
유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

Received 2025-04-27, Revised 2025-05-22, Accepted 2025-08-01
https://doi.org/10.56767/jfpe.250001 eISSN: 2951-2174

235

RESEARCH
Organometal Halide Perovskite Nanoparticle Artificial Synapses with 

Ultrahigh Sensitivity 
Wentao Xu1,2, Young-Hoon Kim1,3, Hea-Lim Park1,4, Yeungjun Lee1, Young-Tae Kim5, 

Christoph Wolf1, Chan-Gyung Park5, Tae-Woo Lee1,6*

1Department of Materials Science and Engineering, Seoul National University, Seoul, Korea
2State Key Laboratory of Elemento-Organic Chemistry, Frontiers Science Center for New Organic Matter, 

College of Chemistry, Nankai University, Tianjin, China
3Department of Energy Engineering, Hanyang University, Seoul, Korea

4Department of Materials Science and Engineering, Seoul National University of 
Science and Technology, Seoul, Korea

5Department of Materials Science and Engineering, Pohang University of 
Science and Technology (POSTECH), Pohang, Korea

6Institute of Engineering Research, Research Institute of Advanced Materials, Soft Foundry, 
Interdisciplinary Program in Bioengineering, Seoul National University, Seoul, Korea

 

ABSTRACT 

We present a novel organometal halide perovskite nanoparticle (OHP-NP) based artificial synapse, designed to mimic biological 
peripheral nervous systems more effectively. Our artificial synapse exhibits extraordinary sensitivity, operating at ultralow 
voltages as low as 100 mV, comparable to biological synapses. When stimulated by such low-voltage pulses, the device 
replicates essential working principles of biological synapses, including excitatory postsynaptic current, paired-pulse facilitation, 
spike-rate-dependent plasticity, and spike-timing-dependent plasticity. Remarkably, the device's sensitivity allows it to be further 
stimulated by even lower external pulses, as low as 10 mV, resulting in an ultralow energy consumption of merely 5 fJ per 
synaptic event (SE). This energy consumption is comparable to that of biological synapses (1–10 fJ/SE). These results signify 
a significant advancement towards developing ultrasensitive neuromorphic electronics and artificial nerves that seamlessly 
interface with their biological counterparts. Our OHP-NP-based artificial synapse holds promise for future applications in
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1. INTRODUCTION

Synapses play a crucial role in enabling information 
transmission within a nervous system [1–5]. The de-
velopment of electronic devices capable of emulating 
synaptic information-transition principles is a critical 
step towards advancing neuromorphic electronics [6–
9]. Recently, artificial synapses have been developed 
using phase change materials, resistive switches, con-
ductive bridges, organic-inorganic halide perovskites 
(OHP) and semiconductor/ionic gate insulator combi-
nations [10–19]. However, the sensitivity and energy 
consumption of these devices still require improvement 
to be comparable with those of biological synapses [20
–22].

High sensitivity is especially important for the emu-
lation of peripheral nervous system (PNS) [6,23–25]. 
In the PNS, sensory nerves play a vital role in con-
verting visual, auditory, and tactile stimuli into elec-
trical impulses, which are then transmitted to the spi-
nal cord. From there, the information is relayed to the 
central nervous system (CNS) or directly to motor 
nerves through synaptic connections in the spinal cord, 
enabling us to exchange information and interact with 
our environment [26]. The construction of an artificial 
system that can replicate and potentially integrate with 
the biological PNS holds significant promise for vari-

ous fields, including neuroprosthetics and neuro-
robotics [1,27–32]. This could probably make disabled 
people to feel their legs or arms again. 

However, achieving integration with biological 
nerves poses challenges, as artificial nerves must be 
capable of responding to ultralow biological voltage 
signals, typically around 100 mV [10,11]. This require-
ment remains a difficult hurdle to overcome. 
Additionally, in contrast to the CNS, which relies on 
both short-term and long-term plasticity for in-
formation processing, the PNS primarily requires 
short-term plasticity for fast information transmission 
while minimizing signal overlap [33]. To attain these 
goals, new materials, electronic devices and working 
mechanisms are desired in artificial synapses.

