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l perovskite ferroelectric single
crystals for multiaxial passive circularly polarized
light response
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Song Yang*d and Junhua Luo *ab

In recent years, hybrid perovskite ferroelectrics with significant spontaneous polarization features have

shown prominent advantages in passive circularly polarized light (CPL) detection. Nonetheless, the

successful realization of multiaxial ferroelectric semiconductors for multidirectional CPL detection under

zero bias remains a considerable challenge. Herein, a multiaxial passive CPL detector is achieved,

benefiting from the bulk photovoltaic effect (BPVE) in an achiral biaxial ferroelectric EA4Pb3Br10 (1, EA =

ethylamine). In particular, achiral perovskite ferroelectric 1 crystallizes in a chiroptical-active polar point

group (mm2) with excellent biaxial spontaneous polarization (Ps, 4.1 and 3.8 mC cm−2) to multiaxial CPL

response at zero bias. In detail, a clear image of the “H” letter was obtained along the c- and a-axes,

respectively, demonstrating the favourable photoelectric performance of 1. Notably, by leveraging its

unique biaxial properties, the resulting device exhibits a distinct response difference of approximately

21% and 18% under right- and left-handed CPL excitation along two polar axes, comparable to many

materials incorporating chiral components. It also shows excellent stability under the illumination of

405 nm CPL along both polar axes. This work represents a significant advancement in multidirectional

photodetectors, highlighting the potential of multiaxial ferroelectric materials.
Introduction

The rapid progress in optoelectronic technologies has driven
signicant interest in materials capable of detecting circularly
polarized light (CPL), a feature essential for applications such as
satellite communication, remote sensing, quantum computing,
and information storage.1–4 Conventional CPL photodetector
(CPL-PD) materials are mainly inorganic semiconductors, such
as Si, InGaAs, etc. But due to the lack of inherent chirality, they
have to rely on a linear polarizer and a quarter-wave plate. This
strategy will hinder the device integration and miniaturization
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to some extent. In recent years, organic–inorganic hybrid
perovskites (OIHPs) have gained much attention due to their
remarkable optoelectronic properties, including adjustable
bandgaps, high absorption coefficients, and superior carrier
mobility-lifetime (ms) product.5–8 For instance, Wu et al.
proposed a 3D CPL-PD utilizing (R-PyEA)Pb2Br6 (R-PyEA = (R)-1-
(pyridine-4-yl)ethan-1-amine), which exhibits obvious CPL
distinguishability of 42% at 5 V.9 The reported materials [(R)-
3APr]PbI4 ((R)-3APr = (R)-3-aminopyrrolidine) shows excellent
CPL distinguishing ability with photocurrent anisotropy factors
of 65% at 10 V.10 In fact, chiral components are not essential for
achieving CPL responses, as achiral crystals belonging to four
asymmetric point groups (m, mm2, 4, and 42m) can also exhibit
similar behavior,11–14 such as (4-AMP)BiI5 (4-AMP = 4-(amino-
methyl)piperidinium) and (IBA)2(EA)2Pb3I10 (IBA = 4-iso-
propylbenzylammonium, EA = ethylammonium).15,16 It is
meaningful and crucial to continue enriching this type of
materials to achieve direct and highly efficient CPL response in
achiral systems.

Achiral OIHP ferroelectrics crystallizing in chiroptical-active
polar point groups are very suitable for passive CPL detection.
The built-in electric eld allows passive detection, energy effi-
ciency, and transportability. The chiroptical-active benet
permits CPL response without chiral ligands. Recently, achiral
ferroelectric-based PDs have shown excellent CPL detection
Chem. Sci.
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performance, e.g. (CPA)2FAPb2Br7 (CPA = chloro-
propylammonium, FA = formamidinium) and (n-HA)2CsPb2Br7
(n-HA= n-heptanamine).17,18 However, these devices can only be
fabricated along the single polar crystallographic axis direction.
This limitation inherently results in the reported passive CPL-
PDs being uniaxial, thereby increasing the cost and
complexity associated with device fabrication. This primarily
originates from the intrinsic crystal symmetry and polarization
distribution characteristics of these materials.19,20 Compara-
tively, multiaxial ferroelectrics can exhibit photoresponses
along different crystallographic axes, which helps to simplify
optical systems to a certain extent. Since there is a great blank in
multi-axis CPL detection, it's both imperative and challenging
to explore multiaxial ferroelectric materials capable of highly
CPL-sensitive detection.

