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2D Ruddlesden-Popper Perovskites/PVDF-TrFE
Photodetector for Anti-Interference Vision System Derived
from Ferroelectric Polarization Modulation

Xinglong Zhang, Enliu Hong, Xiaojun Tan, Jie Liu, Anquan Jiang, and Xiaosheng Fang*

2D Ruddlesden-Popper (RP) perovskites have garnered increasing attention
for their excellent photoresponse, characterized by high carrier mobility,
tunable bandgaps, high optical absorption, and molecular asymmetry. Herein,
centimeter scale single crystal 2D hybrid perovskites, BA,PbBr, (BPB) is
synthesized, using quasi-static cooling method and composited with
ferroelectric PVDF-TrFE(PT) film to construct a multi-field coupling
photodetector (PD) via van der Waals force contact. Ferroelectric tests show
that the PT film exhibits a saturated polarization strength of 3.6 uC cm=2,
allowing the ferroelectric localized field to modulate the band structure of PT
and enhance the photocurrent. The Heterojunction systems exhibit ultra-high
responsivity (15.3 A W~') and detectivity (1.99 x 10'® Jones) under 390 nm
illumination at 3 V bias, with a performance improvement of over 10? times
compared to BPB PDs. Furthermore, the hybrid PDs exhibit highly stable /-t
curve with a photocurrent retention rate of 97.4%. Leveraging this feature, a

optical absorption, molecular asymmetry,
etc.'”7) 2D Ruddlesden-Popper (RP) per-
ovskites can be described by the general
formula (RNH;),A X, ,,, where R is an
alkyl or aromatic group, A is a metal cation
and X is a halide anion.®] Compared to
3D perovskites, 2D RP perovskites display
enhanced photoresponse due to their large
organic cations, which increase excitation
binding energy and lower defect state
density."'1%] Besides, the large organic
cations in 2D RP perovskites endow them-
selves with higher hydrophobicity to keep
the layered perovskites from moisture and
oxygen infiltration, contributing to their
long-term  environmental stability.[16-2]

To date, numerous 2D hybrid perovskites

large-area imaging device is designed at the centimeter level scale, enabling
multifunctional vision applications accurate letter imaging process and
anti-interference number detection. The work presents a valuable insight in

design of future autonomous driving vision systems.

1. Introduction

In recent years, 2D organic-inorganic hybrid perovskites have
shown great potential in optoelectronics and smart devices
due to their large carrier mobility, tunable bandgaps, high
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with excellent photoresponse and ferro-
electricity have been reported. It is worth
noting that a quasi-static cooling method
(~1 K day™!) has been employed to prepare
a series of centimeter-scale 2D perovskites,
including BA,MA,Pb,Br,,,[*!] IBA,EA,Pb,
I,22 PZPbCl,, 2% (4ABA)PbI, [ etc.
Specifically,  researchers  successfully
synthesized (IBA),MHy,Pb,Br,, perovskites which exhibited
bulk photovoltage via introducing the stereo-chemically active
lone pair perovskitizer.?’! In addition, the perovskites exhibited
ultra-highly sensitive polarized photodetection (polarization ra-
tio up to 24.6), outstanding responsivity (200 mA W) and de-
tectivity (2.4 X 10' Jones). Furthermore, a novel 2D hybrid per-
ovskite photodetector(PD) (BBA,EA,Pb,Br, ) with a high Curie
temperature (425K) and notable pyroelectric coefficient (5.4 x
1073 uC cm=2 K1) was successfully synthesized.!*! More impor-
tantly, this PD exhibited high responsivity (0.28 mA W~1) and
specific detectivity (1.31 x 10'° Jones) at 0 V bias. In addition,
a universal low-temperature vapor-phase synthesis method!?”] of
ultrathin perovskites with size up to 1.5 x1.5 cm? was developed.
The perovskites in this study displayed excellent optoelectronic
performance with superior responsivity (3.7 x 10> A W=!) and
ultrafast response time (~10 ps).

