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ABSTRACT
As the bottleneck of energy efficiency associated with the separation of storage and computation in the von Neumann architecture
becomes increasingly restrictive, brain-inspired electronic devices based on 2Dmaterials are emerging as promising candidates for
next-generation information processing. Here, a top-gate tri-terminal optoelectronic synapse based on 2D NbOI2 is demonstrated.
Stable inhibitory postsynaptic current (IPSC) modulation and paired-pulse depression (PPD) behaviors are successfully emulated
for the first time in NbOI2 devices. The device achieves an ultralow single-spike energy consumption, comparable to that of
natural biological synapses (∼10 fJ). Under hybrid optical-electrical stimulation, it exhibits long-term potentiation and depression
(LTP/LTD), showing versatile synaptic plasticity. An artificial neural network constructed using its synaptic properties achieves
classification accuracies of 93.61% and 84.57% on theMNIST andFashion-MNIST datasets, respectively. Furthermore, a closed-loop
human-machine interaction system inspired by the vision-neural-motor pathway is established by exploiting the accumulative
photocurrent memory of NbOI2 synapses. Multi-channel robotic arm control is also realized, highlighting the scalability of NbOI2
optoelectronic synapses for complex collaborative tasks. This work demonstrates the dual potential of NbOI2 optoelectronic
synapses in neuromorphic computing and intelligent human-machine interaction, offering insights for the development of
energy-efficient brain-inspired electronics.
1 Introduction

With the rapid development of artificial intelligence, big data,
and human-machine interaction technologies, information pro-
cessing systems have encountered unprecedented challenges
in terms of performance, energy efficiency and intelligence
Kun Lv and Ping Chen have contributed equally to this work.
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[1–4]. The conventional von Neumann architecture based on
the physical separation of perception, storage, and computation
units has suffered from the “memory wall” effect, which results
in increasingly insufficiency of real-time responsiveness, multi-
modal integration, and ultralow power operation [5, 6]. In
stark contrast, the human brain exhibits remarkable features,
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including extremely low energy consumption, high fault toler-
ance and outstanding adaptive learning capabilities, integrating
multi-modal sensory inputs through massively parallel process-
ing with approximately 1012 neurons interconnected by about
1015 synapses [7]. Biological synapses, serving as the fundamental
connection units between neurons, enable the integration of
information storage and processing via neurotransmitter release
and dynamic synaptic weight modulation, thereby providing
the essential basis for learning, memory and reasoning [8, 9].
Therefore, artificial synaptic devices have attracted growing
attention with capable of executing storage and computation
simultaneously [10, 11]. In particular, 2D materials are regarded
as ideal candidates for constructing high-performance opto-
electronic synapses with atomic-scale thickness, excellent gate
controllability and unique opto-electronic properties [12–21].

Among various 2D semiconductors, NbOI2 stands out as an
emerging 2D ferroelectric semiconductor and exhibits peculiar
performance in opto-electronic detection, piezoelectric sensing
and nonlinear optics benefited from its moderate bandgap,
strong piezoelectric/ferroelectric responses, pronounced in-plane
anisotropy and robust second-harmonic generation (SHG) [22–
29]. In this year, Zhai et al. first realized artificial synapse based
on NbOI2 by exploiting themultiphysics coupling characteristics.
They proposed a 2D piezoelectric-ferroelectric-opto-electronic
(PFOE) artificial synapse, which enabled integrated regulation
of visual and tactile signals within a NbOI2 device. Based on
the synergistic action of light and strain, fingerprint image
clarity and recognition accuracy were improved through visual-
tactile information fusion [30]. Subsequently, the same group
developed a 2D time-stretching anisotropic synapse (2D TSAS),
by leveraging the intrinsic in-plane anisotropy of NbOI2 and its
multi-channel excitation-relaxation dynamics. Those encoding
and temporal integration of polarization features facilitated han-
dling brightness contrasts in high dynamic range (HDR) visual
environments. The 2D TSAS achieved recognition accuracies of
approximately 95% on both the NWPU-RESISC45 and MNIST
datasets [31]. Although these advances clearly demonstrate the
potential of NbOI2 in artificial synapses and multimodal percep-
tion, the reported devices still relied on optical or strain stimuli for
modulation. Systematic investigations of NbOI2 based artificial
synapses responsive to electrical impulses remain unexplored,
which is the fundamental information carriers in biological
neural systems. Moreover, current research mostly confined to
proof-of-concept demonstrations at the device level. How to
extend synaptic plasticity toward bionic systems and achieve
a continuous process from environmental perception to action
execution still demands an in-depth exploration.