OHP-nanoparticles (NPs) represent a promising 
class of materials with applications in photovoltaics 
and light-emitting diodes [34–36]. By modifying the li-
gands surrounding the NPs, the number of deep traps 
can be effectively reduced. The presence of alkyl 
chains in the ligands creates hydrophobic yet amor-
phous "walls" between the nanocrystallites in the NP 
thin film, leading to increased resistance in the per-
ovskite films [37]. These walls effectively passivate 
grain boundaries, known to be the main paths of ion 
migration [38–40]. Consequently, the hydrophobic 
walls restrict ion migration within the nanocrystallites, 

neuromorphic computing and biohybrid systems, paving the way for cutting-edge technologies with enhanced sensitivity and 
energy efficiency.

Key Words: Organometal halide perovskite, Nanoparticle, Synapse, Sensitivity, Plasticity

*Correspondence: twlees@snu.ac.kr



유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

237

resulting in short-term plasticity being predominantly 
observed in this device. This characteristic is beneficial 
for the rapid recovery of synaptic weight after signal 
transitions in the PNS.

Moreover, OHP-NPs are synthesized in solution, 
which reduces the film's dependence on processing 
conditions and post-treatments compared to OHP poly-
crystalline thin films. The solution-based process is al-
so potentially compatible with state-of-the-art printing 
techniques, highlighting the significant potential of 
OHP-NPs as a new material system in the field of arti-
ficial synapses [41]. The unique properties of 
OHP-NPs, combined with their easy of synthesis and 
compatibility with scalable manufacturing methods, 
make them a promising candidate for the advancement 
of highly sensitive and efficient artificial synaptic 
devices. 

Herein, we report an OHP-NP-based artificial syn-
apse, which can be more suitable for mimicking bio-
logical PNS. The artificial synapse is so sensitive that 
it is functioned at ultralow-voltage down to 100 mV, 
even comparable with that of biological synapses. 
Stimulated by pulses at such low voltages, the artificial 
synapse emulates important working principles of a bi-
ological synapse, such as excitatory postsynaptic cur-
rent (EPSC), paired-pulse facilitation (PPF), spike- 
rate-dependent plasticity (SRDP) and spike-timing de-
pendent plasticity (STDP). The electronic device could 
even be stimulated by further reduced external pulses 
down to 10 mV, and in such a case the device exhibits 
ultralow energy consumption down to 5 fJ per synaptic 
event (SE), comparable with that of biological syn-
apses (1–10 fJ/SE). These superior properties benefit 
from the intrinsic properties of OHP-NPs and their 

thin films. The high sensitivity and low-energy con-
sumption represent important progress toward ultra-
sensitive neuromorphic electronics and artificial nerves 
that interface with biological ones.

2. METHODS

2.1. Synthesis of OHP-NPs

OHP-NPs were synthesized by solubility-difference- 
induced crystallization methods at room temperature. 
We prepared the clear perovskite precursor solution by 
dissolving 0.3 mmol of CH3NH3Br, 0.4 mmol of 
PbBr2, and 0.6 µmol of n-hexylamine into 5 mL of di-
methylformamidinium (DMF). After dripping 1 mL of 
precursor solution into 5 mL of toluene solution con-
taining 100 µL of oleic acid under vigorous stirring, 
the solution was centrifuged at 10,000 rpm for 10 min. 
The supernatant solution was collected to fabricate the 
synaptic devices.

2.2. Materials and Devices Fabrication

p+Si wafer was cleaned by sequential sonication in 
acetone and isopropanol (15 min for each process), 
boiled in isopropanol, and then blown dried with N2. 
OHP-NP thin film was spin-coated from solution, and 
then baked at 90°C for 10 min. Finally, 100-nm-thick 
circular Al metal dots were thermally evaporated 
through a shadow mask to define the pixel area of 100 
µm2.

2.3. Measurements

Atomic force microscopy (AFM) images were cap-
tured using a Dimension 3,100 microscope (Digital 
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Instruments). Scanning transmission electron micro-
scopy (STEM) images were obtained from TEM 
equipment 2100F with Cs correction. All electrical 
characteristics of the electronic devices were charac-
terized using a Keithley 4200-SCS semiconductor pa-
rameter analyzer in a nitrogen atmosphere.

