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A B S T R A C T

Recently, photonic synapses based on halide perovskite resistive switching devices have been intensively studied 
due to their low power consumption, high information processing speed, and the ability to simultaneously 
receive optical and electrical signals. In this study, the resistive switching behavior and photo-synaptic properties 
of methylammonium lead bromide (MAPbBr3) thin films were investigated by varying thicknesses and 
substituting bromine with chlorine. The thickest film (330 nm) exhibits a single step of resistive switching from a 
high resistance state to a low resistance state (SET), which is attributed to the formation of conductive filaments 
by the migration of halide vacancies. In contrast, thinner films (100 nm and 210 nm) show two steps of SET 
where both the halide vacancies and electrode ions (Ag+) are involved in the formation of conductive filaments. 
Among the films, the 210 nm-thick film exhibited the most effective potentiation by repeated light exposure. 
When incorporating Cl into the MAPbBr3 film, the resistive switching voltages and the light-induced potentiation 
was decreased. This was attributed to the smaller ion size of Cl compared to Br, which facilitates ion migration 
and the formation of vacancy filaments. Short-term potentiation and long-term depression under light pulses 
were characterized using paired-pulse facilitation and paired-pulse depression.

1. Introduction

The Von Neumann architecture, a conventional framework for in
formation processing systems, requires rapid processing capabilities, 
real-time information handling, and efficient power consumption to 
manage extensive data loads and the Internet of Things (IoT) [1–3]. 
However, the architecture’s inherent separation of the information 
processing unit from the memory unit creates a bottleneck due to the 
speed difference between information processing and memory unit data 
transmission [4,5]. The human brain, a remarkable biological system, 
consists of approximately 1012 neurons interconnected through an 
intricate neural network. Each neuron connects with over 1000 synap
ses, facilitating information transmission to neighboring neurons [6,7]. 
This intricate neural architecture enables the brain to transfer infor
mation efficiently while consuming remarkably low amounts of energy, 

typically ranging from 1 to 100 fJ per synaptic transmission [8,9]. As a 
result, there is significant interest in replicating the brain’s functionality 
within artificial intelligence devices [10].

For humans, more than 80 % of information about the external 
environment is obtained from visual information [11,12]. Photonic 
synapses with high bandwidth, high light sensitivity, and low power 
consumption are crucial for the development of artificial visual response 
systems [13–15]. With the continuous advancement of artificial pho
tonic synapses developed using diverse materials and strategies, their 
performance has significantly enhanced. Accordingly, energy con
sumption levels have approached that of the human brain, approxi
mately ~10 fJ per synaptic event [16–18]. This implies a significant 
potential reduction of power consumption in artificial intelligence 
computations compared to the current complementary metal-oxide 
semiconductor (CMOS)-based neuromorphic systems, which consumes 
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tens to hundreds of pJ per synaptic event [19]. One of the problems in 
developing photonic synapses is photoactive layer material which 
transforms applied optical signals to electrical signals [20]. Halide pe
rovskites are highly promising materials for the photonic synapse sys
tems due to their exceptional optical and electrical characteristics, 
including a high light absorption coefficient, facile bandgap tunability, 
small exciton binding energy, and long carrier diffusion length [21,22]. 
In 2016, perovskite synaptic devices based on polycrystalline methyl
ammonium lead iodide (MAPbI3) were first developed [23]. In addition, 
perovskite-based photonic synapses with different compositions, 
including CsPbBr3 [12,24], CsPb(Br1-xIx)3 [25], CsPbCl3 [26], 
(PEA)2SnI4 [27], Cs3Sb2Br9 [28], Cs2AgBiBr6 [29], and BA2PbBr4 [30], 
(where PEA and BA are phenethylammonium and butylammonium, 
respectively) have been studied. MAPbBr3-based photonic synapses 
have been widely studied, since MAPbBr3-based synaptic device was 

firstly implemented by synthesizing a MAPbBr3 thin film on top of a 
buffer-capped conducting polymer [16]. this research has reported the 
mechanism of synaptic behavior involving bromine ions and vacancies. 
An ON/OFF ratio of 106 and a low SET voltage of − 0.2 V were achieved 
using a MAPbBr3 thin film composed of nanoparticles, and the mecha
nism of conducting filament formation through bromine vacancy 
movement by an external electric field was identified [31].

