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Abstract

The focus of artificial synaptic device researches has gradually shifted towards synaptic devices

with specific functionalities. In this work, we report an optically responsive memristor (with a
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configuration of Ag:Agl/MA4FA¢cPbls/Ag:Agl) that achieves bidirectional switching of
resistive states utilizing 450 nm and 650 nm light at an ultra-low readout voltage of 0.001 V.
The device presents artificial visual synapses (AVS) features in terms of short-term plasticity
(STP)/long-term plasticity (LTP) to pulsed light in the range of 300-700 nm. Under 450 nm
blue light, an abrupt shift from low to high resistance can be observed, resembling the effect of
glare. Intriguingly, the introduction of 650 nm red light can expedite the recovery following
blue light exposure. These attributes underscore potential of the device for tasks encompassing
color recognition, memory functions, and adaptation, suggesting promising prospects within
artificial visual neural networks for ultraviolet and visible light sensing, transmission, and

memory applications.

Introduction

The rapid development of artificial intelligence (AI) and machine learning has introduced
formidable challenges to conventional computing paradigms, stemming from the escalating
volumes of data to be processed. Traditional architectures, limited by the von Neumann
bottleneck', where computation and memory are segregated, result in significant energy
consumption and time overheads during advanced tasks such as machine learning and image
recognition. In contrast, the "memory processing" mechanism of the human brain accelerates
processing speed while significantly reducing energy consumption’. To emulate this neural
computing paradigm, researchers have increasingly turned their focus toward memristors.
These novel devices are also referred to as artificial synapses due to their synaptic
characteristics resembling neural structures®>.

Artificial synapses have developed into many types, among which artificial visual
synapses (AVS) that encompass optical sensing and memory capabilities have received
widespread attention. The approach of biomimicking the biological visual neural system using
these synapses has been extensively applied®’. AVS can be categorized based on their structure
into two distinct types: standalone devices featuring separate light-sensing and memory
modules®’, and integrated devices combining both light sensing and memory modules into one

10-13

unit™ °. It is evident that the latter option offer advantages for achieving low-power



consumption and large-scale integration.

In order to enhance the capabilities of AVS, improving the performance and expanding the
functionality of optoelectronic materials are the key pathways. Many low-dimensional
optoelectronic materials have already been employed in optimizing artificial visual neural
systems'*'¢. Perovskites materials have also been considered as the promising candidate for
AVS applications due to the outstanding optoelectronic properties and characteristics related to
ion migration'’?,

Many types of AVS, e.g. low-dimensional, perovskite materials etc., have been reported
and exhibit varieties of functions, such as image recognition and memory. The narrow range of
their light response, however, poses a challenge in replicating functions akin to those of the
human eyes'*?®. Additionally, most of the reported AVS presented single function related to
illuminating light. While natural synapses are categorized into two types, i.e. excitatory and
inhibitory synapses®-". Excitatory synapses make up the majority of synaptic connections in
the nervous system, a small fraction of inhibitory synapses play an indispensable role.
Inhibitory synapses shape the brain's circuitry connections and dynamic changes through
synaptic plasticity. The imbalance between excitatory and inhibitory synapses is a crucial
mechanism underlying neuropsychiatric disorders such as autism and depression®'. Inhibitory
synapses are essential for establishing excitatory/inhibitory (E/I) balance, achieving firing rate
homeostasis, controlling excitatory plasticity, and shaping neural network connections®>. Hence,
achieving bipolar synaptic plasticity is a focal point in AVS. Currently, the bipolar reversible
modulation of AVS is primarily achieved through a combination of optical and electrical
stimulation®***. This hybrid signaling method results in notable energy consumption, introduces
system complexity, and imposes restrictions on modulation speed. The achievement of all-
optical bidirectional reversible synaptic plasticity stands as a universally acknowledged
challenge for AVS*+°,

In this work, we engineer an all-optical bipolar reversible modulation memristor, which
works on the photoinduced reversible switching effect between Ag and abundant iodine ion on
the prepared perovskites film. Our device demonstrates the capability of AVS to recognize and
retain information about electromagnetic waves across the ultraviolet to visible light spectrum.

Notably, it rapidly transitions from a low to high resistance state when exposed to 450 nm blue



light, gradually reverting to the low resistance state in the absence of light, and efficiently
recovering it through 650 nm red light irradiation. Functioning at an ultra-low readout voltage
of 0.001 V, the device achieves exceptional all-optical bidirectional reversible regulation of
resistive states, boosting an impressive high-to-low resistance switching ratio up to 74459 at
the readout voltage of 0.01 V. These findings underscore the successful realization of a fully
photonically controlled artificial synapse with dual-polarity reversibility and ultra-low energy
consumption, showcasing its potential for UV-to-visible light sensing, memory storage, and

adaptive functionalities.

