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ABSTRACT: Low-power and color-sensitive neuromorphic vision systems are
critical to the next generation of intelligent devices. Here, we report a coral-
inspired, lead-free synaptic device based on Cs;Bi,Bry perovskite nanocrystals
prepared by centrifugal casting into a porous thin film. The device exhibits
wavelength-dependent plasticity under 405, 520, and 635 nm illumination
without an external bias. By modulating the light wavelength and intensity, short-
term and long-term synaptic plasticity are achieved to mimic excitatory,
inhibitory, and saturating biological responses. Structural and spectroscopic
analyses reveal that bromine vacancies play a key role in the dynamic modulation
of carrier transport and plasticity evolution. The efficient preprocessing of RGB
visual information significantly enhances recognition accuracy in artificial neural
network devices. This wavelength-specific modulation of synaptic plasticity, a
novel approach for color image preprocessing and recognition, is very promising

for the advancement of neuromorphic systems.
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Bl INTRODUCTION

The advancement of embodied intelligence is accelerating the
demand for neuromorphic visual systems (NVSs) that emulate
human visual processing.' ~* Unlike traditional systems, NVSs
merge sensing, processing, and memory to allow fast and
efficient perception, a key feature for smart agents in changing
environments.” ® However, the development of such systems
faces significant challenges, particularly in achieving low-power
operation, multiwavelength sensitivity, and dynamic synaptic
plasticity, which are key features that underpin biological
vision.””” Current optoelectronic synapses often exhibit
mutually exclusive short-term plasticity (STP) and long-term
plasticity (LTP), require external voltage biases, and lack color-
discriminative capabilities.'”'" These limitations restrict their
ability to emulate adaptive learning and parallel processing of
biological visual pathways.

In recent years, research on optically controlled synaptic
devices has partially alleviated the aforementioned limitations.
Several studies have demonstrated wavelength-dependent,
light-induced nonvolatile excitatory and inhibitory re-
sponses,' "> indicating that spectral modulation offers a
feasible approach to construct color-sensitive neuromorphic
devices. For instance, materials such as MoS, and ZnO exhibit
excitatory or inhibitory synaptic behaviors under different
illumination wavelengths, with some systems even achieving
reversible switching of synaptic states via optical stimula-
tion."* ™' However, most of these devices still rely on electrical
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assistance or specific material architectures, thus limiting their
potential in achieving self-powered operation, enhanced
controllability, and broad applicability.””'"~"” Halide perov-
skites offer tunable bandgaps, high defect tolerance, and strong
light-matter interactions, enabling efficient carrier transport
and defect-mediated plasticity."**>*" In particular, lead-based
perovskites like MAPbI; show promising synaptic behaviors,
but toxicity and instability limit their use.””*’

Inspired by coral photobiology, which achieves efficient light
harvesting through hierarchical pore architectures and ion
migration-mediated spectral tuning,*>® we propose a multi-
wavelength-dependent synaptic device based on Cs;Bi,Br,
(CBB) perovskite. This device, composed of CBB perovskite
nanocrystals (PNCs) fabricated using a centrifugal casting
method, features a stack structure of Au/CBB/FTO. It shows
wavelength-tunable synaptic plasticity across three distinct
wavelengths—405, 520, and 635 nm—without the need for
biasing. The mechanism of this wavelength-dependent
behavior is rooted in the unique coral-like structure of CBB,
which dynamically regulates light scattering, absorption, and
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Figure 1. (a) Schematic diagram of the Au/CBB/FTO synaptic device; (b) cross-sectional SEM images of the device; (c) XRD patterns of the
CBB PNCs; (d) absorption spectra of the CBB PNCs; (e) I-V curves of the device under different wavelengths (405, 520, and 635 nm); (f) the

relationship between V,;, at different wavelengths and light intensity.