3. RESULTS AND DISCUSSION

A sandwiched structure of top electrode/OHP-NP/ 
conductive polymer/p+Si was fabricated to emulate the 
functions of a biological synapse (Fig. 1A–D). For the 
conductive polymer, we used polymer composites con-
sisting of PEDOT:PSS (Clevios P VP AI4083) and a 

perfluorinated ionomer (PFI). This composite layer 
functions as a reservoir that can trap mobile ions in 
addition to the insulating surface ligands [20]. The Al 
top electrode functions analogous to a presynaptic 
membrane at which presynaptic spikes arrive and trig-
ger the release of neurotransmitters. The sandwiched 
OHP-NP thin film emulates a synaptic cleft to provide 
a nanoscale gap to mediate transportation of chemical 
messengers to modulate synaptic strength. External 
pulses, i.e., presynaptic spikes, activate ions and in-
duce consecutive ionic migration in the thin film to 
tune the thin-film resistance, i.e., synaptic strength. 
Synaptic response was recorded at a constant reading 
voltage from the bottom electrode that emulates a 

Fig. 1. Schematic demonstrations. (A) Preneuron and postneuron connected by a synapse, which is composed of 
a presynaptic membrane, a postsynaptic membrane and a synaptic cleft. (B) Artificial synapse based on 
OHP-NP thin layer/conductive polymer layer sandwiched between a top electrode and a bottom electrode. 
(C) Demonstration of a core-shell structured OHP-NP with crystallite core and fatty chains as a shell 
surrounding it. (D) Schematic of crystal structure of OHP.
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postsynaptic membrane.

3.1. Crystal Structure of OHP-NPs

First, we evaluated the size distribution of OHP-NPs 
used in our artificial synapse. The OHP-NPs were 
pre-synthesized using methylammonium lead bromide 
(MAPbBr3) and dispersed in p-xylene. The dispersion 
was then drop-cast onto polycarbon-coated copper 
grids and dried. STEM images of the OHP-NPs re-
vealed spherical shapes with diameters ranging from 5 
to 10 nm (Fig. 2(A)).

Energy dispersive spectrometry (EDS) mapping and 
X-ray photoelectron spectroscopy (XPS) further con-

firmed the successful synthesis of OHP-NPs with Pb 
and Br elements embedded inside the crystallites (Fig. 
2A; SI Figs. 1, 2). The crystal structure within the 
OHP-NPs was clearly evident from the magnified view 
of a specific nanocrystallite (Fig. 2B) and was vali-
dated using X-ray diffraction (XRD) patterns (Fig. 
2C). Fourier-transform infrared spectroscopy (FT-IR) 
analysis of the perovskite nanoparticles showed charac-
teristic peaks corresponding to C-N stretches (~1,200 cm–1), 
C-O bends (~1,250 cm–1), C-H bends (~1,500 cm–1), 
C-H stretches (~2,950 cm–1), and N-H stretches 
(~3,300 cm–1). These peaks provided evidence of well- 
adhered ligand chains on the NP surface in film states 
(Fig. 2D).

Fig. 2. Characteristics of materials and thin films. (A) TEM images of dispersed perovskite nanoparticles, a 
single OHP-NP and its EDS mapping. (B) High-resolution TEM image of a single OHP-NP, its Fast 
Fourier transform (FFT) image and lattice spaces. (C) X-ray diffraction patterns of an OHP-NP thin film. 
(D) FT-IR spectrum of ONP-NPs. (E) Three-dimensional AFM images of OHP-NP thin films.
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Furthermore, AFM imaging revealed a uniform thin 
film surface, with a root-mean-square roughness of 
5.20 nm (Fig. 2E). Overall, our characterization of the 
OHP-NPs demonstrates their suitability for use in the 
fabrication of artificial synapses.

3.2. Synaptic Plasticity

An artificial synapse utilizing OHP-NP thin films 
was fabricated, and the cross-sectional view of the de-

vices confirmed a 15-nm-thick OHP-NP layer in a 
sandwiched structure (Fig. 3A, Fig. 3B). Synaptic plas-
ticity, which plays a fundamental role in signal trans-
mission in synapses, was investigated by measuring 
the synaptic weight, modulated by sensorimotor im-
pulses and recovering rapidly during PNS signal 
transitions. Upon the application of an external pulse, 
a sudden current shoot is triggered, and after the pulse 
is removed, it decays within several tens of milli-