In this study, we investigated the resistive switching behavior and 
photo-synaptic properties of MAPbBr3 thin films with varying thick
nesses and by substituting bromine with chlorine. The thickness of the 
perovskite film was controlled by varying the concentration of perov
skite precursor solution. The Cl ions were incorporated into the perov
skite precursor to substitute the Br ions, evidenced by decreased lattice 
parameters of the perovskite films. The changes in the resistive 
switching behavior and photo-synaptic properties were systematically 

Fig. 1. Properties of the perovskite films with varying precursor solution concentrations: (a) cross-sectional SEM images (scale bar: 500 nm), (b) plane-view SEM 
images (scale bar: 500 nm), (c) XRD patterns, and (d) absorbance spectrum with Tauc plot inserted.
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studied in relation to the conductive filament formation by halide va
cancy or electrode metal ions, influenced by film thickness and halide 
mixing. In addition, short-term potentiation and long-term depression 
under light pulses were characterized by modulating the light pulse 
intervals.

2. Materials and methods

2.1. Materials

Methylammonium bromide (MABr, >99.99 %) and methyl
ammonium chloride (MACl, >99.99 %) were purchased from Great Cell 
Solar Materials. Lead bromide (PbBr2, >98 %) and lead chloride (PbCl2, 
>99.5 %) were purchased from Tokyo Chemical Industries. Titanium 
diisopropoxide bis(acetylacetonate) (TDIP, 75 % in 2-propanol), 1- 
butanol (99.9 %), dimethyl sulfoxide (DMSO, >99.9 %, anhydrous), and 
diethyl ether (DEE, 99.8 %, anhydrous) were purchased from Sigma- 
Aldrich.

2.2. Fabrication of MAPbBr3–based synaptic devices

Fluorine-doped tin oxide (FTO, Pilkington TEC7, 7 Ω) substrates 
were cleaned by ultrasonication with acetone, distilled water, and 
ethanol, each for 5 min. The cleaned substrates were dried under a ni
trogen gas, followed by UV-O3 plasma treatment for 30 min. 50 nm-thick 
TiO2 layer was deposited on the FTO substrate by spin-coating a TDIP 
solution (50 μL), with 3000 rpm for 20 seconds. The TDIP solution was 
prepared by adding 74 μL of TDIP to 926 μL of 1-butanol, followed by 
stirring for 12 h. The TDIP-coated FTO substrates were annealed at 
125◦C for 5 min and 500◦C for 30 min. MAPbBr3 precursor solutions 
were prepared in three distinct concentrations: 0.5 M, 1.5 M, and 2.5 M, 
by dissolving MABr and PbBr2 in DMSO. For the MAPb(Br-Cl)3 thin 
films, the stoichiometric amount of MACl and PbCl2 were added to the 
precursor solution. The precursors were spin-coated on the TiO2-coated 
FTO substrates, at 4000 rpm for 20 s. At the 9 s, 0.5 ml of DEE was 
dispensed onto the spinning substrate. Following the spin-coating pro
cedure, the coated perovskite thin films were sequentially annealed at 

65◦C and 100◦C for 1 min and 2 min, respectively. Finally, a 100 nm- 
thick Ag electrode was deposited onto the perovskite film using a ther
mal evaporator. The active area of the photo-synaptic device was 
0.332 cm2.

2.3. Characterizations and device measurements

Crystallographic structural properties of the perovskite films were 
examined by X-ray diffraction (XRD, X′Pert Powder, PANalytical) with 
Cu Kα rays. Absorbance spectra were acquired using UV–vis–NIR spec
troscopy (Cary 5000, Agilent Technologies). A field emission-scanning 
electron microscope (FE-SEM, JSM-6701F, JEOL) was used to observe 
the top-view and cross-sectional microstructures of the perovskite films. 
The electrical properties of the perovskite devices were characterized 
using a semiconductor parameter analyzer (4200-SCS, Keithley). The 
optoelectronic responses of the devices were collected under light pulses 
from a diode laser (MD4050, Delos Laser).