Results

Characteristics of Ag:Agl/MA(4FA(cPbls/Ag:Agl optically responsive memristor. As
shown in Fig. 1a, a typical device configuration consisted of an approximately 600 nm thick
MA4FA6Pbl; film spun onto a glass substrate, and two Ag electrodes of size 2.75 X 2 mm?
and thickness 200 nm, spaced 100 um apart. Fig. 1b presents the cross-sectional SEM image of
the device, showing the perovskite film thickness of approximately 600 nm and Ag thickness
of 200 nm. The MA4FA(¢Pbls film utilized in this study was prepared using one-step spin-
coating method®’. Detailed can be found in the methods section. Fig. Ic displays a top-view
scanning electron microscopy (SEM) image of MA4FAPbls film. It is evident that uniform
micrometer-sized grains are passivated at the grain boundaries by excess PbL*’. In
Supplementary Figurel, the EDS image of the thin film reveals the reduction of Pb and I
elements and the deficiency of N elements at grain boundaries. It further confirms the formation
of Pbl, at grain boundaries. The X-ray diffraction pattern in Fig. 1d confirms the crystallinity
of the perovskite film, with peaks around 14° and 28° corresponding to (110) and (220)
diffraction peaks®. The green and blue lines represent standard PDF cards (PDF#97-025-2413
and PDF#97-025-0740) for MAPbI; and FAPDI;, respectively. The good agreement of
diffraction peaks of our film with these standards indicates the successful fabrication of the
MA.4FA06Pbl; film. Other major peaks, except those shown by the red line corresponding to
the diffraction peaks of Pbl, (PDF#97-006-8820), also match well. This suggests substantial

presence of residual Pbl, on the film surface, which can be ascribed to the usage of Pb(SCN),



as the additive®.
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Fig. 1 Structure and composition of Ag:Agl/MAo4FAosPbls/Ag:Agl optically responsive
memristor. a Schematic structure of the device. b Cross-sectional view SEM image of the
device. ¢ Top-view SEM image of the MA4FAosPbl; film. d XRD spectrum of the
MA 4FA6Pbl; film.

Fig. 2a illustrates a remarkable feature of the device, showcasing nearly three orders of
magnitude in both inhibition and enhancement across the bipolar spectral response, spanning
from ultraviolet to visible light wavelengths (300-800 nm). To explore the underlying causes
behind this peculiar photocurrent spectrum, we fabricated devices with Au electrodes for
comparative analysis. The results indicate that devices with Au electrodes exhibit gain-only
optical response characteristics within the same spectral range (see Supplementary Figure2).
Additionally, through I-V curves we discovered that devices with Ag electrodes exhibited
exceptionally increased dark current compared to those with Au electrodes (see Supplementary

Figure3). These attributes primarily arise from the formation of abundant Agl due to the



reaction (see equation (1)) between Ag and Pbl, on the surface of the perovskite film during the
process of depositing Ag electrodes. It is significantly different from the phenomenon observed
in traditional perovskite devices with Ag as the electrode. In the latter devices, following
perovskite film degradation and the subsequent formation of Agl through electrode reaction,
there is a distinct rise in device resistance accompanied by a decline in overall performance**
. Two key points support this assertion: 1. Agl serves as a highly conductive ionic conductor
notably amplifies the conductivity of the device***; 2. The I-V hysteresis curves of the device
under both +2 V and +10 V conditions prominently demonstrate distinctive Nonlinear

Differential Resistance (NDR) effect (see Supplementary Figure4a and 4b). This phenomenon

is exclusive to Agl-based devices*™.
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Fig. 2 The photocurrent spectrum and light absorption spectrum of the
Ag:Agl/MA,.4FA(cPbls/Ag: Agl optically responsive memristor. a Photocurrent spectrum of the
device, V= 0.1 V. b Absorption spectra of the MA¢4FA(¢Pbl; film and electrode region of the
device.