Fig. 3. Short-term plasticity and long-term plasticity. (A) Cross sectional view of the top electrode/OHP-NP/conductive 
polymer/bottom electrode structure. (B) Geometry of the artificial synapse. (C) EPSC triggered by a single 
presynaptic spike and EPSC triggered by two successive pulses. (D) PPF index as a function of time interval 
of the two successive presynaptic spikes. (E) Maximal EPSC (Cyan) and EPSC (10 s after stimuli, Magenta) 
as a function of spike number (Reading bias 0.1 mV, pulse amplitude 0.1 mV). (F) EPSC triggered by 60 
successive pulsesfrom an OHP-NP artificial synapse.
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seconds (Fig. 3C), closely resembling the EPSC ob-
served in biological synapses. This phenomenon arises 
from the redistribution of ions in response to external 
stimuli, followed by their spontaneous drift back to 
their original positions. Consequently, this process em-
ulates the arrival of a presynaptic spike on the pre-
synaptic membrane to cause neurotransmitter release-
ment and the generation of EPSC through the post-
synaptic membrane.

Upon subjecting the artificial synapse to two succes-
sive pulses, we observed two EPSC peaks, with the 
second peak being more intense than the first (Fig. 
3C). This behavior closely resembles PPF in biological 
synapses, a phenomenon underlying various critical 
brain functions, including information processing and 
sound localization. The PPF index, representing the in-
cremental percentage of synaptic weight, decreases as 
the time interval between the two presynaptic spikes 
increases (Fig. 3D). Remarkably, the PPF index drops 
to below 10% when the time interval is extended to 
approximately 7 seconds.

By applying additional consecutive pulses, we ob-

served a gradual step-by-step increase in EPSC ampli-

tude (Fig. 3E, Fig. 3F). This result suggests that ion 

migration during these spiking periods occurs faster 

than their recovery. In MAPbBr3 perovskites, Br⁻ ex-

hibits a lower activation energy for ion migration (≈

0.2 eV) compared to MA⁺ and Pb²⁺ (both≈0.8 eV). 

Therefore, we consider that Br⁻ ions predominantly 

contribute to the ion migration and the modulation of 

synaptic strength in our system. We have seen that 

both maximal EPSC (Cyan) and EPSC (10 s after 

stimuli, Magenta) gradually increase with increasing 

spike number (Fig. 3E, Fig. 3F). 

3.3. Multiple Synaptic Functions (Different Type of Synaptic 
Plasticity)

In order to demonstrate the diverse synaptic func-
tions of our artificial synapses based on OHP-NPs, we 
conducted measurements of EPSC peaks while varying 
the intensity of spike duration (spike-duration-depend-
ent plasticity (SDDP), Fig. 4A, Fig. 4B), the spike am-
plitude (spike-voltage-dependent plasticity (SVDP), 
Fig. 4C), and the spike rate (SRDP, Fig. 4D). The arti-
ficial synapses utilizing OHP-NPs exhibited gradual 
increases in EPSC peaks with increasing spike dura-
tion, spike amplitude, and spike rate, demonstrating the 
versatility and adaptability of the artificial synapse in 
response to different spiking patterns and durations. 
Particularly, the spike rate and frequency demonstrated 
a linear relationship with EPSC peaks (Fig. 4E).

Next, we investigated STDP, a crucial form of the 
Hebbian learning rule, which posits that "neurons that 
fire together, wire together" [42]. STDP describes the 
modulation of synaptic weight when the relative tim-
ing between presynaptic and postsynaptic spikes is 
changed. To evaluate the applicability of STDP in our 
artificial synapses, we applied a series of pulse pairs 
to the presynaptic and postsynaptic terminals and re-
corded the changes in postsynaptic current. We ob-
served an anti-symmetric plot of STDP (SI Fig. 3A, 
Fig. 3B), consistent with the biological phenomenon 
where synapses typically strengthen when presynaptic 
spikes precede postsynaptic spikes, while the reverse 
sequence leads to synaptic depression.

3.4. Sensitivity and Energy Consumption

To study the sensitivity and energy consumption of 
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the synaptic devices, presynaptic spikes with various 
amplitudes were applied and concomitant EPSC was 
recorded (Fig. 4C). Remarkably, the device exhibited 
exceptionally high sensitivity, successfully realizing all 
the aforementioned functions with stimuli applied at a 
voltage level as low as 100 mV. Furthermore, the elec-
tronic device demonstrated the ability to respond to 
even smaller presynaptic spikes, as low as 10 mV. 
This sensitivity level represents one of the highest 
among state-of-the-art two-terminal synaptic devices, 
surpassing that of a biological synapse, where action 
potentials of approximately 70 mV are typically 

applied. Such high sensitivity is crucial for the devel-
opment of bio-integrating electronics, enabling the de-
tection of weak signals at the bio/electronics interface, 
and represents a significant step towards constructing 
ultrasensitive neuromorphic electronics for brain-in-
spired applications.