3. Results and discussion

The commonly employed device structure consists of a vertical 
sandwich configuration comprising metal-insulator-metal layers [32], 
where Ag serves as the upper layer, while FTO is utilized as the lower 
electrode [32]. In such systems, in many cases, the rough surface of the 
FTO substrate leads to non-uniformity in the deposition of the MAPbBr3 
thin film [33,34], resulting in numerous pinholes that expose the un
derlying FTO layer (Fig. S1(a, b)). The linear current-voltage (I-V) curve 
and consistent device resistance depicted in Fig. S2 indicate ohmic 
contact, mimicking the behavior of a metal-metal interface [35]. To 
address this issue, an n-type oxide layer, TiO2, was introduced to prevent 
direct contact between the silver and FTO electrodes, thereby prevent
ing ohmic contact. Additionally, TiO2 is known for its super-hydrophilic 
properties [33], facilitating the easy spreading of the perovskite pre
cursor solution, particularly when using hydrophilic solvents. This 
characteristic promotes even coating of the perovskite layer on the 
substrate, facilitating the formation of high-quality perovskite thin films 
[34]. Therefore, the introduction of TiO2 layer would also improve the 

Fig. 2. Properties of the synaptic devices made from thin films, (a, d) 0.5 M, (b, e) 1.5 M, and (c, f) 2.5 M. (a-c) I-V characteristics at a sweeping rate of 0.1 V s− 1 

under dark conditions. (d-f) EPSC excited by 20 photonic pulses with an intensity of 12 mW cm− 2 and a duration of 1 s (light wavelength: 450 nm), under the applied 
voltage of − 0.02 V.
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photoresponse of our devices because of the improved perovskite 
morphology, and well-known advantageous of TiO2 as a charge trasn
port or injection layer [36].

We successfully synthesized perovskite thin films of various thick
nesses on FTO/TiO2 layers, using precursor solutions with concentra
tions of 0.5 M, 1.5 M, and 2.5 M. The thicknesses were determined via 
cross-sectional SEM analysis and are depicted in Fig. 1(a), measuring 
100 nm, 210 nm, and 330 nm, respectively. The grain size of films in
creases with the concentration of precursor solution, as shown in the 
plane-view SEM images in Fig. 1(b). Notably, perovskite film based on 
2.5 M solution showed pin-holes, which can be formed due to the 
evaporation of residual DMSO during the annealing [37]. It is known 
that the pin-holes in perovskite films can play a crucial role of defect 
generation and/or migration [38]. To verify the successful synthesis of 
the films as MAPbBr3, XRD analysis was conducted, as presented in 
Fig. 1(c). From the results, all synthesized films were comprised of 
MAPbBr3, with a preferred orientation along the (100) plane [39]. The 
intensity of the diffraction peaks increased with film thickness. To 
investigate the optical characteristics of the synthesized thin films, we 
measured their absorbance spectra, as depicted in Fig. 1(d), revealing 
that the films exhibit band-to-band transition absorption up to a wave
length of ~550 nm, with an exciton-derived absorption peak at 
approximately 525 nm that corresponds to previous reports [40]. 
Additionally, the absorbance intensity of thin films increases linearly 
with film thickness without unexpected changes due to reflectance or 
scattering. The inset of Fig. 1(d) is a graph derived from the Tauc plot 
[39], utilized to ascertain the optical bandgap of the films. The calcu
lated optical bandgaps of these thin films are approximately 2.3 eV, 
aligning with the previously reported bandgap for MAPbBr3 [39]. This 
consistency in the optical bandgap across different thicknesses un
derscores the reproducible optical properties of the thin films, further 
highlighting their potential for applications requiring precise optical 
characteristics.

A synaptic device was fabricated based on the aforementioned 
perovskite films with the FTO/TiO2/perovskite/Ag configuration. In this 
configuration of synaptic devices based on perovskites, it has been re
ported that SET and RESET occur by two primary mechanisms:[41] the 
electrochemical metallization mechanism (ECM) driven by the infiltra
tion of electrode ions and the valence change mechanism (VCM) facili
tated by the migration of halide ions. In ECM, when a positive voltage is 
applied to the top electrode, electrode ions infiltrate the perovskite due 
to the external electric field, forming conducting filaments that lead to 
SET behavior when these filaments interact with the bottom electrode. 
Conversely, applying a voltage in the opposite direction causes the 
electrode ions to move in the opposite direction due to the electric field, 
resulting in the interruption of filaments and RESET behavior. In VCM, 
halide ions accumulate on the bottom electrode when a negative voltage 
is applied, leading to filament formation and SET behavior. Applying a 
negative voltage to the top electrode causes the accumulated ions to 
detach, triggering RESET behavior. Therefore, our devices were ex
pected to exhibit both ECM and VCM behaviors, as observed in previous 
studies involving halide perovskite [41].