At present, ferroelectric materials have shown broad ap-
plications in energy storage,?®! optoelectronics,231 field-
effect transistors,3*33! information storage,3**! memristors, 3]
etc. The permanent electrical polarization in the ferroelec-
tric materials enables the effective tuning of internal carrier
concentration in PDs, which enhances the photoresponse

© 2025 Wiley-VCH GmbH
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of PDs through energy band regulation.’”] In recent years,
poly(vinylidene fluoride-trifluoroethylene)ferroelectric films has
been used in nano and smart electronic devices.***% PVDF is
based on the —CH,—CF,—vinylidene (VDF) monomer and cat-
egorized to four polymorphs (a, f, 6, and y) according to the
different molecular chain conformations.l*!l The § phase, with
its unit cell consisting of two all-trans conformation chains, ex-
hibits high polarization. However, pure PVDF is non-polar and
paraelectric under ambient conditions, which requires further
processing to generate ferroelectricity. To address this, the sec-
ond monomer molecules such as trifluoroethylene (TrFE) and
tetrafluoroetgylene (TFE) are often introduced into the PVDF, to
obtain a copolymer with better stability and superior ferroelectric
properties under ambient conditions.[**~#4! Researchers designed
a PD based on MoS, transistor with PVDF-TrFE(PT) ferroelec-
tric gate.[”] The PT is employed to depress the dark current of
MoS, semiconducting channel. The stable remnant polarization
in PVDF-TrFE can provide an ultrahigh local electrostatic field
(10° V m~! within nanometer scale) The photodetector exhibited
high responsivity (2570 A W) and detectivity (2.2 x 10! Jones).
Inspired by the previous work, we synthesized centimeter-
scale 2D RP perovskites BA,PbBr, (BPB) using quasi-static cool-
ing method. Subsequently, we prepared PT films using a spin
coating method. Then, we constructed a heterojunction photode-
tection system via van der Waals contact between BPB and PT
film, which exhibited ultrahigh responsivity (15.3 A W), detec-
tivity (1.99 x 10! Jones), and high stability under 390 nm illu-
mination at 3 V bias. Notably, the responsivity and detectivity
were improved over 10 times than that of BPB PDs. Leverag-
ing this feature, we developed a multifunctional, centimeter-scale
imaging device. The BPB/PT imaging system generated higher
photocurrent compared to the imaging system of BPB alone, re-
sulting in higher contrast and superior image quality. Moreover,
the BPB/PT imaging demonstrated excellent detection accuracy
in anti-interference vision system, both before and after interfer-
ence. Our work provides a novel approach for integrating 2D RP
perovskites into future autonomous vehicle vision detection.

2. Results and Discussion

As illustrated in Figure 1a, centimeter-scale BPB perovskites sin-
gle crystals are obtained through a quasi-static cooling crystalliza-
tion process. Subsequently, PT ferroelectric films were prepared
using spin coating method. By adjusting the rotational speed, a
series of PT films with different thicknesses were synthesized.
The PD was then constructed by combining BPB perovskites with
PT ferroelectric film via Van der Waals contact. Finally, a 6 X 6 ar-
ray light imaging device was obtained after thermal evaporation
of gold electrodes. Figure 1b shows the typical crystal structure
of BPB, which belongs to typical 2D RP perovskites. According
to previous study,®! the nucleation energy barrier is defined as
the difference between the free energy of molecules in nucleated
particles and their energy in solution:

AG

solution

= 4xr’y + %n’r’ (=& + €, —kyTInN,)

3
= 16_77:)( 4 (1)

3 (e—eA+kBTlnNA)2

Adv. Funct. Mater. 2025, 2424848

2424848 (2 of 10)

www.afm-journal.de

where r is the critical nucleus radius, y is the crystallite’s surface
energy, ¢ is the cohesive energy of precursor molecules in the
cluster, ¢, is the molecular binding energy, k; is the Boltzmann
constant, T is the temperature and N, is the mole fraction of iso-
lated molecules. In comparison to the solution volume, the pre-
cursor molecule in the surface layer experience tension-related
elastic energy, denoted as ¢,-€ The nucleation energy bar-
rier at the solution surface is:

surface*

3

AG 3
(e—es+e +k;TInN,, )

surface

surface

Comparing Equations (1) and (2), the nucleation energy bar-
rier at the solution surface is lower than that in the solution vol-
ume (Figure 1c), indicating that nucleation occurs more easily
at the surface. According to the transition state theory, at the
gas-liquid interface, precursor molecules possess higher chem-
ical potential in their initial state due to the surface energy effect
(Figure S3, Supporting Information). Consequently, the crystal
growth preferentially occurs along along the plane parallel to the
solution surface, with the growth rate along this direction being
faster than in the vertical direction. Buoyancy and surface tension
cause the crystals to float on the surface of the solution, growing
at different rates along different crystal planes (Figure S4, Sup-
porting Information).