Herein, a multiaxial passive CPL-PD is achieved utilizing an
inch-sized reported ferroelectric EA4Pb3Br10 (1, EA = ethyl-
amine). 1 exhibits direct piezoelectric coefficients (d33) of 11.5
and 11.8 pC N−1 along the c- and a-axes, respectively, compa-
rable to the values reported by Wang et al.21 and conrming its
non-centrosymmetric polar crystal structure. Crystallizing in an
optically active yet achiral polar point group (mm2) and showing
obvious ferroelectric properties with Ps values of 4.1 and 3.8 mC
cm−2 lay a foundation for CPL detection at zero bias. At 405 nm,
a clear image of the “H” letter was obtained along each of the
two polar axes, showing favorable photoelectric properties of 1.
Notably, beneting from its uniquely biaxial properties, the 10

PD shows high CPL-sensitive detection performance along both
the c- and a-axes. The asymmetric factors reach up to 21% and
18% along the above axes, on par with most typical chiral
components. Additionally, 1 also demonstrates exceptional
stability under the illumination of 405 nm CPL along both polar
axes. This work signicantly promotes the application of
multiaxial ferroelectrics in the eld of multiaxial CPL detection,
providing ideas for the development of multifunctional photo-
electric detection materials.

Results and discussion

By reacting stoichiometric amounts of EA and Pb(Ac)2$3H2O in
hydrobromic acid (HBr), the reported lead-halide ferroelectric
EA4Pb3Br10 (1) was successfully synthesized.22 As shown in
Fig. 1a and S1 (SI), 1 adopts a 2D trilayered perovskite structure
templated by the simple EA cation and exhibits similar
symmetry along the a- and c-axes, thus leading to similar atomic
arrangements and bonding environments along these axes. A
yellow, inch-sized single crystal (SC) with dimensions up to 52
× 4 × 2 mm3 was facilely obtained via a cooling procedure
(Fig. S2, SI). The purity of 1 is conrmed by powder X-ray
diffraction (PXRD) analysis (Fig. S3, SI). As depicted in Fig. S4
(SI), thermogravimetric analysis reveals the ultrahigh thermal
stability of 1 up to 550 K. Subsequently, XRD scans of the bulk
SC surface exhibit strong and sharp (0 k 0) peaks, indicating
a high degree of crystal orientation (Fig. S5, SI). Additionally, the
at and smooth (0 k 0) planes are evident in both the scanning
electron microscopy (SEM) image (Fig. S6, SI) and atomic force
microscopy (AFM) image (Fig. S7, SI), further conrming the
Chem. Sci.
excellent crystal quality of 1 (i.e., a root-mean-square roughness
of 0.054 nm).23 Thus, we have successfully synthesized high-
quality, large-size SC 1, which lays a foundation for achieving
superior photodetection performance.

At the ferroelectric phase (FEP), 1 crystallizes in the ortho-
rhombic C2cb with mm2 point group (CCDC number: 1917092).
There is a pair of spiral optical axes related by mirror symmetry
within this crystal: along one of the spiral optical axes, the
crystal lattice shows the characteristics of le-handed spiral
arrangement; along the other spiral optical axis obtained by
mirror symmetry, the lattice shows the characteristics of a right-
handed spiral (Fig. S8 (SI)).24,25 What's more, 1 can exhibit
signicant piezoelectricity.26 Firstly, the crystal orientation is
obtained in Fig. S9 (SI). Then, as shown in Fig. 1b and S10 (SI),
signicant piezoelectric response along the two polar axes
endows 1 direct piezoelectric coefficient (d33) of 11.5 and 11.8
pC N−1, respectively, conrming its non-centrosymmetric polar
crystal structure capable of generating charges in response to
mechanical forces. In contrast, 1 adopts the centrosymmetric
space group I4/mmm (CCDC number: 1880495) at the para-
electric phase (PEP). The lattice parameter relationship between
the PEP and the FEP is aFEP z aPEP + bPEP, bFEP z cPEP, cFEP z
aPEP − bPEP (Fig. S11a, SI). The ab-plane of the PEP corresponds
to the ac-plane of the FEP. As illustrated in Fig. 1c, this struc-
tural phase transition is accompanied by symmetry breaking,
which is denoted by the Aizu notation 4/mmm / mm2. This
transition is classied among the 88 types of ferroelectric phase
transitions.27 Notably, the number of symmetry elements
reduces from 16 (E, 2C4, 5C2, i, 2S4, sh, 2sv, 2sd) to 4 (E, C2, 2sv).
This reduction implies that there are four equivalent polariza-
tion directions (r = 16/4) in the FEP (Fig. S11b, SI), conrming
that 1 exhibits biaxial ferroelectricity.22,28,29 Furthermore, ferro-
electric tests along polar axial directions (Fig. 1d) reveal rect-
angular polarized electric eld (P–E) hysteresis loops along the
c- and a-axes. The Ps values of 4.1 and 3.8 mC cm−2 are
approximately equal to the reported ones (∼3.5 mC cm−2),22

larger than other multiaxial ferroelectrics, such as (n-HA)2-
CsPb2Br7 (∼1.6 mC cm−2), (R)-(−)-3-hydroxlyquinuclidinium
(∼2.4 mC cm−2), and [(CH3)3NOH]2[KFe(CN)6] (∼0.58 mC
cm−2).18,30,31 This also indicates that Ps can be achieved along
both the c- and a-axes. All these results expose that 1 is a biaxial
ferroelectric material, potentially enabling biaxial passive
photodetection.