Afterwards, we delved deeper into the underlying causes of the unique spectral response
features displayed by the device. According to Fig. 2a, the current of the device experiences a
significant decline when exposed to 300-500 nm light. This phenomenon demonstrates a
noteworthy erasure effect, which can be attributed to the decomposition of Agl and the
formation of I, (see equation (2)) at the interface between the electrode and the film for the light

ISO

absorption (see Fig. 2b) and photosensitive nature of Agl>”. Under continuous light in the range

of 300-500 nm exposure, the device maintains an elevated high-resistance state. The cessation



of light exposure prompts the newly generated I, to react with Ag, regenerating Agl®' (see
equation (3)). This gradual process facilitates the return of the device to its low-resistance state
prior to light exposure.
2441 + hv — 24, + I, 2)
244 + 1, - 2441 3)
Intriguingly, when the device in the high-resistance state is irradiated with light in the 500-
700 nm range, it swiftly reverts to the low-resistance state before light exposure (see Fig. 2a).
Furthermore, with the variation of the morphology and distribution of Pbl, on the surface of the
perovskite thin film, the photocurrent spectrum of devices exhibits distinct characteristics (see
Supplementary FigureS). Several factors contribute to this phenomenon: 1. Decreased
photosensitivity of Agl in this wavelength range™, leading to the reformation of Agl as some I,
reacts with Ag; 2. Strong absorption and photocurrent response of the perovskite film in this
range (see Fig. 2b), offsetting the conductivity decline resulting from Agl decomposition; 3.
Light irradiation within this spectral range reduces the activation energy for iodine ion
migration in the polycrystalline perovskite film*, facilitating the migration of iodine ions in the
perovskite film. These ions react with Ag, resulting in the reformation of Agl. The operating

mechanism of the device is shown in Fig. 3.
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Fig. 3 Schematic representation of device operation mechanism.

To verify the photosensitive memristor characteristics of the device, we conducted three
cycles of I-V measurements under dark and different light illumination conditions separately
(see Fig. 4). Under dark conditions, the device exhibited linear Ohmic contact characteristics
within the scanning voltage range from -0.01 to 0.01 V, without any observed hysteresis (see
Fig. 4a). This indicates that the scanning voltage range from -0.01 to 0.01 V is insufficient to
induce the NDR effect of Agl.

But during the forward-reverse sweep process within the voltage range of 0.01 to -0.01 V,
when the device was illuminated with 650 nm light at the illumination of 16.7 mWcm, its
resistance decreased slightly, exhibiting a smaller hysteresis loop in the I-V curve (see Fig. 4b).
However, when the device was exposed to 450 nm light at the illumination of 1.86 mWcm™
during the -0.01 to 0.01 V forward sweep, it rapidly switched to a high-resistance state (see Fig.
4c). Upon stopping the light illumination at the beginning of the 0.01 to -0.01 V reverse sweep,
the device gradually recovered to a low-resistance state, showing a slightly larger hysteresis

loop in the I-V curve (see Fig. 4c). Finally, when 450 nm and 650 nm light were separately



applied during the forward and reverse sweep processes, the I-V curve exhibited the

characteristic behavior of a memristor™ (see Fig. 4d).
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Fig. 4 Illumination-affected I-V hysteresis curves. (Illustrations show the device testing
schematic under different conditions of darkness, 650 nm at the illumination of 16.7 mWecm 2,
and 450 nm at the illumination of 1.86 mWcm ™). a I-V characteristics under dark conditions.
b [-V characteristics under dark and 650 nm light illumination. ¢ I-V characteristics under dark
and 450 nm light illumination. d I-V characteristics under 450 nm and 650 nm light illumination.
(Arrows indicate the voltage scanning sequence and testing conditions.)

Next, stability testing of the device was performed. A total of 180 I-V cycles were
conducted using the same testing methodology as shown in Fig. 4d. While during the initial 40
cycles, the device exhibited a gradual decrease in low-resistance current and an increase in
high-resistance current, resulting in a gradual reduction of the high-low resistance switching
ratio to around 10* (see Fig. 5a). Amazingly, after 40 cycles, the device gradually stabilized,
and even up to the 180th cycle, there was minimal variation in the high-low resistance switching
ratio (see Supplementary Figure7a). This observation indicates that within the -0.01 V to 0.01

V scanning voltage range, the device is capable of repetitively and stably switching between



high and low resistance states, triggered by illumination with 450 nm and 650 nm light
(switching speed: 40 nm/s). Subsequently, endurance test was conducted on the device. At the
readout voltage of 0.001 V, the device exhibited extremely stable switching behavior of its high
and low resistance states within 4800 s interval, as the 450 nm and 650 nm light alternated (see
Fig. 5b).