Figure 2. Optical pulse response characteristics at different optical power densities (5.6 mW/cm?, 371.1 mW/cm? 803.9 mW/cm? 1033.3 mW/
cm?,1263.9 mW/cm?); (a) 635 nm, (b) 520 nm, and (c) 405 nm wavelengths; (d) relationship between decay time, light intensity, and wavelength.

reflection to optimize the response under varying lighting
conditions. The results, which reveal wavelength-coded
photoinhibition/enhancement coexistence, establish a general-
izable platform for energy-efficient, color-aware neuromorphic
systems.

B RESULTS AND DISCUSSION

The bionic synaptic device consists of Au/CBB/FTO, as
shown in Figure 1a, where light is incident on the FTO side of
the transparent electrode. The cross-sectional SEM diagram of
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the device in Figure 1b shows that the thickness of the CBB
layer is about 4.2 yum. The corresponding EDS elemental maps
are shown in Figure S1. Figure 1c shows the X-ray diffraction
(XRD) patterns of the CBB perovskite. The diffraction peaks
at 12.8°, 15.7°, 18.0°, 22.2°, 27.2°, 31.7°, and 45.2° can be
assigned to the (100), (101), (002), (102), (003), (202), and
(204) planes, respectively. These peaks correspond to the
standard diffraction pattern of CBB PNCs (JCPDS No. 44-
0714, space group P3ml, a = b = 0.796 nm, ¢ = 0.984 nm),
confirming that the material has high crystallinity and exhibits
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Figure 3. (a) HR-TEM images of CBB PNCs; (b) Partial enlarged drawing; (c) Lattice diffraction distribution image; (d) XPS Br 3d spectra of the
CBB film irradiated under different light conditions; (e) A, displacement in the Raman spectra for different light conditions; (f) Ay, displacement

in the Raman spectra for different recovery times after illumination.

trigonal symmetry.”” >’ The UV-visible optical absorption
spectra of CBB perovskite, shown in Figure 1d, exhibit a light
absorption range from 400 to 700 nm. The corresponding
Tauc plot of the absorption spectra (Figure S2) reveals that
CBB PNCs possess a direct bandgap of 2.58 eV, which is
consistent with previous reports.”””' The [-V curves are
acquired at different wavelengths (405, 520, and 635 nm) of
light with an intensity of 155.6 mW/ cm?, as shown in Figure
le. The device shows the highest response (~70 pA) to a 40S
nm optical stimulus, which is consistent with the absorption
feature of the CBB PNCs film. It is noted that the I-V curves
exhibit a shift from zero under both dark and light conditions.
The offset from zero in the dark is caused by the built-in
electric field generated by the asymmetric electrode and the
porous structure of the CBB PNCs thin film.>****® The
photogenerated electric field, created by the photovoltaic
effect, opposes the built-in electric field, causing the I-V zero
offset to shift toward the positive voltage. As the wavelength
decreases and the energy increases, the photogenerated electric
field strengthens, causing a larger shift in the deviation point.

To further investigate the device response to optical signals,
experiments were conducted for different wavelengths and
light intensities, as shown in Figure S3, and the statistical
analysis is presented in Figure 1f. As light intensity increases,
the zero-offset point shifts toward the positive voltage,
indicating that photogenerated electron—hole pairs accumulate
near the interface to form a reverse electric field that weakens
the built-in electric field. This leads to a positive shift of the
zero-bias point, with the degree of shift increasing with light
intensity. At 635 nm, the photon energy is below the bandgap
of the perovskite, thereby exciting only shallow-level states and
generating a limited number of carriers, resulting in the zero

offset moving from —0.15 V to —0.01 V. At 520 nm, the
photon energy is near the bandgap, generating abundant free
carriers and activating interface states, which significantly
weaken the built-in field and cause the zero-offset point to shift
from —0.1 V to 0.05 V. At 405 nm, where the photon energy
exceeds the bandgap, deep-level defect states are excited, and
Br~ ion migration is triggered. At low light intensity, the zero-
offset point shifts from —0.14 V to 0.09 V. At higher intensities,
photoinduced Br™ migration leads to the formation of bromine
vacancies (Vy,), which serve as defect centers to accelerate
carrier recombination,’® thereby reducing the photoinduced
electric field and causing the intersection point to shift back to
0.02 V.