The human brain remarkably functions at a power 
level comparable to that of a household lightbulb, de-
spite its billions of neurons and trillions of synapses. 
This energy efficiency is primarily due to the low 
power consumption of synapses, typically in the range 
of 1–10 fJ per SE. Consequently, for the construction 

Fig. 4. Emulation of different types of synaptic plasticity (reading bias 0.1 mV). (A) Schematic demonstration that 
multiple synaptic functions can be realized using the single electronic device. (B) PSC vs. spike duration 
(pulse amplitude=0.6 V). (C) PSC vs. spike amplitude (pulse width=380 ms). (D) PSC triggered by 10 
pulses at different spike rates. E) Maximum PSC vs. spiking rate (0.1 Hz–1.2 Hz).  
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of a truly energy-efficient artificial system, low-energy 
consumption by artificial synapses is a critical 
requirement. Our calculations based on the pulse am-
plitude (A), the triggered current (I), and the pulse 
width (t) of the EPSC peak, triggered by a 10–mV 
pulse, revealed an extremely low energy consumption 
of approximately 5 fJ per SE. This energy con-
sumption level represents one of the lowest observed 
among two-terminal synapse-emulating electronic de-
vices to date and is comparable to that of a biological 
synapse [6,20]. Furthermore, these values are com-
parable with those of other two- or three-terminal syn-
aptic devices (~10 fJ/synaptic event) in previously re-
ported literature [43]. These findings demonstrate the 
significance of the high sensitivity and remarkably low 
energy consumption for the development of an excep-
tionally sensitive and energy-efficient artificial neural 
system. With such capabilities, our artificial synapses 
based on OHP-NPs hold great promise for advancing 
neuromorphic computing and brain-inspired technologies.

4. CONCLUSION

In conclusion, we have successfully fabricated an 
OHP-NP-based artificial synapse capable of emulating 
crucial synaptic functions, including short-term memo-
ry, spike-timing dependent plasticity, and spike-rate 
dependent plasticity, all in response to stimuli as low 
as 100 mV. The remarkable sensitivity of this device 
places it in the same order as biological synapses, 
making it highly promising for applications in bio-
inspired and bio-integrated artificial nervous systems. 
These exceptional electronic properties are attributed 
to the unique nanostructure of OHP-NPs and their thin 

films, which confine ion migration within nano-
crystallites, resulting in ultrasensitive responses and 
rapid recovery of synaptic weight. Ultimately, these 
breakthroughs may lead to the realization of highly so-
phisticated and efficient bio-inspired artificial in-
telligence systems with a wide range of practical appli-
cations in the fields of neuroscience, robotics, and 
medical prosthetics.

ABBREVIATIONS

OHP: Organic-inorganic halide perovskites
PNS: Peripheral nervous system
CNS: Central nervous system 
NPs: Nanoparticles
EPSC: Excitatory postsynaptic current
PSC: Postsynaptic current
PPF: Paired-pulse facilitation
SRDP: Spike-rate-dependent plasticity
STDP: Spike-timing dependent plasticity
SDDP: Spike-duration-dependent plasticity
SVDP: Spike-voltage-dependent plasticity
SE: Synaptic event
DMF: Dimethylformamidinium
AFM: Atomic force microscopy
STEM: Scanning transmission electron microscopy
EDS: Energy dispersive spectrometry
XPS: X-ray photoelectron spectroscopy
FT-IR: Fourier-transform infrared spectroscopy

SUPPLEMENTARY INFORMATION

The online version contains supplementary material 
available at https://doi.org/10.56767/jfpe.2025.4.2.0001



유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

244

ACKNOWLEDGEMENTS

Author Contributions
W.X. and Y.-H.K. contributed equally to this work. 

The authors declare that they have no known compet-
ing financial interests or personal relationships that 
could have appeared to influence the work reported in 
this paper.

