2020.101062
https://doi.org/10.1002/smll.202503460
https://doi.org/10.1126/science.1243167
https://doi.org/10.1038/s41570-021-00335-9
https://doi.org/10.1038/s41467-025-62903-7
https://doi.org/10.1002/anie.202424058
https://doi.org/10.1002/adma.202502335
https://doi.org/10.1126/science.abd4860
https://doi.org/10.1038/s41557-019-0354-2
https://doi.org/10.1126/sciadv.add1984
https://doi.org/10.1039/D5CS00475F
https://doi.org/10.1038/s41467-024-47225-4
https://doi.org/10.1021/jacs.0c11730
https://doi.org/10.1021/jacs.4c05927
https://doi.org/10.1063/5.0258375
https://doi.org/10.1557/s43578-026-01834-5
https://doi.org/10.1021/jacs.9b10919
https://doi.org/10.1021/jacs.3c03719
https://doi.org/10.1002/anie.201915094
https://doi.org/10.1002/anie.201907660
https://doi.org/10.1021/jacs.9b06815
https://doi.org/10.1002/adfm.202315982
https://doi.org/10.1038/nnano.2009.451
https://doi.org/10.1103/PhysRevB.90.161409
https://doi.org/10.1038/nature12622
https://doi.org/10.1002/anie.202205030
https://doi.org/10.1002/adom.202000311
https://doi.org/10.1016/j.nanoen.2024.110368
https://doi.org/10.1021/jacs.6c06421
https://doi.org/10.1002/adfm.202207854
https://doi.org/10.1002/adfm.202200223
https://doi.org/10.1126/science.172.3983.567


4  

W  

A  

1

4  

“  

P
5

4  

t  

m
7

S

A  

I
S

A

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.75197 
6 . L. Mao, P. Guo, M. Kepenekian, et al., “Structural Diversity in
hite-Light-Emitting Hybrid Lead Bromide Perovskites,” Journal of the
merican Chemical Society 140 (2018): 13078–13088, https://doi.org/10.
021/jacs.8b08691 . 

7 . Y. Lekina, M. Han, B. Febriansyah, Y. Li, T. T. Nguyen, and Z. X. Shen,
Ordering and Disordering Dynamics in Fluorinated Two Dimensional
erovskites Under High Pressure,”Chemistry of Materials 37 (2025): 5569–
580, https://doi.org/10.1021/acs.chemmater.5c00561 . 

8 . Y. Zhang, Y. Guo, M. Feng, et al., “Regulating Pb Off-Centering Dis-
ortion for White-Light Emission in 2D Halide Perovskites,”Nature Com-
unications 17 (2026): 1833, https://doi.org/10.1038/s41467-026-68545- 
 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting File : adma75197-sup-0001-SuppMat.pdf. 
dvanced Materials, 2026 9 of 9

by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1021/jacs.8b08691
https://doi.org/10.1021/acs.chemmater.5c00561
https://doi.org/10.1038/s41467-026-68545-7

	Enhanced Bulk Photovoltaics in Polar 2D Hybrid Perovskite via Pressure-Strengthened Organic-Inorganic Interactions
	1 | Introduction
	2 | Results and Discussion
	2.1 | Pressure-Enhanced BPVE in BDA(EA)2Pb3Br10
	2.2 | Pressure-Induced Octahedral Distortion and Structural Phase Transition
	2.3 | Structure Evolution and Organic Cation Vibration Under Pressure
	2.4 | Mechanism of Pressure-Enhanced BPVE in BDA(EA)2Pb3Br10

	3 | Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