Figure 2a-c shows the optical pulse response of the device at
635 nm, 520 nm, and 405 nm, respectively. Five optical pulse
sequences with different optical power densities (5.6 mW/cm?,
371.1 mW/cm?, 803.9 mW/cm?, 1033.3 mW/cm?, and 1263.9
mW/cm?) are applied. The pulse train consists of 20 cycles,
each with a 3 s duration (pulse width of 1.5 s, interval of 1.5 s).
It is observed that shorter wavelengths produce larger optical
pulse responses at the same optical power density, while higher
optical intensities lead to greater responses at a fixed
wavelength. When the incident wavelength is 635 nm and
the optical intensity is below 803.9 mW/cm? as shown in
Figure 2a, the photocurrent shows little change with the
increase in pulse number. However, when the optical power
density exceeds 803.9 mW/cm?, the photocurrent increases as
the pulse number rises. This behavior is analogous to
excitatory synaptic activity in biological synapses, where a
stronger stimulus leads to a higher amplitude response. When
the incident wavelength is 520 nm and the optical power
density is below 1033.3 mW/cm® [Figure 2b], the photo-
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current increases with the pulse number. However, when the
optical power density exceeds 1033.3 mW/cm? the photo-
current plateaus and tends toward saturation, resembling
biological synaptic saturation, in which further increases in
stimulus intensity do not produce a higher amplitude response.
At a wavelength of 405 nm and an optical power density below
371.1 mW/cm?* (Figure 2c), the photocurrent increases with
the pulse number. Beyond 371.1 mW/cm?, the photocurrent
decreases as the pulse number increases, mimicking the
inhibitory synaptic behavior in biological systems, where
stronger stimuli hyperpolarize the synaptic neuron, resulting
in a lower amplitude response. The decay time, which refers to
the time it takes for the photocurrent to decrease from 90% to
10% of its maximum value,” is calculated for light pulse
sequences of different wavelengths and light intensities, as
shown in Figure 2a-c. The results are presented in Figure 2d.
The device exhibits transition characteristics of STP and LTP
by varying the incident light wavelengths. At incident
wavelengths of 635 nm and 520 nm, the photocurrent decay
time is shorter, indicating STP. It gradually increases with
higher light intensity. At 405 nm, the photocurrent decay time
is longer, indicative of LTP behavior, and decreases with higher
light intensity. The EPSC and PPF characteristics of the device
are shown in Figures S4 and S5, respectively. The comparison
with previously reported lead-free and lead-based perovskite
nanocrystal devices is summarized in Tables S1 and S2,
respectively. This device does not require a bias voltage and
has properties comparable to those of other reported devices.

To clarify the transition behavior from STP to LTP under
different lighting conditions, microscopic morphology charac-
terization is performed, and the results are presented in Figure
S6. The surface morphology of the CBB layer exhibits a
hierarchical porous structure, as shown in Figure S6a, which is
similar to the coral-like structure in Figure S6c. Figure S6b is
the cross-sectional SEM image of the CBB layer, which is
similar to that in Figure S6d. In nature, corals enhance light
utilization through the dynamic regulation of their porous
morphology and internal pigments under different lighting
conditions (Figure S6e), consequently enabling efficient light
energy absorption and self-protection.”** Figure S7 shows the
EDS results of Cs, Bi, and Br in the CBB film. Figure 3a shows
the HR-TEM image of CBB PNCs, and Figure 3b is an
enlarged view of the red box in Figure 3a. The interlayer
spacing of ~0.22 nm corresponds to the (301) crystal planes.
The lattice diffraction intensity distribution of Br confirms the
presence of Vg, in the CBB structure, with a significant
intensity reduction, as shown in Figure 3c. In situ X-ray
photoelectron spectroscopy (XPS) and Raman scattering are
performed to analyze the change of Vg, under different
illumination conditions, as shown in Figure 3d-f. Figure 3d
presents the XPS results of Br™ 3d;,,, Br™ 3ds,,, Br* 3d;,,, and
Br" 3d;;, under different lighting conditions, specifically LI
(635 nm), LII (520 nm), and LIII (405 nm) irradiation for 2
min, respectively.’®*” The corresponding full spectrum of the
CBB structure and the core-level spectra of Cs 3d and Bi 4f are
shown in Figure S8a-c, respectively. The transition mechanism
from STP to LTP is elucidated by analyzing the variation in
the Br® content in the CBB structure under different
illumination conditions. Under illumination at 635, 520, and
40S nm, the Br* concentrations are 29.6%, 30.7%, and 33.6%,
respectively, which are notably higher than the 28% observed
in the dark state. The lattice vibration dynamics of the CBB
structure under different illumination conditions is investigated