As shown in Figure 1d, the BPB single-crystal microsheet ex-
hibits a regular rectangular morphology with dimensions of 30
X 20 um. Figure le demonstrates that the BPB single-crystal mi-
crosheet has a thickness of 23 nm. The laser confocal 3D height
image of BPB perovskites is presented in Figure S5 (Supporting
Information). From the scanning electron microscope (SEM) im-
age in Figure S6 (Supporting Information), the BPB single crys-
tals clearly show their regular rectangular morphology. Figure S7
(Supporting Information) presents the transmission electron mi-
croscope (TEM) image of BPB perovskite nanosheets obtained
by ultrasonic dispersion. As displayed in Figure 1f, the high-
resolution TEM image of BPB nanoplates exhibits clear lattice
fringes and excellent interplanar atomic arrangement, indicat-
ing high crystallinity and quality. The interplanar spacing is mea-
sured at 0.21 nm, corresponding to the (002) facet of BPB per-
ovskites the inset shows the corresponding fast Fourier trans-
form (FFT) pattern of BPB. Figure S8 (Supporting Information)
illustrates the schematic diagram for calculating the BPB crys-
tal plane spacing. Furthermore, the sharp diffraction spots ob-
served in the corresponding selected area electron diffraction
(SAED) pattern in Figure 1g confirm the single-crystalline nature
of the BPB nanoplate, with spots corresponding to (002) and (004)
facets.

As displayed in Figure S9a (Supporting Information), the
XRD results demonstrate that BPB is a single-crystal material
with sharp and high-intensity peaks. The diffraction peaks at
20 = 6.3°, 12.7°, 19.1°, 25.7°, 32.3°, and 39.0° correspond to
(002), (004), (006), (008), (0010) and (0012) facets of BPB, con-
sistent with stimulation results. According to the XPS survey
spectrum (Figure S9b, Supporting Information), the BPB per-
ovskites are composed of C, N, Pb, and Br with an O peak at-
tributed to surface oxidation. In the high-resolution C 1s XPS
spectrum (Figure S9c¢, Supporting Information), three peaks at
283.4, 284.6, and 285.2 eV are observed, corresponding to C—H
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Figure 1. Growth and structure characterization of 2D BPB perovskites. a) Schematic diagram of fabrication process of large area BPB/PT light imaging
system. b) Crystal structure of BPB perovskites. ¢) Comparison of nucleation barriers between the solution surface and volume. d) Optical morphology of
BPB perovskites. €) corresponding AFM image of BPB perovskites. f) High-resolution TEM image of BPB perovskites. The inset shows the corresponding

FFT image. g) SAED patterns of BPB perovskites.

bond, standard C 1s, and C—C bond, respectively. The high-
resolution N 1s XPS spectrum (Figure S9d, Supporting Infor-
mation) shows peaks at 400.9 eV. In Figure S9e (Supporting In-
formation), the Pb 4f peaks are located at 137.2 and 142.5 eV,
corresponding to the characteristic doublet state Pb 4f;, and Pb
4f5),. The high-resolution Br 3d XPS spectrum shows peaks at
67.4 and 68.6 eV, corresponding to the characteristic doublet state
Br 3ds;, and Br 3d,, (Figure S9f, Supporting Information). Ac-
cording to the UV-vis absorption spectrum (Figure S9g, Sup-
porting Information), BPB perovskites exhibit a sharp absorption
edge at 425 nm, with an optical bandgap estimated to be 2.83 eV,
as determined by the Tauc plot (Figure S9h, Supporting Infor-
mation). As displayed in Figure S9I (Supporting Information),
the wavelength peak of room-temperature PL emission spec-
trum is located at 412 nm. Figure S10 (Supporting Information)
shows the optical image of a series of centimeter-sized single-
crystalline BPB perovsites obtained from the quasi-static cooling
method.
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As shown in Figure 2a, in the device for conducting ferroelec-
tric domain switching performance tests of PT, the bottom elec-
trode is ITO glass and the top electrode is gold and the electrode
area is 2 X 2 mm?. Herein, we adopt crossed areas for the per-
formance test between top and bottom electrodes under tip con-
tacts in probe station to avoid potential short circuit problems
due to tip damage to the device. The molecular DFT calcula-
tions were employed to estimate dipole moments, utilizing the
Gaussian code alongside the def2-TZVP basis set and the PBE
functional. The calculated dipole moment of PT molecule is 8.07
Debye (Figure 2b), which contributes to its excellent ferroelec-
tric properties. Atomic force microscope (AFM) of the PT film
(Figure 2c¢) reveals a surface roughness of ~0.9 nm, indicating
that the spin coated PT film is of high uniformity with low rough-
ness. In Figure 2d, PT film presents a typical P-E hysteresis loop
(blue line) with saturated polarization (P,) of 3.6 uC cm™2. The
current-electric field curve plotted next to the P—E hysteresis loop
reveals two oppositely polarized peaks that originate from the
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Figure 2. Ferroelectric performance of PT and van der Waals heterostructure characterization of BPB/PT. a) Schematic diagram of testing system of PT
film. b) Molecular structure of PT and its calculated dipole moment. c) AFM image of PT film. d) P—E hysteresis loop and I—E curve of PT film. €) The
butterfly-shaped piezoelectric force microscope (PFM) amplitude loop and 180°-reversed PFM phase loop of PT films (the red line represents phase
change and the bule line represents amplitude change). f) The PFM phase image after scanning the grounded PFM tip on the PT films with a +8 V bias
in 3 x 3 um? region. g) Cross-sectional SEM images of BPB/PT heterojuntion on Si substrate. Scale bar:1 um. h) 3D AFM image of BPB/PT heterojuntion
on Si substrate. i) The variation curve of PT film thickness with rotational speed. j) Energy level diagram of the Au/BPB/Au interface. Energy level diagram
of the BPB/PT with polarization of k) upward position and I) downward position.