Funding
This work was supported by the National Research 

Foundation of Korea (NRF) grant funded by the Korea 
government (MSIT) (2016R1A3B1908431).

Declarations of Competing Interests
The authors declare that they have no competing 

interests.

REFERENCES

[1] Wang, W.; Jiang, Y.; Zhong, D.; Zhang, Z.; 
Choudhury, S.; Lai, J. C. et al. Neuromorphic 
Sensorimotor Loop Embodied by Monolithically 
Integrated, Low-Voltage, Soft e-Skin. Science. 
2023, 380 (6646) 735-742.

[2] Lichtman, J. W.; Denk, W. The Big and the Small: 
Challenges of Imaging the Brain’s Circuits. 
Science 2011, 334 (6056) 618-623.

[3] Abbott, L. F.; Regehr, W. G. Synaptic Computation. 
Nature 2004, 431, 796-803.

[4] Gong, J.; Wei, H.; Liu, J.; Sun, L.; Xu, Z.; Huang, 
H. et al. An Artificial Visual Nerve for Mimicking 
Pupil Reflex. Matter 2022, 5 (5), 1578-1589.

[5] Liu, J.; Gong, J.; Wei, H.; Li, Y.; Wu, H.; Jiang, 
C. et al. A Bioinspired Flexible Neuromuscular 

System Based Thermal-Annealing-Free Perovskite 
with Passivation. Nat. Commun. 2022, 13 (1), 
7427.

[6] Kim, Y.; Chortos, A.; Xu, W.; Liu, Y.; Oh, J. Y.; 
Son, D. et al. A Bioinspired Flexible Organic 
Artificial Afferent Nerve. Science. 2018, 360 
(6392), 998-1003.

[7] Wei, H.; Shi, R.; Sun, L.; Yu, H.; Gong, J.; Liu, 
C. et al. Mimicking Efferent Nerves Using a 
Graphdiyne-Based Artificial Synapse with Multiple 
Ion Diffusion Dynamics. Nat. Commun. 2021, 12 
(1), 1068.

[8] John, R. A.; Demirağ, Y.; Shynkarenko, Y.; 
Berezovska, Y.; Ohannessian, N.; Payvand, M. et 
al. Reconfigurable Halide Perovskite Nanocrystal 
Memristors for Neuromorphic Computing. Nat. 
Commun. 2022, 13 (1), 2074.

[9] Zhang, Y.; Liu, L.; Tu, B.; Cui, B.; Guo, J.; Zhao, 
X. et al. An Artificial Synapse Based on Molecular 
Junctions. Nat. Commun. 2023, 14 (1), 247.

[10] Kuzum, D.; Yu, S.; Philip Wong, H. S. Synaptic 
Electronics: Materials, Devices and Applications. 
Nanotechnology. 2013, 24 (38), 382001.

[11] Kuzum, D.; Jeyasingh, R. G. D.; Lee, B.; Wong, 
H. S. P. Nanoelectronic Programmable Synapses 
Based on Phase Change Materials for Brain- 
Inspired Computing. Nano. Lett. 2012, 12 (5), 
2179-2186.

[12] Hasegawa, T.; Ohno, T.; Terabe, K.; Tsuruoka, 
T.; Nakayama, T.; Cimzewski, J. K. et al. 
Learning Abilities Achieved by a Single Solid- 
State Atomic Switch. Adv. Mater. 2010, 22 (16), 
1831-1834.

[13] Chanthbouala, A.; Garcia, V.; Cherifi, R. O.; 



유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

245

Bouzehouane, K.; Fusil, S.; Moya, X. et al. A 
Ferroelectric Memristor. Nat. Mater. 2012, 11 
(10), 860-864.

[14] Shen, A. M.; Chen, C. L.; Kim, K.; Cho, B.; 
Tudor, A.; Chen, Y. Analog Neuromorphic 
Module Based on Carbon Nanotube Synapses. 
ACS Nano. 2013, 7 (7), 6117-6122.

[15] Alibart, F.; Pieutin, S.; Guérin, D.; Novembre, C.; 
Lenfant, S.; Lmimouni, K. et al. An Organic 
Nanoparticle Transistor Behaving as a Biological 
Spiking Synapse. Adv. Funct. Mater. 2010, 20 
(2), 330-337.