Herein, a top-gate tri-terminal opto-electronic synapse device
based on NbOI2 was demonstrated. Stable inhibitory synaptic
currents (IPSCs) and paired-pulse depression (PPD)were realized
with the stimulation of electrical pulses for the first time in
NbOI2-based devices. Notably, the device exhibits an ultralow
single-spike energy consumption of ∼89 aJ, which is two orders
of magnitude lower than that of natural biological synapses
(∼10 fJ), highlighting its superior energy efficiency. In addition,
bidirectional plasticity regulation in the form of long-term poten-
tiation and depression (LTP/LTD) were demonstrated under
dual-mode opto-electrical pulse stimulation. Recognition accura-
cies of 93.61% and 84.57% for image classification tasks, enabled by
2 of 13
embedding weight update functions extracted from the LTP/LTD
curves into artificial neural networks (ANN), were achieved on
the MNIST and Fashion-MNIST datasets, respectively, thereby
validating the potential for neuromorphic computing. Further-
more, a closed-loop human-machine interaction system inspired
by the vision-neural-motor pathway was constructed, which was
used to drive a robotic arm to autonomously approach and grasp
target objects where front-end binocular cameras combined with
a YOLO-v8 neural network performed real-time target detection
and localization, and NbOI2 opto-electronic synapses served
as the processing and memory core. Besides, multi-channel
robotic hand control based on NbOI2 opto-electronic synapses
was realized, validating not only the feasibility of independent
finger actuation but also the scalability of these devices in
complex human-machine collaboration scenarios. Collectively,
this work establishes a comprehensive neuromorphic application
pathway for NbOI2 spanning materials, devices, algorithms, and
system-level integration, providing novel strategies for next-
generation brain-inspired hardware aimed at visual perception
and intelligent human-machine collaboration.

2 Results and Discussion

2.1 Design Concept of the NbOI2 Opto-Electronic
Synapses

In biological hand grip control with visual guidance systems, light
signals, scattered from external objects enter into the eye with
refraction and pupil adjustment, are focused onto the retina, and
subsequently converted into electrical signals by photoreceptor
cells. These electrical signals are transmitted via neurons and
synapses to the visual cortex of the brain, where recognition
and decision-making occur. The feedback signals then propagate
along motor pathways to effector muscles, enabling the limbs
to progressively approach and eventually grasp the target object
(Figure 1a) [32]. Inspired by this vision-motor pathway, NbOI2
was employed to realize analogous information processing and
execution functions.

As a transition-metal dihalide oxide, NbOI2 possesses a moderate
bandgap (1.6–1.9 eV) [30], with its fundamental structural unit
being a distorted [NbO2I4] octahedron. In the crystal lattice,
NbOI2 layers are stacked along the a-axis through van der Waals
interactions, while O-Nb-O and I-Nb-I chains extend along the
b- and c-axis, respectively [22]. The displacement of Nb atoms
from the octahedral center induces spontaneous polarization
along the Nb─O bond direction (Figure 1b), resulting in a built-
in electric field [27]. The electric field suppresses photogenerated
carrier recombination and increases carrier lifetime, thereby
providing the physical basis for brain-like synaptic plasticity in
artificial opto-electronic synapses [30]. Moreover, the weaker
Nb─I bond strength along the c-axis, compared with the stronger
Nb─O bonding along the b-axis, results in a preferred cleavage
orientation along the b-axis during mechanical exfoliation [22].
Consequently, exfoliated NbOI2 flakes typically exhibit rectan-
gular or elongated morphologies with nearly vertical edges,
facilitating rapid identification of crystallographic orientation
under optical microscopy. EDS analysis of exfoliated NbOI2
flakes reveals uniform spatial distribution and compositional
consistency of Nb and I elements across the samples (Figure S1a).
Advanced Functional Materials, 2026
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FIGURE 1 Design concept of device implementation for theNbOI2-based optoelectronic synapses. (a) Schematic illustration of signal transmission
in human neural pathways. (b) Crystal structure of NbOI2. (c) Device architecture of a three-terminal top-gate NbOI2-based optoelectronic synapse,
employing graphene electrodes and h-BN encapsulation. (d) Nonlinear weight-update parameters extracted from LTP/LTD curves, which are mapped
into weight update rules and embedded into a fully connected ANN to simulate visual perception and classification. (e) The accumulated photocurrent
memory effect under optical pulse stimulation enables closed-loop control of the robotic arm, achieving progressive extension and grasping actions.
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To further evaluate the crystal quality, Raman spectroscopy was
performed on the NbOI2 flakes. Five characteristic peaks (P1-
P5) were observed centered at 101, 205, 270, 520, and 608 cm−1