We observed that the magnitude of hysteresis in the I-V curve of the device could be
adjusted by varying the scan time. We tested the device with different scan speeds (see
Supplementary Figure8a). The results indicated that longer scan time, resulted in "fat" curves
and higher high-to-low resistance ratios. This phenomenon is attributed to prolonged blue light
exposure leading to increased Agl decomposition, resulting in more I, generation and higher
device resistance. Conversely, longer red-light exposure favors Agl re-synthesis, causing the
device to recover to lower resistance state.

Subsequently, we expanded the scanning voltage range from -0.2 V to 0.2 V for further I-
V cyclic scanning tests (see Supplementary Figure9). This device showed Ohmic contact
characteristics (see Supplementary Figure9a) under dark condition. But when 450 nm and 650
nm light were separately illuminated during the forward and reverse sweep processes, our
device exhibited larger high-low resistance switching ratio (see Fig. 5c). At the readout voltage
of 0.01 V, the high-low resistance ratio of the device consistently remained close to 10* over 50
cycles of I-V testing (see Supplementary Figure7c), with the highest switching ratio reaching
74459. As the number of I-V cycles increased, the device demonstrated an increasingly stable
high-low resistance switching ratio (see Fig. 5¢). The final 10 I-V cycle scan curves complete
overlap (see Fig. 5d), indicating enhanced stability at 0.01 V readout voltage. Following this,
endurance testing of the device was conducted at the readout voltage of 0.1 V (see

Supplementary Figure7b).
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Fig. 5 Light-modulated I-V cyclic curves and endurance testing. a I-V cyclic curves were
recorded for the 1st, 10th, 20th, 40th, 120th, and 180th cycles under a scanning voltage range
from -0.01 to 0.01 V (average scanning speed: 100 s/cycle). b Endurance assessment involved
alternating illumination of 450 nm and 650 nm light at the readout voltage of 0.001 V
(wavelength switching speed: 40 nm/s). ¢ I-V cyclic curves were recorded for the 1st, Sth, 10th,
20th, 40th, and 50th cycles under a scanning voltage range from -0.2 to 0.2 V (average scanning
speed: 420 s/cycle). d I-V cyclic curves were measured for cycles 41 to 50 under a scanning

voltage range from -0.2 to 0.2 V.

Color Perception and memory. Based on the previous measurements, we observed that our
device exhibits all-optical bidirectional reversible regulation of resistive states when stimulated
with light in the range of 300-800 nm. Furthermore, it demonstrates stable high resistance and
low resistance states under continuous stimulation with light at 450 nm and 650 nm,
respectively. This light-induced response exhibited by the device bears resemblance to the
adaptability process observed in the human eyes when exposed to light. In the realm of human

perception, vision plays a pivotal role, accounting for a substantial 80% or more of the



information gleaned from external stimuli. Visual sensing and memory significantly influence
human life, work, and learning. Light traverses the cornea and pupil, subsequently refracted by
the lens to project onto the retina. Photoreceptor cells—cones and rods—residing within the
retina relay stimuli through neural synapses to the optic nerve, which ultimately transmits
postsynaptic current (PSC) to the cerebral visual center, culminating in the human visual
experience. Within this intricate process, cones and rods serve as critical photoreceptors, with
cones, particularly, responsible for color vision®*. In the pursuit of photonic artificial synapses
to facilitate visual sensing and memory, biomimetic emulation of cone cells is of paramount
significance. As depicted in Fig. 6a, the transmission of light-stimulated signals by cone cells
entails the release of neurotransmitters from the presynaptic membrane of cones upon light
signal excitation, subsequently binding to active receptors on the postsynaptic membrane of
bipolar cells, thereby eliciting variations in PSC*,

Our device exhibits functionalities akin to visual synaptic between cones and bipolar cells.
As illustrated in Fig. 6b and c, when subjected to pulse light stimuli with pulse widths of 10 ms
and 50 ms in the range of 300-700 nm, the device demonstrates wavelength-resolved short-
term plasticity (STP). Subsequently, employing a sequence of 50 pulses with pulse widths of
100 ms and intervals of 100 ms, under light in the 300-700 nm range, the device manifests
wavelength-dependent long-term plasticity (LTP), as depicted in Fig. 6d. This plasticity may
stem from the migration of Ag ions and I ions’, in conjunction with variations in the generation
and decomposition rates of Agl under different wavelength light exposures. Through this testing
regimen, it was ascertained that the device exhibits a discerning capability for distinct visible
light pulse wavelengths, even as brief as 10 ms (see Fig. 6b). Furthermore, as the pulse width
(see Fig. 6¢) and frequency (see Fig. 6d) increase, the color resolution capacity of the device