by Raman scattering. The vibration mode of Bi—Br bonds
corresponds to two peaks of A, (190.78 cm™") and E, (165.80
em™1).2%% Figure 3e,f shows the changes of the A, peak under
dark and different illumination conditions [LI (635 nm), LII
(520 nm), and LIII (405 nm) irradiation for 2 min], as well as
different recovery times after 40S nm illumination (1, 3, and S
min) respectively. The corresponding changes of E, peaks are
shown in Figure S9a,b. Compared to the dark condition, the
characteristic peaks of A, and E, shift toward lower wave
numbers, as shown in Figures 3e and S9a. The following is the
relationship described by the Raman shift formula:*

1 |k

w=—/—
2ac\| 1 (1)

where @ is the Raman shift (cm™), ¢ is the velocity of light,
and y is the effective mass. The Raman shift of the Bi—Br bond
(E; and A;) is attributed to the decreased force constant (k) of
the Bi—Br bonds caused by the introduction of Vy,.. The result
further confirms the generation of Vy, during light irradiation,
and a shorter wavelength leads to stronger light energy and
increased Vp, generation. As the recovery time increases under
the dark condition, the characteristic peaks of A;, and E,
gradually shift toward higher wave numbers in Figures 3f and
S9b, indicating that the generation of Vg, is reversible. Figure
S10 shows the ultraviolet photoelectron spectroscopy (UPS)
results and optical bandgap of Figure S2 to obtain the
conduction band minimum and valence band maximum of the
CBB layer. Figure S11 presents the energy band diagram of the
CBB synaptic device under different illumination conditions.
Upon excitation by a 635 nm laser, some electrons in the CBB
film are excited from the valence band (VB) to the conduction
band (CB) to generate photogenerated electrons and holes,
which then transfer to the FTO and Au electrodes,
respectively. In the Schottky junction formed between the
perovskite layer and the metal electrode, the alignment of the
Fermi levels gives rise to energy band bending at the interface,
resulting in the formation of a depletion region with a width of
H, on the semiconductor side, as illustrated in Figure S11b.
With increasing incident photon energy, a large number of
photogenerated electron—hole pairs are produced in the
perovskite layer. Some of these carriers accumulate near the
interface and are trapped in shallow defect states. This
redistribution of charge modulates the local Schottky barrier
height, leading to further band bending and a reduction in the
depletion width to H,, manifested as enhanced photocurrents
and STP, as shown in Figure S11c. Upon further increasing the
incident photon energy, intense illumination generates more
photocarriers and simultaneously drives the migration of Br~
to form V. These deep-level defects affect the capture and
release dynamics of photogenerated carriers, giving rise to
LTP.*"** Additionally, Vi, can act as nonradiative recombina-
tion centers to accelerate carrier recombination. As the
illumination duration increases, the concentration of Vj,
rises, leading to an initial enhancement followed by a gradual
decay of the photocurrent due to recombination losses,** as
shown in Figure S11d. This response, characterized by an
initial increase and subsequent decrease of the photocurrent,
resembles the light-enhanced energy effect in coral.””