switching of two ferroelectric states. The estimated coercive field
(Ec) for the PT film is determined to +21 kV cm™, as revealed
in the P—E loop. Along with phase contrast imaging, local PFM
switching spectroscopy further confirms the robust ferroelectric-
ity in PT films, as demonstrated by 180° phase hysteresis and
its butterfly-shape amplitude loops (Figure 2e). The piezoelectric
force microscope (PFM) image shown in Figure S14 (Support-
ing Information) indicates that the initial domain structure of
PT is characterized by a homogeneous single-domain configu-
ration. The polarization state of the 3 x 3 um? PT region polar-
ized with -8 V sample bias is nearly 180° contrast difference to
that of the as-grown region, implying that the latter has a ferro-
electric polarization pointing toward the top Au electrode, that is,
downward self-polarization(Figure 2f) As observed in the SEM
cross-sectional image in Figure 2g and t the thickness of BPB is
1.3 pm and the thickness of PT is 0.6 ym, forming an excellent
van der Waals contact. Figure 2h presents the 3D AFM image of
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the BPB/PT heterojuntion on Si substrate. Considering the im-
portance of the thickness of PT film for subsequent heterojunc-
tion formation, we measured the thickness of PT film at different
rotational speeds. Figure 2i shows the thickness variation of spin
coated PT film at different rotational speeds. In the vertical het-
erojunction formed between ferroelectric thin films and optoelec-
tronic materials, the polarization direction of ferroelectric materi-
als has a significant impact on the band structure, photocurrent,
and dark current of optoelectronic materials. This effect is mainly
achieved through the modulation of the band bending degree and
carrier behavior of optoelectronic materials by the polarization
electric field of ferroelectric thin films. The polarization direction
(upward or downward) of ferroelectric thin films can change their
surface charge distribution, thereby affecting the band structure
at the interface of optoelectronic materials. When ferroelectric
thin films undergo upward polarization, the positively polarized
surface charge of the ferroelectric thin film at the interface will
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cause a positive electrostatic potential, which will increase the en-
ergy of the conduction and valence bands of the optoelectronic
material, causing the energy band at the interface to bend up-
ward. This may reduce the separation efficiency of photogener-
ated charge carriers, especially in cases where carrier diffusion is
limited, resulting in a decrease in photocurrent. In addition, the
upward bending of the interface band may reduce the capture ef-
fect of the interface composite center, thereby reducing the dark
current. The polarization direction (forward or reverse) of ferro-
electric thin films can change their surface charge distribution,
thereby affecting the band structure at the interface of optoelec-
tronic materials. When ferroelectric thin films undergo forward
polarization, the positively polarized surface charge of the ferro-
electric thin film at the interface will cause a positive electrostatic
potential, which will increase the energy of the conduction and
valence bands of the optoelectronic material, causing the energy
band at the interface to bend upward. This may reduce the sepa-
ration efficiency of photogenerated charge carriers, especially in
cases where carrier diffusion is limited, resulting in a decrease
in photocurrent. In addition, the upward bending of the inter-
face band may reduce the capture effect of the interface compos-
ite center, thereby reducing the dark current. When ferroelectric
thin films undergo upward polarization, the negatively polarized
surface charge of the ferroelectric thin film at the interface will
cause a negative electrostatic potential, which will reduce the en-
ergy of the conduction and valence bands of the optoelectronic
material, causing the energy band at the interface to bend down-
ward, resulting in favorable conditions for electron injection at
the interface. This improves the separation efficiency and charge
collection efficiency of photogenerated carriers, resulting in an
increase in photocurrent. In addition, the downward bending of
the interface band may increase the capture effect of the interface
composite center, thereby increasing the dark current. Figure 2j
shows the initial band diagrams of BPB and Au electrodes. As il-
lustrated in Figure 2k, when PT is polarized upwards, it induces
the BPB band to bend upwards, making carrier separation more
difficult and efficiency reduced, thereby reducing the photocur-
rent. As illustrated in Figure 21, When PT is polarized down-
wards, it induces the BPB band to bend downwards, promoting
carrier separation and increasing photocurrent.