Then, the 10 semiconductor performance was analyzed. The
UV-vis absorption exhibits an optical absorption cutoff edge at
451 nm, with an estimated bandgap of 2.77 eV (Fig. S12, inset,
SI), indicating its optical absorption characteristics. In Fig. S13
(SI), the projected density of state (PDOS) shows that the Pb-5p
and Br-4p orbitals of the inorganic perovskite backbone are the
major contributors to the bandgap. Considering its absorption
edge of 451 nm, 1 can only absorb light with wavelengths below
this limit. Moreover, 1 adopts the polar space group C2cb at the
FEP, which belongs to the mm2 chiroptical-active point group
(Fig. S14, SI). The noncentrosymmetric stacking structure is
responsible for chiroptical-active signals, which facilitate CPL
detection at 405 nm.15
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Crystal structure of 1 at room temperature; (b) the piezoelectric properties of 1 along polar axes; (c) comparison of building blocks for
inorganic frameworks at FEP (left) and PEP (right), respectively; (d) polarization electric field hysteresis loops of 1 along polar axes.
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The signicant biaxial spontaneous polarization and
inherent semiconductor performance are benecial to its
passive photoelectric response. Fig. S15 (SI) demonstrates that
the device constructed along the polar axes exhibits signicant
bulk photovoltaic effects (BPVE) with a photovoltage of 0.5 V
aer polarization treatment under 405 nm illumination. This
photovoltage can act as a driving force to enhance the separa-
tion and transport of charge carriers, thereby enabling the PD
device to perform passive photodetection efficiently. What's
more, a large carrier mobility-lifetime (ms) product further
ensures high photocurrent for PDs and can be derived by tting
the measured photocurrent according to the Hecht equation

I ¼ I0msV
L2

�
1� exp

�
� L2

msV

��
,32 I, I0, V, and L represent the

photocurrent, the saturated photocurrent, external bias, and
thickness, respectively. As shown in Fig. S16 (SI), the ms values
of 1 along two polar axes reach up to 7.63 × 10−4 and 6.01 ×

10−4 cm−2 V−1, respectively, comparable to the reported ones
and that of state-of-the-art 2D perovskite-based photodetec-
tors,21,33 demonstrating the excellent carrier transport capability
of polar biaxial ferroelectric 1. Furthermore, 10 optoelectronic
imaging performance was also explored and shown in Fig. 2a
and S17 (SI).34–36 The incident beam at 405 nm is adjusted to
maintain a 1 mm spot diameter, ensuring fully within the 2
mm2 sensing area of the SC detector. A hollow metal mask
engraved with the letter “H” is positioned between the light
source and the SC-based device as the imaging target.
Controlled by a stepper motor with a 1 mm step size, the mask
allows precise movement along the x- and y-axes. This optical
arrangement permits the laser beam to pass through the
patterned mask before reaching the photodetector. To provide
a visual reference, a 5 mm scale bar is included in Fig. 2b.
During data collection, photocurrent is exclusively measured in
© 2026 The Author(s). Published by the Royal Society of Chemistry
the crystal regions illuminated through the mask apertures,
while non-illuminated areas show only dark current. By
recording the photocurrent response at each discrete position
during raster scanning, the dataset is transformed into
a patterned image using a 10 × 10 matrix conversion, thus
achieving superior photoelectric imaging performance.37 Fig. 2b
illustrates the successful acquisition of a “H”-shaped image
with clear outlines and distinct boundaries along the two polar
axes. Additionally, the photocurrents along the a-axis and c-axis
are comparable in magnitude. Fig. 2c shows the I–t curves along
the x-axis and y-axis during imaging. Such results demonstrate
the good photoelectric performance of our SC-based device.
Meanwhile, beneting from a stable BPVE drive, the photo-
current shows negligible change under long exposure and
multiple on/off cycles (Fig. S18, SI), showing its excellent dura-
bility in passive photoelectric detection. Strong BPVE, large ms,
and stable photoresponsive behavior suggest its application
potential in the eld of high-performance passive CPL
detection.