becomes augmented.
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Fig. 6 Schematics and characteristics of color perception and memory based on AVS. a Color
recognition process of the biological visual neural synapse (left) and schematic representation
of color recognition testing using all-photon artificial synaptic devices (right). PSC following
b 10 ms and ¢ 50 ms pulse light stimulations at wavelengths of 300 nm, 350 nm, 400 nm, 450
nm, 500 nm, 550 nm, 600 nm, 650 nm, and 700 nm. d PSC following a series of 50 pulse light
trains, sequentially irradiated at 300 nm, 350 nm, 400 nm, 450 nm, 500 nm, 550 nm, 600 nm,
650 nm, and 700 nm, with a pulse width and interval of 100 ms each.

Remarkably, the device demonstrates excitatory postsynaptic currents in response to
warm-colored light (550-700 nm) stimulation, while exhibiting inhibitory postsynaptic currents
upon near-ultraviolet and cool-colored light (300-500 nm) stimulation. Thus, the emulation of
both excitatory and inhibitory synaptic processes in humans is realized solely through photonic
stimuli, thereby achieving a bionic implementation of bipolar artificial synapses under full
optical control. Additionally, blue light exposure can lead to irreversible retinal damage*®, and
research conducted by the University of London in 2021 indicates that timed exposure to red
light can enhance vision”’. Our device exhibits features akin to human eyes under these two
illumination conditions.

Adaptive processes and mitigation of glare phenomenon. As depicted in Fig. 7a, through



toggling between three conditions—650 nm, 450 nm, and darkness—the device emulates the
reversible transitions observed in human vision during the adaptive process under red and blue
light stimuli, yielding four distinct states. With respective thresholds of 12.5 nA and 11 nA for
"clear" and "blurry" vision (indicated by red and blue dashed lines in Fig. 7b-e), the device
attains "clear" and "blurry" states under red and blue light stimulation of 10, 50, and 100 ms,
respectively. Moreover, as the stimulus duration increases, two states of the device intensify,
extending the adaptation time (see Fig. 7b). Notably, following a 100 ms pulse light stimulus,
the device takes approximately 500 s to recover to the baseline state.

Continuing our investigation, we proceeded to delve into the adaptive processes of
artificial synapses under the influence of consecutive pulsed light stimulation, illustrated in
Supplementary Figurella and b. This phenomenon, referred to as paired-pulse facilitation
(PPF), stems from the transient enhancement in vesicular release probability at synapses during
continuous stimulation®. In our artificial synapses, this phenomenon can be conceptualized as
the immediate modulation of Agl content in response to consecutive stimulation. Upon
applying pairs of sequential red light and blue light pulses to the artificial synapses, the PSC
elicited by the second pulse exhibited distinct enhancements and reductions relative to those
prompted by the first pulse. To quantitatively evaluate the PPF induced by PSCs, we established
a PPF index that quantifies the ratio between the amplitudes of the second postsynaptic current
(A2) and the first postsynaptic current (A1). Under the influence of 650 nm red light and 450
nm blue light stimulation, the PPF index progressively diminished as the time interval between
the two stimuli (At) increased, as depicted in Supplementary Figurellc and d. Further extension
of the stimulus duration reveals a transient "blind" under 30 pulses of blue light with a pulse
width of 100 ms and intervals of 100 ms, leading to a reduction in response current to zero (see

Fig. 7c). This phenomenon mirrors the transient "glare effect">

experienced by drivers
transitioning from bright environments to tunnels, emulating the adaptive process of the human
eye. The distinctive aspect of this device lies in its capability to rapidly restore vision from a
"blind" state to a "clear" state using 650 nm red light stimulation following prolonged exposure

to 450 nm blue light (see Fig. 7d, e). This characteristic holds tremendous potential for future

specialized functionalities in AVS and mitigation of the "glare effect" in human eyes.



a b 16 =450 nm, 100 ms)
450 nm, 50 ms
450 nm, 10
14 k — 650 :x 100mrrs15
—~ —— 650 nm, 50 ms
< A —— 650nm, 10ms
5121*1‘-.,,.,. ..... EEEB O
2
Q /8
Normal
8 V,=0.001V
Blurred Blind! L L L s
0 100 200 300 400 500
c e Time (s)
Pulse Width = 100 ms 24 Pulse Width = 100 ms 241 Pulse Width = 100 ms
Pulse Interval = 100 ms Pulse Interval = 100 ms ar>\ Pulse Interval = 100 ms
12 e mmess » ¢ EREIRNE o Q ri
. A18’ 650 nm 18 Py
<4 < < /‘ /
& £ =
9 %12 - TR 9 12 Ll s
6 6 e
Okso an V,=0.001V ol G V,=0.001V 0 _] - V,=0.001V
N N N . 450nm N 5 : 450nm 5 X
0 200 400 600 800 1000 0 200 400 600 800 1000 0 300 600 900 1200
Time (s) Time (s) Time (s)