In Fig. 2(a-c), we presented the I-V curves of our devices for two 
cycles of voltage sweep of 0 → 1 → 0 → − 1 V in ambient air. Our devices 
reveal electroforming process in the first cycle, which promotes the 
significant change in the conductance and stabilize the resistive 
switching [42,43]. In the second cycle, all tested devices exhibit stabi
lized resistive switching upon voltage sweep. To make it more clarified, 
we presented I–V characteristics up to cycle 3 for 2.5 M device. They 
show SET behavior, transitioning from a high resistance state (HRS) to a 
low resistance state (LRS) when a voltage of 0 → 1 V is applied. They 
maintain LRS upon the voltage of 1 → 0 → − 1 V. Next, they display 
RESET behavior, reverting to a HRS when the negative voltage is 
switched from − 1 → 0 V. However, notable differences in the voltage 
thresholds and profiles of the SET and RESET behaviors are observed 
among the samples. SET steps and corresponding threshold voltages 

Fig. 3. (a) SEM images (scale bar: 500 nm) of the MAPb(Br-Cl)3 film (b) XRD pattern of MAPbBr3 and MAPb(Br-Cl)3 films. (c) Absorbance spectrum MAPbBr3 and 
MAPb(Br-Cl)3 films with Tauc plot. (d) Optical bandgap and lattice constant of the MAPb(Br1-xClx)3 composition based on Vegard’s law. The real composition of our 
MAPb(Br-Cl)3 thin film was obtained using experimentally secured bandgap and lattice constant.

W.C. Choi et al.                                                                                                                                                                                                                                 Journal of Alloys and Compounds 1014 (2025) 178787 

4 



were different. 2.5 M device exhibited just one step of SET at a relatively 
low voltage (0.1 V), while 0.5 M, and 1.5 M device showed two steps of 
SET at both the low (0.25–0.3 V) and high voltage (~0.6 V), respec
tively. It has been reported that filament formation by the halide va
cancies induces a lower voltage SET around 0.25 V, while filament 
formation by Ag electrodes leads to a higher voltage SET around 0.56 V 
[41]. Therefore, from now on, we will refer to SET at the low voltages as 
SETVx and the high voltages as SETAg. It can be seen that filaments by 
halide vacancies were formed in all three films. Relatively premature 
SETVx of 2.5 M device is thought to be caused by the pin-holes in the 
film, which provide a facile path for material diffusion and potentially 
possess a high concentration of defects, as described above. The absence 
of SETAg in the 2.5 M device suggests that the migration of Ag ions to 
form a filament could be impeded due to the thick film, implying that 
SETAg might be observable under higher voltage. We note that the 
migration of Ag ions is slower than that of halide ions/vacancies, 
resulting in the destruction of the halide vacancy filaments prior to Ag 
filaments, consequently single-step RESET behavior, consistent with the 
literature [41]. It is also worth noting that the magnitude of resistance 
change induced by Ag ions is smaller than that expected for a pure 
Ag-based system likely because the resistance switching caused by Ag 
ions occurs after switching induced by halide vacancies as previously 
reported [41,44]. For a further in-depth analysis, we looked into the I-V 
characteristics of 0.5 M device in log-log scale (Fig. S3). It was observed 
that the first SET process follows a space-charge limited current (SCLC) 
mechanism [45] as previously demonstrated [45]. The I-V curve showed 
obvious ohmic (m1), trap-limited SCLC (m2), trap-filled limit (m3), and 
trap-free SCLC (m4 and m5) regions. On the other hand, m5 is much 
steeper than m4, which implies that there is another source decreasing 
the resistance of the perovskite film. Considering the steep slope of m5, 
the current jump at a high voltage of ~ 0.6 V (different from the low 
voltage SET), and the very low resistance (~8.69 Ω) and slope (~1.6) 
after the jump, we attribute the second jump as the second SET by the 
formation of Ag filament with Schottky junction, consistently with 
literature [41,46–48]. We propose that a film made using the 1.5 M 
solution represents an optimal thickness, as it shows the most significant 
resistance potentiation upon the repeated voltage sweep. This result 
implies that the SET mechanism of a perovskite-based device can be 
adjusted by the thickness of the perovskite film.