In order to investigate the optoelectronic properties of BPB/PT,
PDs based on BPB/PT are fabricated and characterized. The spec-
tral responsivity (R,), EQE, and specific detectivity (D*) are criti-
cal parameters for optoelectronic performance evaluation.

The spectral responsivity (R;) is introduced to evaluate the
spectral response performance of perovskite PDs with n =1 to
5, highlighting the response sensitivity to optical signals within
a specific wavelength range. R, is defined by the following
Equation (3):

Iph - Idark

R =
* P,;S

G)
where I, is the photocurrent, I, is the dark current, P, is the

light power density, and S is the effective irradiation area. Specif-
ically, for BPB/PT

L = lane. — 5.8x107° —6.2x107"° A

R = =
P,S 400 um? x 94.7 uW /cm?

=153A/W  (4)
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Apart from the responsivity mentioned above, two additional
key parameters-detectivity (D*) and external quantum efficiency
(EQE) are introduced to further evaluate the performance of the
PD. D* represents the sensitivity of the PD to weak signals within
a noise environment. The noise current spectrum can provide
more comprehensive and accurate noise characteristics by mea-
suring the noise power density of the PD at different frequencies.
The detectivity is usually calculated by the following Equation (5):

VS X fosap

NEP

D" = 5)
where S is the effective illumination area of the PD, f, ,; is the
-3 dB bandwidth of the PD and NEP is noise equivalent power.
The noise spectrum can accurately reflect the actual noise level
of the PD, including all frequency dependent noise (such as 1/f
noise). Specifically, for BPB/PT,

_ V/SXflup /400 um? X 970kHz
NEP 0.98x 10°° W/+/Hz

EQE is the ratio of photogenerated carriers to the number of
incident photons, reflecting the optoelectronic conversion effi-
ciency of the PDs. It can be calculated as

D* =1.99 x 10" Jones (6)

EQE = }g R, )

A

where h, ¢, and 4 refer to the Planck constant, light speed, and
wavelength.