About 80% of the information humans receive comes from
the eyes. Different light energy stimuli regulate the ion
channels of retinal photoreceptors, alter cell conductivity and
neuronal potential, and affect synaptic plasticity to optimize
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Figure 4. Synaptic plasticity modulation by varying (a) pulse width (0.5, 1, 1.5, 2, and 2.5 s); (b) pulse interval (0.5, 1, 1.5, 2, and 2.5 s); (c) pulse
numbers (S, 10, 15, 20, and 25); and (d) pulse periods (0.2's, 0.3 s, 1 s, 2 s, 3 s) for different wavelengths (405 nm, 520 nm, 635 nm).

visual signal transmission.”> Synaptic plasticity, such as STP
and LTP, is simulated by stimulation with different wave-
lengths (40S, 520, and 635 nm). To mimic the dynamic
regulation of the device, a series of light pulses with different
pulse widths (0.5s, 1's, 1.5's, 2 s, and 2.5 s), pulse intervals
(0.55s, 15, 155,25, and 2.5 s), pulse numbers (5, 10, 15, 20,
and 25), pulse periods (0.2's,03s, 1's, 25, and 3 s), and
intensity of 803.9 mW/ cm? are applied as external stimuli, as
shown in Figure 4a—d. The synaptic weight increases as the
incident wavelength decreases. Upon 635 nm laser stimulation,
the synaptic weight gradually strengthens as the pulse width
increases from 0.5 to 2.5 s. A larger pulse width generates more
photogenerated carriers, which are trapped in defect states in
the perovskite photosensitive layer and at electrode interfaces,
resulting in photocurrent accumulation and enhanced synaptic
weight. During 520 nm laser stimulation, the synaptic weight
initially increases with pulse widths (0.5—2 s), but for pulse
widths between 2 and 2.5 s, it decreases gradually. This
behavior is attributed to the higher photon energy of 520 nm
wavelength light compared to that of 635 nm and the
concomitant increased carrier recombination or saturation
effects. For the same optical power density and pulse width,
520 nm light produces significant bromine ion migrations in
perovskites, generates ion vacancy defects as recombination
centers for photogenerated carriers, and reduces the synaptic

weight. Owing to the higher photon energy, 405 nm light
produces a more pronounced effect. As the pulse width
increases (0.5—2.5 s), the synaptic weight decreases gradually,
as shown in Figure 4a. Upon illumination with 405, 520, and
635 nm light, the synaptic weight increases as the pulse
intervals decrease, as shown in Figure 4b. Conversely, Figure
4c illustrates that the synaptic weight decreases with an
increasing number of light pulses, demonstrating that the
optoelectronic device exhibits pulse-number-dependent plasti-
city for different wavelengths. As shown in Figure 4d, the
synaptic weight declines gradually with increasing pulse
frequencies in the light pulse sequence. The variations in
synaptic weights can be described by the following formula:*®

X 100%

In B 10
W% =
IO

)

where I, is the initial current value, and I, (n = 1, 2, 3, ... 20) is
the corresponding current value after stimulation.

Extracting effective information from complex environ-
mental data is crucial.*”** Our device demonstrates wave-
length-dependent synaptic plasticity, making it suitable for
color image preprocessing. As shown in Figure Sa, the original
color image is decomposed into its R, G, and B components
using Python, with the normalized RGB values mapped to light
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Figure S. (a) Schematic image of encoding color information into the corresponding synaptic weight; (b) statistics of the channel photocurrent
response as a function of pulse number under different wavelengths, namely red (red columns), green (green columns), and blue (blue columns)
light pulses. The light intensity is 5.6 mW/cm? and the duration and interval are 0.5 s and 1.5 s, respectively; (c) differences between the blue and
other features as the number of light pulses increases; (d) image preprocessing in neuromorphic vision systems and image recognition in artificial
neural networks; comparison of recognition accuracy for different thresholds: (e) 10%; (f) 20%; (g) 30%; (h) 50%.