Fig. 7 The adaptive processes of AVS after 450 nm and 650 nm light stimulations. a Schematic
illustration of the all-optical artificial synapse mimicking the adaptive process in humans after
450 nm and 650 nm light stimulations. b PSC of the artificial synapse devices after 450 nm and
650 nm pulsed light stimulations, with pulse durations of 10 ms, 50 ms, and 100 ms,
respectively. ¢ PSC of the artificial synapse devices under 450 nm pulsed light stimulation with
a sequence of 30 pulses, each having a pulse width and interval of 100 ms. d PSC of the artificial
synapse under the sequential illumination of 30 pulses of 450 nm and 650 nm light with a pulse

width and interval both set at 100 ms. e Six cycles of d.

Discussion

We demonstrated a memristor that achieved all-optically bidirectional reversible regulation of
resistive states. By leveraging the differences in photoresponsive ranges between Agl and
MA 4FA ¢Pbl; films, our device exhibits bipolar response characteristics of inhibition and gain
under two distinct frequency ranges: 300-500 nm and 500-800 nm, respectively. By applying
450 nm and 650 nm light exposures, stable switching of resistive states is achieved at an ultra-
low readout voltage of 0.001 V, yielding a remarkable high-low resistance switching ratio of up
to 74459 at the readout voltage of 0.01 V. Additionally, through further investigation, our device
demonstrates discernible synaptic memory-like attributes in response to pulsed light within the

300-700 nm wavelength range, showcasing significant potential for specialized AVS with color



recognition capability. Moreover, our work emulates the adaptive process of human eyes to red
and blue light stimulation. Similar to human eyes, our artificial synaptic device manifests
features of improved vision under red light and reduced vision under blue light. Intriguingly,
after prolonged exposure to blue light-induced "blind", our device remarkably regains
functionality upon swift stimulation with red light. The distinctive characteristics of our device
offer substantial potential applications in color recognition, memory, and mitigating the effects

of glare in human vision.

Methods

Fabrication and characterization of AVS. Pbl, and MAI were dissolved in a mixed solvent
of DMF and DMSO at a molar ratio of 1:1. Additionally, 3 wt% Pb(SCN), was added as an
additive to the solution to obtain the MAPDbI; solution. Using the same procedure, FAI was
dissolved to prepare the FAPbI; solution. Subsequently, the MAPbI; and FAPDI; solutions were
mixed in 4:6 ratio to obtain the MA4FA¢Pbl; precursor solution with a concentration of 3M.
Sodium calcium glass substrates were sequentially cleaned with detergent, water, alcohol, and
acetone, then subjected to ultrasonic bath deposition. Subsequently, they were treated with UV-
ozone cleaner to remove organic residues and enhance surface wettability. The precursor
solution (50 pl) was spin-coated onto the glass substrate using an antisolvent method. This
involved an initial spin at 500 rpm for 3 s followed by 4000 rpm for 60 s, with the controlled
addition of 600 pl of diethyl ether as an anti-solvent at specific intervals during the spin
process®. The deposited intermediate perovskite films were annealed on a hotplate at 80 °C for
2 minutes and then further annealed at 150 °C for 5 minutes. All procedures were carried out in
a nitrogen-filled glovebox. Finally, a 200 nm-thick silver layer was evaporated onto the top of
the perovskite layer using a mask. The electrical characterization of the devices was conducted
by employing Keithley 4200s A semiconductor parameter analyzer system, which was
connected to a microprobe station positioned within a dark enclosure. The perovskite film and
device absorption spectra were characterized using a UV-visible spectrophotometer (UV-3600
PC). Spectral response, I-V curves under illumination, and pulse light response tests were

carried out using programmed monochromator, optical shutter, and semiconductor parameter



analyzer (broadband visible light generated by a halogen lamp). Scanning electron microscopy

(SEM) images of the films and devices were obtained using a Thermo Scientific™ Apreo SEM

at 15 kV. X-ray photoelectron spectroscopy (XPS) characterization was performed using

Thermo K-Alpha+ system.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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