[16] Li, S.; Zeng, F.; Chen, C.; Liu, H.; Tang, G.; 
Gao, S. et al. Synaptic Plasticity and Learning 
Behaviours Mimicked through Ag Interface 
Movement in an Ag/Conducting Polymer/Ta 
Memristive System. J. Mater. Chem. C. 2013, 1 
(34), 5292-5298.

[17] Liu, Y. H.; Zhu, L. Q.; Feng, P.; Shi, Y.; Wan, Q. 
Freestanding Artificial Synapses Based on Laterally 
Proton-Coupled Transistors on Chitosan Membranes. 
Adv. Mater. 2015, 27 (37), 5599-5604.

[18] Wan, C. J.; Zhu, L. Q.; Zhou, J. M.; Shi, Y.; Wan, 
Q. Memory and Learning Behaviors Mimicked in 
Nanogranular SiO2-Based Proton Conductor Gated 
Oxide-Based Synaptic Transistors. Nanoscale. 
2013, 5 (21), 10194-10199.

[19] Jo, S. H.; Chang, T.; Ebong, I.; Bhadviya, B. B.; 
Mazumder, P.; Lu, W. Nanoscale Memristor 
Device as Synapse in Neuromorphic Systems. 
Nano. Lett. 2010, 10 (4), 1297-1301.

[20] Xu, W.; Cho, H.; Kim, Y. H.; Kim, Y. T.; Wolf, 
C.; Park, C. G. et al. Organometal Halide 
Perovskite Artificial Synapses. Adv. Mater. 2016, 

28 (28), 5916-5922.
[21] Lee, Y.; Oh, J. Y.; Xu, W.; Kim, O.; Kim, T. R.; 

Kang, J. et al. Stretchable Organic Optoelectronic 
Sensorimotor Synapse. Sci. Adv. 2018, 4 (11), 
eaat7387.

[22] Xu, W.; Min, S. Y.; Hwang, H.; Lee, T. W. 
Organic Core-Sheath Nanowire Artificial Synapses 
with Femtojoule Energy Consumption. Sci. Adv. 
2016, 2 (6), e1501326.

[23] Maksimovic, S.; Nakatani, M.; Baba, Y.; Nelson, 
A. M.; Marshall, K. L.; Wellnitz, S. A. et al. 
Epidermal Merkel Cells Are Mechanosensory 
Cells That Tune Mammalian Touch Receptors. 
Nature. 2014, 509 (7502), 617-621.

[24] Lumpkin, E. A.; Caterina, M. J. Mechanisms of 
Sensory Transduction in the Skin. Nature. 2007, 
445 (7130), 858-865.

[25] Abraira, V. E.; Ginty, D. D. The Sensory Neurons 
of Touch. Neuron. 2013, 79 (4), 618-639.

[26] Olive, J. A.; Behn, M. D.; Ito, G.; Buck, W. R.; 
Escartín, J.; Howell, S. Sensitivity of Seafloor 
Bathymetry to Climate-Driven Fluctuations in 
Mid-Ocean Ridge Magma Supply. Science. 2015, 
350 (6258), 310-313.

[27] Sun, L.; Du, Y.; Yu, H.; Wei, H.; Xu, W.; Xu, 
W. An Artificial Reflex Arc That Perceives 
Afferent Visual and Tactile Information and 
Controls Efferent Muscular Actions. Research. 
2022, 9851843.

[28] Ni, Y.; Han, H.; Liu, J.; Choi, Y.; Liu, L.; Xu, 
Z. et al. A Fibrous Neuromorphic Device for 
Multi-Level Nerve Pathways Implementing Knee 
Jerk Reflex and Cognitive Activities. Nano 
Energy. 2022, 104, 107898.



유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

246

[29] Ni, Y.; Liu, L.; Liu, J.; Xu, W. A High-Strength 
Neuromuscular System That Implements Reflexes 
as Controlled by a Multiquadrant Artificial Efferent 
Nerve. ACS Nano 2022, 16 (12), 20294-20304.

[30] Liu, L.; Ni, Y.; Liu, J.; Wang, Y.; Jiang, C.; Xu, 
W. An Artificial Autonomic Nervous System That 
Implements Heart and Pupil as Controlled by 
Artificial Sympathetic and Parasympathetic Nerves. 
Adv. Funct. Mater. 2023, 33 (9), 2210119.