(Figure S1b) [27]. The peaks at 101 and 608 cm−1 correspond
to the symmetric bending vibration and asymmetric stretching
vibration of the Nb─I bond, respectively. Those peaks at 205 and
270 cm−1 are attributed to the collective vibrational modes of
the [NbO2I4] octahedron, while the peak at 520 cm−1 originates
from the symmetric bending vibration of the Nb─O bond,
confirming the structural integrity of the NbOI2 crystal [27, 33].
In addition, high-resolution transmission electron microscopy
(HRTEM) (Figure S1c) revealed clear lattice fringes with an
interplanar spacing of approximately 0.27 nm, corresponding
to the d(1̄12) spacing of monoclinic NbOI2, indicating a well-
ordered crystal structure [27, 35]. X-ray diffraction (XRD) patterns
(Figure S1d) agreed well with the standard PDF data, con-
firming the monoclinic phase and phase purity of the NbOI2
samples [26, 27].
Advanced Functional Materials, 2026
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To fully exploit the intrinsic in-plane polarization of NbOI2,
a three-terminal top-gate opto-electronic synapse device was
constructed on a flexible PET substrate, aligned along the b-axis
of NbOI2. The device employed NbOI2 thin flakes as the channel,
while graphene served as the source, drain, and top-gate elec-
trodes. h-BN was used as an inert encapsulation layer to stabilize
the interface and suppress environmental oxidation [34, 35], pre-
senting a van der Waals hetero-integrated top-gate architecture
with an NbOI2 thickness of approximately 35 nm (Figure 1c;
Figure S2b). HRTEM further revealed well-defined and atomi-
cally clean interfaces between the NbOI2, graphene, and h-BN
layers, indicating high-quality van der Waals integration (Figure
S2c). The device exhibits pronounced photocurrent responses
under red, green, and blue light illumination, confirming its
multi-band sensitivity analogous to biological visual synapses
(Figure S3). In addition, a clear clockwise hysteresis window
is observed in the IDS-VGS characteristics, indicating excellent
charge storage and retention capability, thereby highlighting the
3 of 13
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FIGURE 2 Electrical-pulse-modulated inhibitory synaptic plasticity. (a) Schematic illustration of biological synaptic information transmission.
(b) IPSC responses of the device under different amplitudes of positive gate voltage pulses (2, 4, 6, 8, and 10 V, pulse width = 0.5 s, VDS = 0.1 V). Inset:
dependence of IPSC peak on pulse amplitude. (c) IPSC responses under different pulse widths of positive gate voltage pulses (0.3, 0.5, 1.5, 2.5, 5, 7.5, and
10 s, pulse amplitude = 5 V, VDS = 0.1 V). Inset: dependence of IPSC peak on pulse width. (d) Variation of the PPD indices with pulse interval (0.2–10
s, pulse amplitude = 8 V, pulse width = 0.5 s, VDS = 0.1 V). Inset: representative PPD response triggered by two consecutive electrical pulses (pulse
amplitude= 8 V, pulse width= 0.5 s, pulse interval= 8 s, VDS = 0.1 V). (e) Transition from STD to LTD as the number of electrical pulses increases (pulse
amplitude = 8 V, pulse width = 0.5 s, pulse interval = 0.5 s, VDS = 0.1 V). (f) Transition from STD to LTD with increasing pulse amplitude (number of
pulses = 16, pulse width = 0.5 s, pulse interval = 0.5 s, VDS = 0.1 V).
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device’s potential for non-volatile memory applications and arti-
ficial synapses (Figure S4). The nonlinear parameters extracted
from the LTP and LTD plasticity of artificial synapses could
be incorporated into weight update rules of ANN to enable
reliable simulation of visual perception and image classifica-
tion (Figure 1d) [36]. Furthermore, a cumulative photocurrent
memory effect can mimic the neural process of motor neuron
excitation and muscle contraction under continuous visual stim-
uli, allowing for controlled progressive extension and grasping
motions of a robotic arm (Figure 1e).

2.2 Electrical-Pulse-Modulated Inhibitory
Synaptic Plasticity

The biological synapse, which serves as the fundamental unit
for information transmission between neurons, consists of the
presynaptic membrane, synaptic cleft, and postsynaptic mem-
brane. When an action potential arrives at the presynaptic
terminal, neurotransmitters are released from the presynaptic
membrane, diffuse across the synaptic cleft, and subsequently
bind to receptors on the postsynaptic membrane. This process
induces either excitatory postsynaptic currents (EPSCs) or IPSCs,
thereby completing neural signal transmission (Figure 2a) [37].
The plasticity of these postsynaptic currents modulated by elec-
trical pulses plays a pivotal role in modulating synaptic strength
4 of 13
and underlies essential brain functions such as learning and
memory [38].