As shown in Figure 3a, the BPB/PT PD yields a low dark cur-
rent of 6.2 x 10713 A at a 3 V bias and a photocurrent of up to
5.8 x 10~ A under 390 nm illumination. In comparison, BPB
alone yields a dark current of 3.0 x 107> A at same bias and
a photocurrent of 3.6 X 107! A under same illumination. The
significant photocurrent increases of BPB by more than two or-
ders of magnitude (over 10?) upon contact with PT through van
der Waals interaction can be explained by energy level theory
(Figure 2i). In Figure 3b, BPB/PT demonstrates a high respon-
sivity of 15.3 A W' under 390 nm illumination and a high de-
tectivity of 1.99 X 10'® Jones. Figure 3¢ shows that the BPB/PT
achieves a high EQE of 4.9 X 10°% at 3 V bias, surpassing the
EQE of BPB (Figure S13, Supporting Information). As illustrated
in Figure 3d, the semilogarithmic current—voltage (I-V) curves
reveal that BPB/PT exhibits a higher photocurrent of 5.6 x 10~°
A compared BPB 3.5 x 107! A, Moreover BPB/PT shows a supe-
rior on/off ration of 9.3 X 10%, compared to BPB’s 1.2 X 10%. Ac-
cording to Figure 3e, the responsivity and detectivity of BPB are
measured to be 0.25 A W~! and 2.62 x 10! Jones, respectively.
Additionally, as demonstrated in Figure 3fand Table S1 (Support-
ing Information), the BPB/PT PDs in this work exhibit superior
photoresponse performance compared to other low-dimensional
materials, including traditional semiconductors and hybrid per-
ovskites. Figure 3g—i present the long term -t test of BPB/PT
PDs. It can be seen from the Figure 3h that the PDs maintain
a stable photocurrent over 200 cycles of -t curve. Furthermore,
compared to the photocurrent in the first four cycles (Figure 3g),
the photocurrent in the last four cycles (Figure 3i) main-
tains 97.4% of the initial photocurrent, demonstrating excellent
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Figure 3. Optoelectronic performance of BPB and BPB/PT. a) /-t curves at 3 V bias under 390 nm illumination. b) The responsivity curve and the
detectivity curve as a function of wavelength for BPB/PT. Bias: 3V. c¢) EQE curve at 390 nm illumination of BPB/PT. Bias: 3V. d) I-V curves in the dark and
under 390 nm illumination. BPB/PT-1 and BPB/PT-2 states represent the downward and upward polarization direction of PT film. e) The responsivity
curve and the detectivity curve as a function of wavelength for BPB. f) Responsivity and wavelength of BPB/PT PD and reported PDs in the previous
studies. The reference data are from Table S1 (Supporting Information). g) The first four I-t curve cycles of BPB/PT. h) The total 200 continuous response
cycles under 390 nm illumination of BPB/PT. i) The last four I-t curve cycles of BPB/PT. j) Photocurrent and responsivity of BPB/PT at different laser
power densities of 3 V bias at 390 nm wavelength. k) The noise current spectrum of BPB/PT at 3 V bias. [) NEP of BPB/PT at different laser power

densities of 3 V bias under laser irradiation at 390 nm.

stability. In Figure 3j, when the light power density is between
0.018 and 2.03 mW cm™2, the dependence index a of photocur-
rent on optical power density is ~0.996, showing a good linear
dependence relationship (« = 1). When the optical power density
exceeds 2.03 mW cm~2, the dependence index a of is 0.246, enter-
ing the nonlinear dependence region. Based on this, the LDR can
be calculated to be ~41.4 dB. Figure 3k shows the noise current
spectrum of the PD, it can be seen from the figure that the noise
current density significantly decreases with increasing frequency
when the frequency is between 1 and ~4 x 10> Hz (low frequency
region, colored in light blue). This characteristic is usually domi-
nated by 1/f noise (flicker noise). This noise is related to defects,
interface states, or non-uniformity in the detector materials. The
presence of low-frequency noise has a significant impact on low-
frequency applications such as steady-state measurements or sys-
tems with slow signal changes, and optimization measures such

Adv. Funct. Mater. 2025, 2424848

2424848 (6 of 10)

as materials improvement or electronic filtering need to be taken.
When the frequency is between ~4 x 10? and ~10° Hz (mid fre-
quency region, colored in light yellow), the curve is flat within this
range. In this region, the noise current density is mainly domi-
nated by Johnson noise, including thermal noise and scattering
noise. It is independent of frequency and appears as a constant
value. Johnson noise usually reflects the basic performance of
the device, and reducing this part of the noise can improve the
sensitivity of the PD. The NEP curve of BPB/PT is displayed in
Figure 3l. The frequency and bias voltage are setto 1 Hzand 3V,
respectively. When light power density is less than #1 mW cm™2,
the NEP is ~#10~1° W/Hz!/2. When the light power density is be-
tween ~1 and ~100 mW cm™2, the NEP increases with the in-
creasing light power density.

Considering the enhancement of BPB’s photocurrent after
contacting with PT via Van der Waals force, the potential of

© 2025 Wiley-VCH GmbH
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Figure 4. Centimeter-scale PD for different letters imaging process. a) Schematic diagram of large area imaging system of BPB/PT. The inset shows
the optical image of BPB/PT centimeter scale imaging device. The 6 X 6 array imaging device of BPB shows the pattern of b) “F”, f) “D”, j) “U” and
corresponding heatmap of ) “F”, g) “D”, k) “U”. The 6 X 6 array imaging device of BPB/PT shows the pattern of d) “F”, h) “D”, I) “U” and corresponding

heatmap of e) “F”, i) “D”, m) “U”.