Furthermore, we evaluated excitatory postsynaptic current (EPSC) in 
response to light for each device (Fig. 2(d-f)). EPSC is derived from 
excitatory postsynaptic potentials (EPSPs), which temporarily elevate 
the membrane potential, increasing the likelihood of neuron activation 
upon external stimulation. In our devices, the formation of filaments in 
response to external light pulses temporarily decreases the resistance, 
thereby manifesting the potentiation phenomenon [41]. For the 1.5 M 
device, the light induced photo-current was observed to increase up to 
60 mA with the repeated light stimulation, indicating a reinforcing ef
fect (Fig. 2(e)). However, the devices with 0.5 and 2.5 M show negligible 
change in photo-current with the repeated light stimulation (Fig. 2(d-f)), 

likely due to the hardly changing filament upon repeated stimulation, 
attributed to the thin film thickness and defective film, respectively. The 
1.5 M solution concentration is taken as the optimal balance, showing 
the best properties when voltage-induced synaptic behavior and 
light-induced synaptic behavior are considered together, and the 
210 nm thin film fabricated using this solution is considered the optimal 
thickness. We compared our device’s properties with those of other 
devices reported, in Table S1.

In Fig. 3(a), a plane-view SEM image of the MAPb(Br-Cl)3 thin film, 
controlled to have a thickness of 210 nm, is presented, revealing that the 
film exhibits an uniform appearance akin to its undoped counterpart. 
However, the grain size of MAPb(Br-Cl)3 thin film is notably larger 
compared to MAPbBr3. The increase in grain size observed upon Cl- 
substitution is due to the fact that the MAPb(Br-Cl)3 composition is a 
thermodynamically more stable phase, has a lower formation energy 
compared to MAPbBr3, and Cl ions diffuse from within the grains into 
the grains [49]. XRD analysis was conducted to confirm the successful 
synthesis of both thin films as a MAPbBr3 perovskite. As depicted in 
Fig. 3(b), the analysis demonstrates that the synthesized thin films are 
indeed MAPbBr3 perovskite [39]. Furthermore, the XRD patterns indi
cate a predominant orientation of both thin films toward the (100) 
plane. Comparing the MAPbBr3 and MAPb(Br-Cl)3 thin films, an in
crease in XRD intensity with larger grain size is observed, indicating 
improved crystallinity with increasing grain size [50]. Notably, the XRD 
peak of the MAPb(Br-Cl)3 thin film shifted to a higher angle (Fig. S4). 
Absorbance spectra with Tauc plot results indicate the shift of bandgap 
from 2.3 eV to 2.65 eV (Fig. 3(c)). This is caused by the presence of Cl in 
the film, which not only contributes to crystal growth but also infiltrates 
the perovskite structure. The smaller ionic radius of Cl (181 pm) 
compared to Br (196 pm) leads to lattice contraction, shifting the XRD 
peak to a higher angle [50]. Since the lattice parameters of halide 
perovskite follow well the Vegard’s law, the composition of the thin film 
was determined using the (001) interplanar distance [39,51]. The 
a-lattice parameter of the MAPbBr3 and that of MAPb(Br-Cl)3 thin film 
was determined to be 5.93 Å and 5.79 Å, respectively, consistent with 
the lattice parameters in the reported paper [39,52]. Considering the 
lattice parameter, the actual composition of the Cl-incorporated thin 
film was determined to be MAPb(Br0.44Cl0.56)3 (Fig. 3(d)).

Fig. 4(a) illustrates the resistive switching characteristics of the de
vice based on the MAPb(Br-Cl)3 film, observed during two cycles of 
voltage sweeping in ambient air. Similar to MAPbBr3-based device 
shown in Fig. 2(b), Cl-incorporating device electroforming process and 
stabilized resistive switching behavior in the first and second voltage 
cycle, respectively. For MAPbBr3-based device, the SET voltage occurs at 
0.30 V and 0.60 V, as shown above. In contrast, MAPb(Br-Cl)3-based 
devices exhibit SET behavior at 0.29 V and 0.59 V. The SETAg voltages 
are similar, while the SETVx voltage of MAPb(Br-Cl)3 is lower than that 
of MAPbBr3, which was attributed to the small size of Cl ions facilitating 
the diffusion and formation of filament.

The photo-responsiveness of these devices are compared in Fig. 4(b). 

Fig. 4. Synaptic properties of device based on the MAPbBr3 and MAPb(Br-Cl)3 films: (a) I-V characteristics of MAPb(Br-Cl)3-based device at a sweeping rate of 
0.1 V s− 1 under a dark condition, (b) EPSC excited by 15 photonic pulse with an intensity of 12 mW cm− 2 and duration of 1 s (light wavelength: 450 nm), under the 
applied voltage of − 0.02 V, and (c) PPF ratio calculated from (b).
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Initially, the MAPbBr3 device exhibited a lower response with a photo- 
current of 20 mA compared to approximately 50 mA for the MAPb(Br- 
Cl)3 device. The lower initial photo-response of the MAPbBr3 device was 
attributed to the higher density of the grain boundary where charge 
transfer would be slower than that of the grain interior [53,54]. On the 
other hand, after 15 light pulses, the photo-current of MAPbBr3 device 
significantly increased by ~2.5 times, while that of MAPb(Br-Cl)3 
increased by only ~1.2 times. This indicates that the MAPbBr3 device 
develops increased sensitivity to repeated stimuli, like a characteristic of 
synaptic behavior in short-term memory. The paired-pulse facilitation 
(PPF) ratios were calculated using the following formula: 