To systematically evaluate the synaptic behavior of the NbOI2-
based three-terminal opto-electronic synapse device with elec-
trical simulation, its current response and associated plasticity
characteristics under positive gate-voltage pulse stimulationwere
investigated (all measurements were conducted in dark-field
mode at VDS = 0.1 V). When a single electrical pulse was
applied through the top gate, the device exhibited a clear
IPSCs (Figure 2b), which was first observed in NbOI2 synapses.
The instantaneous current after pulse termination fell below
the initial baseline and subsequently recovered gradually. With
increasing pulse amplitude, the IPSC peak, defined as the instan-
taneousminimumcurrent following pulsewithdrawal, decreased
from 21 to 12 pA, indicating progressively enhanced suppression.
This dependence of IPSC amplitude on gate-voltage strength
demonstrates the device’s voltage-dependent inhibitory plasticity
(inset in Figure 2b). The underlyingmechanism can be attributed
to the combined effects of the gate-induced electric field on carrier
distribution and defect trapping within the NbOI2 flake, such
as iodine-vacancies [35, 39, 40]. When a positive gate-voltage
is applied, electrons are driven into the channel, producing
an initial current increase, accompanying with trapping partial
electrons in iodine defects. Upon removal of the gate pulse, the
free-carrier density in the channel recovers quickly, whereas
Advanced Functional Materials, 2026
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trapped electrons cannot de-trap instantaneously. This transient
imbalance causes the current to drop below its initial value,
manifesting as an IPSC. Subsequently, the gradual release of
trapped electrons enables recovery of the current to the baseline
level (Figure S5). And the increased pulse amplitude induces a
higher electron concentration and a larger number of trapped
electrons in iodine defects, leading to a progressively enhanced
suppression of IPSC. Beyond pulse amplitude, the duration of the
electrical pulse also significantly influences the synaptic behavior.
As shown in Figure 2c, a single positive gate pulse with varying
widths of 0.3, 0.5, 1.5, 2.5, 5, 7.5, and 10 s was applied with a
fixed amplitude of 5 V. With increasing pulse width, the IPSC
peak gradually decreased from 19 to 16 pA, indicating a stronger
suppression effect. The inset further illustrates the dependence
of IPSC amplitude on pulse width, confirming the temporal
tunability of inhibitory plasticity.

Paired-pulse plasticity behavior was examined to validate the
synaptic characteristics of the device under temporally correlated
stimuli. In biological synapses, paired-pulse plasticity is a typical
manifestation of short-term plasticity (STP), reflecting the ability
to process consecutive stimuli. It describes two postsynaptic
spikes generated by two successive inputs. If the current ampli-
tude triggered by the second pulse exceeds that of the first, the
behavior is defined as paired-pulse facilitation (PPF). Conversely,
it is referred to as PPD. The quantitative index for paired-pulse
plasticity is given by [41–44]:

𝑃𝑃𝐷 (𝑃𝑃𝐹) 𝑖𝑛𝑑𝑒𝑥 =
𝐴1

𝐴2

× 100% (1)

where A1 and A2 represent the IPSCs triggered by the first and
second pulses, respectively. The dependence of the PPD indices
on the pulse interval Δt can be fitted by a double-exponential
function [45, 46]:

𝑃𝑃𝐷 (𝑃𝑃𝐹) = 1 + 𝐶1 exp

(
−Δ𝑡
𝜏1

)
+ 𝐶2 exp

(
−Δ𝑡
𝜏2

)
(2)

where C1 and C2 correspond to the initial magnitudes of rapid
and slow decay, and τ1 and τ2 are the respective relaxation time
constants. As shownby the inset in Figure 2d, the device exhibited
PPD behavior under two consecutive positive gate-voltage pulses
(amplitude: 8 V; width: 0.5 s). As the interval Δt increased from
0.2 to 10 s, the PPD indices monotonically decreased from 117% to
107%. Fitting of the results yielded time constants of τ1 = 0.3 s and
τ2 = 29.98 s.

After confirming the presence of short-term plasticity, the long-
term plasticity characteristics of the device under multi-pulse
stimulation were investigated. With a constant gate voltage
amplitude of 8 V, electrical pulse sequences of 4, 8, 16, 32, and
50 pulses were applied. For a small number of pulses, limited
electron trapping in the NbOI2 flake resulted in short-term
depression (STD) (Figure 2e). With increasing pulse number,
more electrons were captured, leading to a pronounced current
reduction and the emergence of LTD, thereby demonstrating the
transition from STD to LTD through modulation of pulse count
[47]. Furthermore, the influence of stimulation intensity on LTD
regulation was examined. At a fixed pulse number of 16, electrical
pulses with amplitudes of 2, 4, 6, and 8 Vwere applied. Increasing
Advanced Functional Materials, 2026
gate-voltage amplitude similarly enabled the transition from STD
to LTD (Figure 2f), highlighting the dual tunability of inhibitory
synaptic plasticity by both pulse number and pulse intensity.