BPB/PT PDs in large-scale imaging system is explored. As shown
in Figure 4a, an imaging system has been employed to evaluate
the imaging capability of large-scale BPB and BPB/PT PDs. The
light source is set to a wavelength of 390 nm and intensity of
1046 uW cm~2. Specifically, images of the letters “F”, “D” and
“U” patterns are conveyed to the 6 X 6 array PDs via a pixel-by-
pixel irradiation imaging method. The inset presents the optical
image of BPB/PT PDs. Figure 4b,c displays the photocurrent bar
graph and thermal map for the letter “F” in BPB 6 X 6 array PDs,
respectively. Figure 4d,e presents the photocurrent bar graph and
thermal map for the letter “F” in BPB/PT 6 X 6 array PDs. Like-
wise, Figure 4f,g depicts the imaging results for the letter “D” in
BPB 6 X 6 array PDs, while Figure 4h,i shows the imaging re-
sults for the letter “D” in BPB/PT 6 X 6 array PDs. Figure 4j,k
illustrates the imaging of the letter “U” in BPB 6 X 6 array PDs,
with Figure 41,m reflect the imaging results for the letter “U” in
BPB/PT 6 x 6 array PDs. It can be seen that the photocurrent in
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BPB/PT PDs surpasses that of BPB PDs, resulting in superior
contrast and clarity in the obtained letters image.

Accurately capturing and recognizing object features in light-
interference environments poses challenges for conventional im-
age sensors. Figure 5a exemplifies a specific scenario: an au-
tonomous vehicle’s machine vision system must identify traf-
fic light number on the road, which may be interfered by en-
vironmental light. Benefiting from the modulation of ferroelec-
tric polarization, the photocurrent of BPB/PT devices exhibits a
switching ratio exceeding three orders of magnitude, along with
superior responsivity and stability. When exposed to light inter-
ference, the BPB/PT device exhibits more stable image outputs
compared to BPB devices (Figure 5b). Specifically, BPB/PT de-
vices maintain stable and recognizable outputs for the numbers
“9” and “1” before and after interference, whereas the output of
BPB devices becomes difficult to recognize after interference. We
input the output images of both into a pre-set neural network

© 2025 Wiley-VCH GmbH
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Figure 5. Anti-interference vision system and classifying different numbers. a) Schematic of the application scenario of the BPB/PT anti-interference
PD. b) Operational scheme of the anti-interference vision system. The displayed number “9” and “1” images are adapted from MNIST test set. c) A
schematic diagram of a three-layer artificial neural network. d) The recognition accuracies of BPB and BPB/PT devices for numbers “9” and “1” before

and after interference.

system (Figure 5c). The test results indicate that the accuracy of
the output of the BPB/PT device remains above 90% even after
20 rounds of training, while the training accuracy of the output
of the BPB device drops to 37% after interference (Figure 5d).
These results demonstrate that BPB/PT devices possess robust
anti-interference detection capabilities, thereby enhancing the re-
liability of machine vision in challenging lighting conditions. In
addition to its application in anti-interference light imaging sys-
tem, it also has potential application value in biomedical imag-
ing and light communication. Biomedical applications can be
applied to fluorescence imaging and time-resolved fluorescence
lifetime imaging to detect the light emitted by biomolecules la-
beled with fluorescent dyes or quantum dots, and to use fast re-
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sponse PDs to detect fluorescence lifetime for studying molec-
ular environment and metabolic activity. In terms of light com-
munication, it can be used to receive laser signals transmitted
in free space, suitable for wireless path communication or en-
crypted communication. In terms of large-scale applications and
environmental stability, the current challenges include: 1) Man-
ufacturing uniformity. 2D perovskites materials are prone to de-
fects during growth and processing, which can affect PD perfor-
mance. 2) Temperature and humidity sensitivity. Moisture and
oxygen in the environment can cause material oxidation or degra-
dation, especially for 2D organic-inorganic hybrid perovskite
materials. The potential solutions include: 1) Introducing low-
cost manufacturing processes such as inkjet printing, organic
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material PD processes, and silicon PD technology. 2) Using wafer
level processes (such as silicon-based heterojunction integration)
to achieve large-scale production compatible with CMOS pro-
cesses. 3) Adopt high-quality airtight packaging (such as ceramic
or glass packaging) to prevent moisture and oxygen from enter-
ing. 4) Integrated thermal management systems, such as ther-
moelectric cooling (TEC) or heat sinks, maintain stable operating
temperatures.