intensities corresponding to 635 nm (Red), 520 nm (Green),
and 405 nm (Blue). Figure Sb presents the dependence of the
photocurrents on the number of pulses at different wave-
lengths. The photocurrents are then used to reconstruct the
output images. As illustrated in Figure Sc, increasing the
number of pulses enhances the contrast between the blue
feature and the other elements, making the blue object
progressively clearer. An artificial vision system combining a
neuromorphic vision device array with an artificial neural
network (ANN) is designed and implemented. Experiments
are conducted based on a modified version of the National
Institute of Standards and Technology (MNIST) handwritten
digit dataset, which is treated with Gaussian noise. The
experiments are carried out in MATLAB 2023b. As shown in
Figure 5d, the initial image is decomposed into three RGB
images. The sampled RGB image is then passed to a 28 X 28 X
3 sensor array to convert the optical signal into a synaptic
current, followed by summing the photocurrent from each
channel to generate the output image. As shown in the second
image in Figure 5d, the blue regions show higher currents. By
adjusting the threshold setting plane of the analog comparator

(the thresholds of the images in Figure Se—h are set to 10%,
20%, 30%, and 50% of the maximum gray value, respectively),
when the pixel current is lower than the set threshold, its
output is set to zero, thereby achieving denoising of the image
to different degrees. The output images are then normalized
and input into a neural network with a 784-neuron input layer,
a 100-neuron hidden layer, and a 10-neuron output layer for
image recognition. After 40 training epochs, the recognition
accuracy of the MNIST dataset with noise is only about 55%,
as shown in Figure Se. When the threshold is greater than 30%,
the recognition accuracy of both the ideal and denoised
datasets becomes comparable, reaching approximately 93%
after 40 training epochs, as shown in Figure 5f—h. This is a
significant improvement compared to the recognition accuracy
before preprocessing. The recognition accuracy improves as
the degree of preprocessing increases. This demonstrates that
the preprocessing process of NVSs can extract key information

to enhance the accuracy of color image recognition.
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Scheme 1. Schematic of the Synthesis of the Au/CBB/FTO Devices

B CONCLUSION

In summary, the biomimetic porous photoelectric synaptic
device achieves conversion between STP and LTP by adjusting
the incident light frequency. It simulates wavelength-regulated
excitatory and inhibitory synaptic plasticity, and the underlying
mechanism is inspired by the natural function of corals. This
light-tunable synaptic plasticity enables effective color image
recognition, and the results offer insights into the advancement
of intelligent vision systems.

B EXPERIMENTAL METHODS

Preparation of CBB Film. CBB PNCs were prepared by a
supersaturated crystallization method. CsBr (Aladdin,
99.999%; 0.2 mmol) was mixed with BiBr; (Aladdin, 99.99%;
0.13 mmol) and dissolved in DMSO (Aladdin, 99.8%; 3 mL)
and N-octylamine (Olam) (Aladdin, 99%; 33 uL) to produce a
yellow clarified CBB perovskite precursor solution after stirring
at room temperature for 12 h. The precursor solution was
rapidly injected into a mixture containing 30 mL of ethanol
and 3 mL of oleic acid (OA) (Aladdin, 99%) under vigorous
stirring at 80 °C for 10 min to form CBB PNCs. Figure S12a
shows the low-magnification transmission electron microscopy
(TEM) image of the synthesized CBB PNCs. The CBB PNCs
exhibited a quasi-spherical shape with an average diameter of
9.3 nm and a size distribution of ~1.4 nm (Figure S12b). The
HR-TEM images reveal an interlayer spacing of ~0.33 nm,
which can be indexed to the (003) crystal facet of the pure
monodisperse CBB PNCs [Figure S12 c]. Figure S12d shows
the Fast Fourier Transform (FFT) pattern of the nanocrystal,
revealing a set of bright 6-fold symmetrical spots that can be
indexed to the (100) and (002) planes, indicating highly
crystalline CBB PNCs. After centrifugation at 12,000 rpm and
drying in a vacuum oven (60 °C), the PNCs powder was
placed in n-hexane and made into a solution with a
concentration of 2 mg/mL. The centrifugal casting method
was adopted to deposit the CBB film on the FTO substrate.
The FTO glass (2X2cm?) was cleaned ultrasonically with
acetone, ethanol, and deionized water successively. After
drying with flowing N,, the FTO glass was exposed to oxygen
plasma for 15 min. It was then placed at the bottom of a
centrifuge tube containing 10 mL of the nanocrystalline
solution. After centrifugation at 6,000 rpm for 10 min, the
sample was removed, and the solution was allowed to
evaporate naturally.