The results of the electrical stimulation experiments reveal
the unique capability of the NbOI2-based devices in regulating
inhibitory synaptic plasticity. Nevertheless, efficient information
processing in biological neural networks relies not only on
inhibitory modulation but also on the dynamic cooperation
with excitatory signaling. Therefore, systematic investigation of
the device’s excitatory synaptic behavior under optical pulse
stimulation is essential in order to assess comprehensively its
brain-like functional potential.

2.3 Light-Pulse-Modulated Excitatory Synaptic
Plasticity

Single-spike energy consumption was first characterized to eval-
uate the excitatory synaptic plasticity and energy efficiency of
the device under optical stimulation, followed by a systematic
investigation of EPSC dependence on optical parameters and
plasticity behavior. A photocurrent of 1.14 pA in the device was
induced by a single 405 nm light pulse (optical power density: 2.8
mW cm−2; pulse width: 0.1 s) with source-drain voltage at 1 mV
(Figure 3a). The electrical energy consumption per synaptic event
was calculated according to the following equation [48, 49]:

𝐸 = ∫ 𝑉𝐷𝑆 ⋅ 𝐼𝐷𝑆𝑑𝑡 (3)

where VDS is the source–drain voltage, IDS is the postsynaptic
current, and t is the pulse duration. The energy consumption per
synaptic event was calculated to be 89 aJ, which is approximately
two orders of magnitude lower than that of natural biological
synapses (∼10 fJ) and lower than the energy consumption from
those typical 2D materials (Table S1), thereby demonstrating
the ultralow-power characteristics of the NbOI2 opto-synapse
[50]. It should be noted that such an ultralow-energy is an
inherent trade-off between energy efficiency and signal stability
in optoelectronic synaptic devices (Figure S6).

After confirming the ultralow energy consumption of single
optical pulses, the dependence of EPSCs on external light-
stimulation was systematically investigated. When single light
pulses with different intensities (2.8, 6.5, 9.1, 14.3, and 19.2 mW
cm−2; pulse width = 0.3 s) were applied to the device (Figure 3b),
the EPSC rapidly increased during illumination and gradually
decayed toward its initial state after removing the light, where
the energy consumption per synaptic event reached 6.65 fJ with
the optical power density at 2.8 mW cm−2. With increasing light
intensity, the EPSC peak rose progressively, as further illustrated
by the intensity dependence in the inset of Figure 3b. This
behavior can be attributed to the synergistic interaction between
photo-generated carriers and defect trapping [35, 39, 40]. Upon
illumination, abundant photo-generated electrons and holes are
produced in the channel, resulting in a sharp increase in current.
Simultaneously, intrinsic defect states within NbOI2 capture part
of these carriers. Once ceasing illumination, electrons and holes
rapidly recombine, resulting in a sharp decrease in current.
However, electrons trapped at defect states are released slowly,
which reduce current decay and prevented an immediate return
5 of 13
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FIGURE 3 Light-pulse-modulated excitatory synaptic plasticity of the NbOI2-based optoelectronic synapses. (a) EPSC response under a single
light pulse (VDS = 0.001 V, λ = 405 nm, optical power density = 2.8 mW cm−2, pulse width = 0.1 s). (b) EPSC responses under increasing optical power
densities (2.8, 6.5, 9.1, 14.3, and 19.2 mW cm−2; VDS = 0.01 V, λ = 405 nm, pulse width = 0.3 s). Inset: dependence of EPSC peak on optical power density.
(c) EPSC responses under different light pulse widths (0.3, 1, 2, 3, and 4.5 s; VDS = 0.01 V, λ = 405 nm, optical power density = 9.1 mW cm−2). Inset:
dependence of the EPSC peak on pulse width. (d) Variation of the PPF indices with light pulse interval Δt (0.1–50 s; optical power density = 9.1 mW
cm−2, pulse width = 0.3 s). Inset: representative PPF response triggered by two consecutive light pulses (VDS = 0.01 V, λ = 405 nm, optical power density
= 9.1 mW cm−2, pulse width = 0.3 s, pulse interval = 2 s). (e) Transition from STP to LTP with increasing numbers of light pulses (VDS = 0.01 V, λ =
405 nm, optical power density = 2.8 mW cm−2, pulse width = 0.3 s, pulse interval = 0.3 s). (f) Transition from STP to LTP with increasing optical power
density (VDS = 0.01 V, λ = 405 nm, number of pulses = 16, pulse width = 0.3 s, pulse interval = 0.3 s). (g) Transition from STP to LTP with increasing
light pulse width (VDS = 0.01 V, λ = 405 nm, optical power density = 6.5 mW cm−2, number of pulses = 16, pulse interval = 0.3 s). (h) Simulation of the
learning-forgetting-relearning behavior.
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to the original state (Figure S7). Furthermore, EPSC gradually
intensified with increasing pulse duration (Figure 3c) by varying
the pulsewidth (0.3, 1, 2, 3, and 4.5 s) at fixed optical power density
at 9.1 mW cm−2, revealing that the device featured typical pulse-
duration-dependent plasticity. Importantly, the device exhibited
both intensity-dependent and pulse-duration-dependent excita-
tory behavior. These dependencies of the NbOI2 optical synapses
were consistently under the excitation by 520 and 650 nm (Figures
S8 and S9). Comparative analysis across different wavelengths
further confirmed that the device maintains stable and repro-
ducible opto-synaptic performance across the visible spectral
region (Figure S10).
6 of 13
Then, short-term plasticity was further examined by simulating
PPF with applying two consecutive optical pulses. The peak
current A2 induced by the second pulse was significantly larger
than the peak current A1 generated by the first pulse. As
the pulse interval gradually increased from 0.1 to 50 s, the
PPF indices decreased from 145% to 111% (Figure 3d), and the
decay behavior was well-fitted by a double-exponential decay
function. The relaxation time constants were determined to
be 0.58 s (τ1) and 25.35 s (τ2), matching well with the typical
relaxation dynamics observed in biological synapses [51]. The
observed PPF effect can be attributed to the accumulation of
photo-generated carriers within the channel at shorter pulse
Advanced Functional Materials, 2026
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intervals, which enhances the device response to subsequent
stimuli.