3. Conclusion

In summary, we successfully synthesized 2D BPB perovskites
single crystals with a size of 2cm X 1 cm using the quasi-static
cooling crystallization method. After forming a heterojunction
PD with PT film through van der Waals force, the device exhibited
excellent responsivity (15.3 A W~!) and detectivity (1.99 x 103
Jones) under 390 nm illumination at 3 V bias, and maintained ex-
cellent stability over long term I-t cycles (97.4% of the initial pho-
tocurrent after 200 cycles). By utilizing this feature, we achieved
a multifunctional large-area centimeter level imaging system ap-
plication. The heterojunction systems exhibit superior imaging
quality, which is expected to be applied in autonomous driving
anti-interference detection systems. After the input of interfer-
ence, PDs trained with neural networks can maintain a detection
accuracy exceeding 90%. This design method is also applicable
to other 2D RP perovskites devices, significantly contributing to
advancements in anti-interference photodetection.

4. Experimental Section

Reagents:  BABr (99.99%), MABr (99.99%), PbBr, (>98.0%), Hydro-
bromic acid (HBr, 55.0-58.0% in H, O, contains<1.5%H;PO,), PT (70:30,
mol%) were used as reagents without further treatment.

Crystal Growth and Device Construction—Crystal Growth: Single-
crystalline BPB was synthesized from concentrated HBr solutions contain-
ing stoichiometric quantities of BABr (1.176 g), PbBr, (2.808 g). The clear
solutions were obtained after reaction for 0.5 h at 110 °C. Large-size single
crystals were grown by the temperature lowering method from saturated
solution. The cooling rate was 2 °C day™". The high-quality crystals could
be obtained after 30 days.

Device Construction:  PT ferroelectric thin film was prepared on Si sub-
strate using spin coating method, with a spin coating rate of 3000 rpm. PT
is dissolved in DMF solvent with a mass fraction of 1%. After drying the
solvent at 80 °C, transfer the grown BPB single crystal onto the PT film,
fix the crystal with polyimide tape, and then polarize the ferroelectric thin
film using electrospinning equipment (E = 40 kV cm™"). Subsequently, a
6 X 6 array gold electrode was deposited by thermal evaporation.

Materials Characterization and Ferroelectric-Optoelectronic Measurement:
The optical images were captured by Olympus microscope. PL spectra
were acquired by Renishaw inVia-Qontor Raman microscope equipped
with 325 and 532 nm lasers. Transmission electron microscope (TEM,
JEM-F200), high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) were used to characterize the crystal structure. The
composition determination of crystal materials was carried out by a Bruker
D8 Advance X-ray Power diffractometer (XRD, Cu-Ka radiation source, 4
= 1.5406 nm). The optical properties were obtained using an UV-vis spec-
trometer (Hitachi U-3900H) and a FLS1000 fluorescence spectrometer.
XPS spectra were obtained using Thermo ESCALAB 250XI| under the ex-
citation of Al Ka (energy = 1486.6 eV, voltage = 15 kV, beam current =
10 mA). The height and roughness data were measured by step profiler
(Bruker DektakXT) and atomic-force microscope (AFM). The morpholo-
gies of perovskites microplates were obtained by using a ZEISS laser scan-
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ning confocal microscope (LSM 900). A dual channel precision sourceme-
ter (2902A, Keysight) was used for the electrical measurement in air. The
domain patterns obtained after poling using positive/negative voltages
were inspected via out-plane piezoresponse force microscopy (PFM) am-
plitude and phase imaging (lcon, Bruker) using a contact Ptlr-coated sil-
icon tip with a radius of ~20 nm, a force constant of 2.8 N m~', and an
AC amplitude of 1V at 386 kHz. The optoelectronic properties were col-
lected using the semiconductor characterization system (Keithley 4200-
SCS) connected a vacuum probe station (Lake Shore) and a 75 W Xe
lamp equipped with a monochromator was used as light source. The
light density was measured by a NOVA Il power meter (OPHIR photon-
ics). The wavelength and light intensity used in the PDs comparison are
390 nm and 1647 uW cm~2. All the measurements were tested at room
temperature.
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the author.
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