PPF ratio = A2/A1 × 100% (1) 

where A1 represents the current value of the device for the first light 
pulse, while A2 represents the current value for the second pulse [16]. 
Fig. 4(c) presents PPF values calculated based on the number of light 
pulses, showing that PPF enhancement is more pronounced with fewer 
light pulses. The maximum PPF ratio for the MAPbBr3 device occurs at 
the first pulse pair, reaching approximately 35 %. In contrast, the MAPb 
(Br-Cl)3 device achieve a maximum PPF ratio of 10 % at the first pulse, 
which decreases to 0.4 % at the seventh pulses. We propose that this 
phenomenon is mainly attributable to the smaller grain size within the 
MAPbBr3 thin film and/or facile migration of Cl ions in perovskite lat
tice. Smaller grain sizes imply a higher density of grain boundaries, 
where defects and halide ion vacancies, are more likely to form [55]. 
These conditions would inhibit the escape of photo-generated charges 
[56]. In other words, the higher initial photo-responsiveness of the 
MAPb(Br-Cl)3 devices is attributed to superior charge transport in a 
larger grain-based film [53], due to the fewer trap sites. However, this 
superior charge transport character could lead to the weak strength
ening effect because the photo-generated charges would dissipate more 
easily. Therefore, it is likely that reducing the grain size of perovskite 
thin films enhance the photo-synaptic characteristic. In addition, the 
smaller ionic radius of Cl than Br can lead to a lower activation energy 
and higher mobility, thereby attributing rapid destruction of filaments 
between external stimuli intervals due to a facile back diffusion of Cl 
ions. Furthermore, the rapid formation of nearly saturated density of 
filaments upon initial stimuli can reduce the potentiation effect, which is 
supposed to be observed with repeated stimulation in synapse devices. 
This point aligns well with previous studies, which reported that sup
pressing back diffusion can enhance the enhancement effect of artificial 
synaptic devices [57]. Therefore, it can also be recognized that there is a 
trade-off between ease of ion migration and the robustness of synaptic 
performance over multiple cycles.

Fig. 5 further confirms the photo-synaptic characteristics of the 
MAPbBr3 device. Notably, when a light pulse is applied with one-second 
intervals (Fig. 5(a)), there is a gradual increase in photo-response like 
PPF, indicating short-term potentiation in this device. When the light 
application interval is extended to 30 s (Fig. 5(b)), no strengthening 
effect is observed, and only a consistent response to light is noted. When 

the pulse intervals were increased to 10 s after the saturation of EPSC 
with one-second intervals, the photo-current value gradually decreased 
like paired-pulse depression (PPD), as shown in Fig. 5(c). However, the 
photo-current didn’t return to its original value of ~ 11 mA (the first 
spike by the light stimulation), indicating a long-term depression.

4. Conclusion

In this study, we investigated MAPbBr3 perovskite-based photonic 
synapse devices to understand the effects of thin film thickness and 
chlorine incorporation on device performance. Our findings reveal that 
the SET process can be modulated by film thickness, as evidenced by a 
single step of SET in the thickest film (330 nm) compared to two steps of 
SET in the thinner films (100 nm and 210 nm). The device with a 
210 nm thickness exhibited the best synaptic properties under voltage 
sweeps and repeated light stimulation, attributed to minimal filament 
strengthening in the 100 nm and 330 nm devices due to the film being 
too thin and the presence of pinholes, respectively. Incorporating chlo
rine resulted in a reduction of vacancy-induced SET voltage due to the 
facile diffusion and filament formation of Cl. However, the potentiation 
effect decreased due to the enlarged grain size. Additionally, we 
demonstrated the short-term potentiation and long-term depression 
behavior of MAPbBr3-based devices under light pulses by modulating 
the light pulse intervals. This study shows that the synaptic properties of 
perovskite-based devices can be tuned by adjusting film thickness and 
halide content.
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jallcom.2025.178787.

Data Availability

Data will be made available on request.
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