[31] Jiang, C.; Liu, J.; Ni, Y.; Qu, S.; Liu, L.; Li, Y. 
et al. Mammalian-Brain-Inspired Neuromorphic 
Motion-Cognition Nerve Achieves Cross-Modal 
Perceptual Enhancement. Nat. Commun. 2023, 14 
(1), 1344.

[32] Wei, H.; Yao, G.; Ni, Y.; Yang, L.; Liu, J.; Sun, L. 
et al. Flexible Electro-Optical Perovskite/Electrolyte 
Synaptic Transistor to Emulate Photoelectric- 
Synergistic Neural Learning Rules and Reflex-Arc 
Behavior. Adv. Funct. Mater. 2023, 33 (46), 
2304000.

[33] Lee, Y.; Park, H. L.; Kim, Y.; Lee, T. W. 
Organic Electronic Synapses with Low Energy 
Consumption. Joule. 2021, 5 (4), 794-810.

[34] Kim, Y. H.; Wolf, C.; Kim, Y. T.; Cho, H.; 
Kwon, W.; Do, S. et al. Highly Efficient 
Light-Emitting Diodes of Colloidal Metal-Halide 
Perovskite Nanocrystals beyond Quantum Size. 
ACS Nano 2017, 11 (7), 6586-6593.

[35] Kim, Y. H.; Kim, S.; Kakekhani, A.; Park, J.; 
Park, J.; Lee, Y. H. et al. Comprehensive Defect 
Suppression in Perovskite Nanocrystals for High- 
Efficiency Light-Emitting Diodes. Nat. Photonics. 
2021, 15 (2), 148-155.

[36] Kim, Y. H.; Park, J.; Kim, S.; Kim, J. S.; Xu, H.; 

Jeong, S. H. et al. Exploiting the Full Advantages 
of Colloidal Perovskite Nanocrystals for Large- 
Area Efficient Light-Emitting Diodes. Nat. 
Nanotechnol. 2022, 17 (6), 590-597.

[37] Kim, Y. H.; Lee, G. H.; Kim, Y. T.; Wolf, C.; Yun, 
H. J.; Kwon, W. et al. High Efficiency Perovskite 
Light-Emitting Diodes of Ligand-Engineered Colloi-
dal Formamidinium Lead Bromide Nanoparticles. 
Nano Energy. 2017, 38, 51-58.

[38] Shao, Y.; Fang, Y.; Li, T.; Wang, Q.; Dong, Q.; 
Deng, Y. et al. Grain Boundary Dominated Ion 
Migration in Polycrystalline Organic-Inorganic 
Halide Perovskite Films. Energy. Environ. Sci. 
2016, 9 (5), 1752-1759.

[39] Yuan, Y.; Huang, J. Ion Migration in Organometal 
Trihalide Perovskite and Its Impact on Photovoltaic 
Efficiency and Stability. Acc. Chem. Res. 2016, 49 
(2), 286-293.

[40] Yun, J. S.; Seidel, J.; Kim, J.; Soufiani, A. M.; 
Huang, S.; Lau, J. et al. Critical Role of Grain 
Boundaries for Ion Migration in Formamidinium 
and Methylammonium Lead Halide Perovskite 
Solar Cells. Adv. Energy. Mater. 2016, 6 (13), 
1600330.

[41] Schmidt, L. C.; Pertegás, A.; González-Carrero, 
S.; Malinkiewicz, O.; Agouram, S.; Mínguez 
Espallargas, G. et al. Nontemplate Synthesis of 
CH3NH3PbBr3 Perovskite Nanoparticles. J. Am. 
Chem. Soc. 2014, 136 (3), 850-853.

[42] Bi, G. Q.; Poo, M. M. Synaptic Modifications in 
Cultured Hippocampal Neurons: Dependence on 
Spike Timing, Synaptic Strength, and Postsynaptic 
Cell Type. J. Neurosci. 1998, 18 (24), 10464-72.

[43] Xu, W.; Nguyen, T. L.; Kim, YT; Wolf, C.; 



유연인쇄전자학술지, 2025년 12월, 제4권 제2호, pp. 235-247
Journal of Flexible & Printed Electronics, December 2025, Vol. 4, Issue 2, pp. 235-247

247

Pfattner, R.; Lopez, J. et al. Ultrasensitive 
Artificial Synapse Based on Conjugated 
Polyelectrolyte. Nano Energy 2018, 48, 575-581.