Before formal testing, the incident light's polarization state
was rigorously calibrated. Detailed schematic diagrams of the
optical setup (Fig. S19 and S20, SI) and a corresponding table
(Table S1, SI) were presented to conrm the power stability and
guarantee the reliability of subsequent results (Fig. S21, SI).
Then, the CPL photodetection based on 1 has been investigated
at zero bias (Fig. 3a). Despite the mm2 point group is nonchiral,
it's clearly identied as one of the optically active point
groups.38 Its optical behavior shows notable directional reli-
ance, not exhibiting chirality on a macroscopic scale, yet it can
exhibit optical activity in specic directions.39 Thus, the CPL
was controlled using a polarizer and a rotating 1/4 waveplate,
with incidence along one of the two optical axes corresponding
to the mm2 point group (Fig. S22, SI).15,17 Furthermore, by
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08521g


Fig. 2 (a) Schematic diagram of imaging device; (b) the image under 405 nm illumination with a power density of 75.4 mW cm−2. A scale bar: 5
mm; (c) the normalized photocurrent signal intensity curves obtained from the imaging measurements correspond to the location indicated by
the white dashed line in (b).
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rotating the angle of the 1/4 waveplate from 0° to 360°, distinct
differences in photocurrents are observed between right-hand
circularly polarized light (RCP) and le-hand circularly
Fig. 3 (a) Schematic illustration of the CPL-PD; (b and c) angle-dependen
comparison of the experimental asymmetry factor of 1 with other CPL d
photocurrent under left (s−) and right (s+) CPL.

Chem. Sci.
polarized light (LCP) sources. As depicted in Fig. 3b, the passive
photocurrent varies periodically with the circular polarization
angle and demonstrates the ability to distinguish between RCP
t photocurrent of 1measured at 0 V bias at 405 nm (75.4mW cm−2); (d)
etectors (see Table S2); (e and f) recyclable switching operation of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and LCP. To quantify this sensitivity to CPL, the asymmetry
factor (gIph) was calculated using the formula, gIph = 2(IL − IR)/
(IL + IR),40 IL and IR are the photocurrents under LCP and RCP
illumination, respectively. The gIph is calculated to be 21% along
the c-axis. Such a result may be attributed to the angular carrier
dri arising from the spin-dependent BPVE in the ferroelectrics
and provides more options for future CPL-PD materials.17,41 In
addition, it would also have the capability along the a-axis with
a responsiveness asymmetry factor of 18% (Fig. 3c). Whether
along the c- or a-axes, the gIph values are both in the range of
previously reported 2D hybrid perovskites that introduce chiral
cations as exampled by [(R)-b-MPA]2MAPb2I7 (MPA = methyl-
phenethylamine, 20% @ 532 nm), S-[(4-aminophenyl)
ethylamine]2AgBiI8$0.5H2O (27% @ 520 nm), and R-(BrBA)2-
PbBr4 (11% @ 405 nm),33,42,43 etc. (Fig. 3d, Table S2, SI). It's
worth mentioning that there is no obvious attenuation aer
multiple cycles along both the c- and a-axes (Fig. 3e and f),
indicating that 1 has excellent stability. Furthermore, to
conrm the distinct directional optical behavior of mm2 point
group crystals, a classic two-dimensional single-layer perov-
skite, n-BA2PbBr4 (n-BA = n-butylamine, CCDC 1945905) with
a symmetrical central structure (Fig. S23a, SI), was chosen for
comparison.44 Its optical response was tested under identical
experimental conditions (i.e., under the same LCP and RCP
irradiation), as depicted in Fig. S23b (SI). It distinctly reveals
that the n-BA2PbBr4 crystal is unable to differentiate between
RCP and LCP. This underscores the directional reliance of the
optical behavior of mm2 point group crystals. These experi-
mental results are of great signicance for the selection of a new
ferroelectric semiconductor for multiaxial PDs.
Conclusions

In summary, we selected and synthesized the inch-size (52 × 4
× 2 mm3) single crystal EA4Pb3Br10 (1). 1 has excellent biaxial
spontaneous polarization of 4.1 and 3.8 mC cm−2 and good
semiconductor properties. The stable and clear photoelectric
imaging capability along the c- and a-axes, respectively, is also
shown at 405 nm. Additionally, based on its biaxial ferroelectric
property and crystallizing in the mm2 chiroptical-active point
group, 1 achieves passive CPL detection of asymmetry factors of
21% and 18% along the c- and a-axes, respectively, with excel-
lent stability. Such two values are on par with many materials
that introduce chiral cations for CPL detection. This work shows
that biaxial passive CPL detection is successfully realized by
chiroptical-active point groups and spontaneous polarization of
multiaxial ferroelectricity.
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