Humanmemory is generally categorized into short-termmemory
(STM) and long-termmemory (LTM). At the neural synapse level,
this process manifests as the transition from STP to LTP, which
typically relies on repeated or intensified stimulation to achieve
synaptic consolidation [52]. To emulate this process, 405 nm light
pulses with fixed width (0.3 s), interval (0.3 s) and optical power
density (2.8 mW cm−2) were applied to the device. When the
number of pulses was small (e.g. 4), only STP was observed, with
EPSCs rapidly decaying to the original state within a short time.
However, as the number of pulses increased to be 8, 16, 32, and
50, the EPSC amplitude enhanced progressively within the same
decay period (Figure 3e), indicating a clear transition from STP
to LTP. This result demonstrates that the conversion from STP to
LTP conversion can be effectively modulated by increasing the
number of optical pulses. Similarly, an increase in the optical
power density (2.8–19.2 mW cm−2) also enabled the transition
from STP to LTP (Figure 3f) by fixing the pulse number (16), pulse
width (0.3 s), and interval (0.3 s). In addition, increasing the opti-
cal pulse width (0.1, 0.3, 0.7, and 1.5 s) yielded the same transition
from STP to LTP (Figure 3g) under constant optical power density
(6.5 mW cm−2), pulse count (n = 16), and pulse interval (0.3 s).
These observations were verified consistently under 520 and 650
nm illumination, further confirming wavelength-independent
excitatory plasticity and memory retention (Figures S11–S13).
To further simulate higher-level cognitive processes, the device
response was examined during forgetting and relearning cycles
[53]. The NbOI2 synapses exhibited a strong learning effect with
a 50 pulses sequence under stimulation with optical pulses of
width at 0.3 s, optical interval at 0.3 s and power density at
6.5 mW cm−2. This was followed by a time-dependent decay of
EPSCs, indicating the forgetting process. Followed by re-applying
22 pulses, the NbOI2 synapses response not only recovered to the
original level but also exceeded the first learning current, showing
enhanced synaptic strength (Figure 3h). This behavior is in line
with the Ebbinghaus forgetting curve that human memory can
be rapidly restored and reinforced through review after partial
forgetting. Such results further highlight the capability of the
NbOI2 opto-synapse to emulate “learning-forgetting-relearning”
dynamics, thereby demonstrating its potential for mimicking
advanced brain-like learning behaviors.

2.4 Image Recognition Performance Based on
ANN

To demonstrate neuromorphic computing inspired by biological
vision, a three-layer fully connected ANN was constructed and
employed to classify images from the 28 × 28 pixel MNIST and
Fashion-MNIST datasets [54–56]. The ANN consists of an input
layer, a hidden layer, and an output layer, where the input layer
contains 784 neurons corresponding to the image pixels, the
hidden layer consists of 512 neurons, and the output layer includes
10 neurons. All neurons are interconnected through synaptic
weights (Figure 4a). In this framework, X0-X783 represent the
input pixel values of the image, while Y0-Y9 denote the output
classes. For the MNIST dataset, Y0-Y9 correspond to digits from
“0” to “9.” For the Fashion-MNIST dataset, they correspond to the
ten clothing categories such as T-shirts, trousers, shoes, and etc.
Advanced Functional Materials, 2026
Each dataset contains 60 000 training images and 10 000 testing
images, which are used to evaluate recognition performance.