Preparation of the Au/CBB/FTO Device. An Au (~240
nm) top electrode was prepared on CBB/FTO by direct
current (DC) magnetron sputtering. The electrode radius was
500 pm, the sputtering power was 80 W, the pressure was 6 X
107* Pa, and the Ar, flow rate was 30 sccm. The synthesis
process is shown in Scheme 1

48471

Characterization. The morphology and elemental compo-
sition of the samples were characterized by SEM (ZEISS
Gemini SEM 300) and EDS mapping. The crystal structure of
the CBB PNCs was examined by HR-TEM (JEM2100). The
absorption spectra were acquired with a Shimadzu UV-3150
spectrophotometer. XPS and Raman scattering analyses were
performed using the Esca Lab 250Xi and Nanofinder 30,
respectively. The photoelectric measurements were carried out
on the Keithley 4200-SCS parameter analyzer, AFG31000
Series Arbitrary Function Generator, and lasers with wave-
lengths of 405, 520, and 635 nm.
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1. Cross-sectional EDS characterization of Au/CBB/FTO
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Figure S1. Cross-sectional EDS images of AWCBB/FTO.
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2. Optical bandgap characterization of CBB PNCs
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Figure S2. Calculation of the optical bandgap of CBB PNCs using the Tauc method.
The bandgap of CBB PNCs (direct bandgap) is estimated using Tauc equation':
(a-hv)? = A(hv — E,) (1)

in which a is the absorption coefficient, /4 is Planck's constant, v is the frequency, A is
a constant, Eg is the bandgap. The direct bandgap of the as-grown CBB PNCs is

estimated to be around 2.58 eV.
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3. I-V characteristic curves of the device at different wavelengths and different

light intensities
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Figure S3. [-V characteristic curves of different light intensities at different

wavelengths: (a) 405 nm; (b) 520 nm; (c) 635 nm.
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4. EPSC characteristic
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Figure S4. EPSC is triggered by a light pulse with a wavelength of 405 nm, a

power density of 0.8x10-3 mW/cn?, and a width of 1 s.

EPSC triggered by the light pulse with power density of 0.8x10 mW/cm?
and a width of 1 s.  The energy consumption of the device is calculated according
to the relationship formula?: E=PxSxtignt, where P is the light power density, S is
the photosensitive area of device, tiignt is light pulse width.  The energy

consumption is 6.8 nJ.
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5. PPF characteristic
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Figure S5. (a) Light pulse parr with a 1 s nterval and light ntensity of 156 mW
cm 2 at 405 nm; (b) PPF index as a function of light spike interval time, At. The

PPF index is defined as the ratio of A2/A1, where Az and A represent the EPSC by

the second and the first light pulses, respectively.
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6. Summary of key parameters for reported lead-free perovskite-based

photoelectric synaptic devices

Table S1. Properties of lead-free perovskite-based photoelectric synaptic devices.