Considering that LTP and LTD are crucial to analog neuromor-
phic computation, where their linearity and dynamic conduc-
tance range are connected to ANN recognition accuracy directly.
These weight update parameters were extracted by leveraging
the device’s plasticity behavior under dual-mode photo-electrical
pulse stimulation. The device conductance increased progres-
sively with adding the number of pulses, corresponding to LTP.
Conversely, when electrical pulses were applied, the conductance
gradually decreased with increasing pulse number, correspond-
ing to LTD (Figure 4b). The nonlinearity (NL) of the weight
update process was quantified by fitting the LTP and LTD curves
by the following equations [57, 58]:

𝐺𝑛+1 = 𝐺𝑛 + 𝛼𝑝 exp

(
−𝛽𝑝

𝐺𝑛 − 𝐺𝑚𝑖𝑛

𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛

)
(4)

𝐺𝑛+1 = 𝐺𝑛 − 𝛼𝑑 exp

(
−𝛽𝑑

𝐺𝑛 − 𝐺𝑚𝑖𝑛

𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛

)
(5)

whereGn andGn+1 denote the conductance values for the nth and
(n+1)th pulses, respectively. Gmin and Gmax are the minimum and
maximum conductance values. αp and αd represent the step sizes
on the potentiation and depression curves, respectively. βp and
βd denote the NL coefficients of the potentiation and depression
processes, respectively. The calculated βp and βd values were 3.06
and 2.15, respectively. During ANN training, synaptic weights
follow the LTP update rule when the gradient is positive,
whereas they follow the LTD update rule when the gradient is
negative. Moreover, the cycling stability and symmetry of photo–
electrical conductance modulation were evaluated (Figure S14),
demonstrating excellent endurance.

Based on the extracted weight update parameters, synapse-
derived weight update rules were embedded into an ANN to
simulate image recognition tasks. Confusion matrices were pre-
sentedwithMNIST andFashion-MNIST after 100 training epochs
using these synapse-derived updates (Figure 4c,d). The strong
consistency between predicted classes and ground-truth labels
confirmed the network’s effective classification capability for
both datasets. A further comparison of classification performance
between ideal weight updates—implemented using the Adam
optimizer with cross-entropy loss backpropagation—and NbOI2
synapses-derived weight updates is shown in Figure 4e. In
both cases, classification accuracy improved progressively with
increasing training epochs. After 100 epochs, the accuracies based
on the NbOI2 synapses reached 93.61% on MNIST and 84.57%
on Fashion-MNIST. These results are only slightly lower than
the corresponding ideal accuracies of 98.37% and 89.61%, respec-
tively, thereby fully demonstrating the feasibility of NbOI2-based
opto-electronic synapses for ANN classification tasks.

To assess the noise tolerance of the ANN, additive random noise
with varying intensities was introduced into both the training and
test datasets with the noise level gradually increased from 0% to
40% (Figure 4f). It was observed that the classification accuracy
on the MNIST dataset decreased from 93.61% to 89.08% as the
noise intensity increased from 0% to 40%, corresponding to a drop
7 of 13

C
om

m
ons L

icense



FIGURE 4 Image recognition performance based on ANN. (a) Schematic diagram of the ANN architecture, consisting of 784 input neurons, 512
hidden neurons, and 10 output neurons, used for classification tasks on theMNIST and Fashion-MNIST datasets. (b) Photo-electrical dual-mode synaptic
plasticity with LTP induced by 16 optical pulses (λ = 405 nm, optical power density = 6.5 mW cm−2, pulse width = 0.3 s, pulse interval = 0.3 s) and LTD
induced by 16 electrical pulses (pulse amplitude = 8 V, pulse width = 0.5 s, pulse interval = 0.5 s). (c) Confusion matrix of the MNIST dataset after 100
training cycles with weight updates extracted from device characteristics. (d) Confusion matrix of the Fashion-MNIST dataset after 100 training cycles
with device-specific weight updates. (e) Comparison of recognition accuracy between the NbOI2-based three-terminal optoelectronic synapse devices
and idealized devices over 100 training cycles. (f) Representative image samples at different noise levels. (g) Recognition accuracy after 100 training
cycles under different noise levels for MNIST and Fashion-MNIST datasets.
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of 4.53%, while the accuracy decreased from 84.57% to 80.16%
with a drop of 4.41% for the Fashion-MNIST dataset (Figure 4g).
The evolution of classification accuracy as a function of training
epoch with noise intensities at 0%, 20%, and 40% is further
illustrated in Figure S15a,b for MNIST and Fashion-MNIST,
respectively. These results demonstrate that the ANN exhibits
robust recognition performance even under substantial noise
perturbations, highlighting the reliability of the NbOI2-based
opto-electronic synapses for practical neuromorphic computing
applications.

The results demonstrate that ANN constructed based on the
NbOI2-based three-terminal photonic synapse devices not only
achieves efficient classification on standard benchmark datasets
but alsomaintains stable performance under noisy environments.
8 of 13
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These findings fully validate the practical potential of such
devices as vital building blocks for next-generation neuromorphic
computing systems.