Device A |Stimulus| PPF Energy
Materials Ref.
type (nm) | signal index [consumption
Three- Electric,
PEA2Snl4/Y6 450-808 160% / 3
terminal light

Three- 405, | Electric,
Cs3Bilo/DPPDTT 123% / 4
termmal (532, 635 light

Two- 445,
Cs3BiBro Light 183% 0 >
termmal |520, 660

Two- Electric,
Cs2AgBiBrs 532,660 / 0.4-1nJ 6
terminal light

Three- |460-630| Electric,

(PEA)2Snl4 129.7% / 7
terminal light
Two- 405, Our
Cs3Bi;Bro PNCs Light | 142.7% 6.8 nJ
terminal |520, 635 work

S6



7. Summary of key parameters for reported lead-based perovskite-based

photoelectric synaptic devices

Table S2. Properties of lead-based perovskite photoelectric synaptic devices.

Device A |Stimulus| PPF Energy
Materials Ref.
type (nm) | signal index |consumption
Three- Electric,
CsPbBr3/P3HT 445 179% / 8
termmnal light
Two-
MAPbBr3/ZnO 365 light / 17.1 W ?
terminal
Three- Electric,
CsPbBr3/MoS:2 360 / / 10
terminal light
CsPb(Bri- Three-
405 light / / 1
xIx)3/MoS2 terminal
Three- Electric,
CsPbBr3/PDPP-TT 365 133% / 12
terminal light
Three- 400- | Electric,
CsPbBr3/pentacene / / 13
termmal | 1050 light

S7



Three- FElectric,
BCP/MAPbBr3 405,530 160% 5.8pJ 14
terminal light
Three- Electric,
CsPbo.5Sny.5Br3 405-532 109% 0.111 15
terminal light
Zr-CsPbls/ Three- Electric,
405,650 / / 16
pentacene terminal light
405,
Two- Our
Cs;Bi; Bro PNCs 520, Light | 142.7% 6.8 nJ
terminal work
635
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8. SEM characterization of CBB PNCs film

Figure S6. SEM images of (a) Surface and (b) Cross-section of the CBB film; (c,
d) Natural coral structure from different perspectives in nature; (e) Schematic

illustration of light enhancement effects in natural corals.
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9. EDS characterization of CBB PNCs film

(b) (c)

Figure S7. EDS elemental maps of the CBB PNCs film (a) Cs; (b) Bi; (¢) Br.
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10. XPS characterization of CBB PNC:s film
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Figure S8. XPS spectra of the CBB PNCs film: (a) Survey; (b) Cs 3d; (c) Bi 4f.
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11. Egpeak in the Raman spectra under dark and different illumination conditions
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Figure S9. (a) E; displacement in Raman spectra under different light conditions; (b)

Eq displacement in Raman spectra with different recovery times after illumination.
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12. UPS characterization of CBB PNCs
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Figure S10. (a) UPS spectrum of the CBB PNCs; (b) Enlarged view of the low- and

high-binding-energy regions of the spectrum.

UPS measurements is performed to determine the valence band maximum of CBB

PNCs, and the value can be obtained by the following formulas!”:

EVBM = hv — Ecutoff + Efermi (2)

Ecgm = Evpy + E 3)

where Avis the ultraviolet radiation energy (21.22 eV), Ecuwyis the binding energy of
the secondary cutoffs in the spectra, and Eremiis the difference between the valence
band maximum (Eysm) and the Fermi level. ~Combining the bandgap energy of 2.58

eV, Eyamand conduction band mnimum (Ecaum) are 6.43 eV and 3.86 eV, respectively.
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13. Energy band diagrams of device wavelength regulation mechanism

(@) (b) (©) (d)

Figure S11. Schematic diagram of the energy band alignment: (a) Initial state, (b) 635

nm, (¢) 520 nm, and (d) 405 nm.
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14. TEM characterization of CBB PNCs
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Figure S12. (a) TEM mmage of quasi-spherical CBB PNCs; (b) Size of CBB PNCs
calculated by the Nano-Measure Particle Size Statistics software; (c) HR-TEM image

of quasi-spherical CBB PNC:s; (d) FFT pattern of CBB PNCs.
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