2.5 Closed-Loop Vision-Motor Control and
Multi-Degree-of-FreedomHuman-Computer
Interaction Based on the NbOI2 Optoelectronic
Synapses

To further validate the application of the NbOI2 devices in real-
orld scenarios for its synaptic memory and temporal integra-

tion, a closed-loop human-computer interaction system inspired
by the biological “vision-neural-motor” pathway was designed
and implemented [59–63]. In this system, a front-end binocular
Advanced Functional Materials, 2026
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FIGURE 5 Closed-loop vision-motor control and multi-degree-of-freedom human-computer interaction based on the NbOI2 optoelectronic
synapses. (a) Schematic illustration of the closed-loop interactive system architecture inspired by biological vision-neural-motor pathways. (b) Dynamic
demonstration of the grasping process. The left panel shows the voltage signal converted by TIA as a function of time, while the right panel depicts
real-time target identification using a stereo camera combined with the YOLO-v8 neural network on the computer. (c) Demonstration of multi-channel
scalability that five independent “device-TIA” channels drive the five fingers of the robotic hand, enabling transformations from a fist posture tomultiple
predefined gestures.
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camera paired with the YOLO-v8 neural network functioned as
the “eye-brain,” enabling real-time detection and localization
of both target objects and the robotic hand’s palm. Two NbOI2
optoelectronic synaptic devices served as the “neural synapses,”
responsible for converting and transmitting sensory signals. A
transimpedance amplifier (TIA) (gain = 1010 V/A, bandwidth =
10 kHz) and a stepper motor-driven robotic arm acted as the
“motor effectors.” The system employed an STM32 microcon-
troller as the central control unit, which was used to acquire
and process current signals amplified by the TIA along with
positional data transmitted from the front end, and subsequently
to generate control commands to drive robotic arm movements.
Through this integrated process, the system established a closed-
loop perception-decision-execution-reperception control chain,
effectively emulating biological sensorimotor pathways.

Real-time recognition and estimated distanceswere conducted by
binocular camera and theYOLO-v8 neural network.As illustrated
Advanced Functional Materials, 2026

e

in Figure 5a, the binocular camera captured scene images and the
YOLO-v8 neural network performed real-time recognition and
bounding-box detection of the “robotic hand” and the “target
object (doll)” on a computer, which output their relative positions
and estimated distances on the image plane. When the system
judged that the target object was within the reachable range
of the robotic hand, the microcontroller triggered light pulses
from the illumination source to stimulate NbOI2 synapse 1 and
NbOI2 synapse 2, respectively. The photocurrent generated by
synapse 1 was converted into a voltage signal through the TIA.
Once this voltage exceeded a predefined threshold, A forward
step distance of the robotic arm was calculated according to a
pre-calibrated transfer function to adjust the extension distance
of the arm. Similarly, the photocurrent generated in synapse 2
was converted into a voltage signal through the TIA. When this
signal surpassed the threshold, it triggered the grasping action.
These two synapses signals acted in sequence to enable sequential
execution of “approaching the target” and “grasping the target.”
9 of 13
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Dynamic details of the grasping process were illustrated in
Figure 5b. The left panel shows the voltage signals amplified by
TIA, while the right panel presents the computer-calibrated real-
time image generated by the binocular camera system combined
with the YOLO-v8 network. When the target was absent, the
outputs of theNbOI2 synapse 1 and theNbOI2 synapse 2 exhibited
only minor fluctuations, and only “palm” and “doll” objects
were calibrated in the image recognition module dependently.
When a target object (doll) entered, the system applied optical
pulses to NbOI2 synapse 1. The EPSC from NbOI2 synapse
1 was converted into a voltage signal by TIA, whose peak
magnitude was mapped to the rotation angle of the stepper
motor and drove the robotic arm closer to the target. If grasping
conditions remained unreached, the system continued to apply
light pulses to synapse 1. Benefiting from the synaptic memory
effect, accumulated current was employed to accelerate, amplify
progressively the voltage peak and enable the robotic arm to
approach the target. Once the “palm-doll” unit was identified
to an appropriate distance satisfying grasping conditions, the
system stimulated NbOI2 synapse 2 immediately by a light pulse.
The voltage output from synapse 2 triggered the robotic hand to
close and complete the grasp. Then, the system commanded the
robotic hand to lift the target (Video S1). This closed-loop iteration
that “visual feedback → synaptic accumulation → step control
→ re-recognition” enables the system to autonomously execute
approach and grasping operations.

To evaluate the scalability of the NbOI2 synapses in multi-
channel motion control, a five-channel device-TIA configuration
was established, corresponding to the five fingers of the robotic
hand [64–66]. In the absence of stimulation, the robotic hand
maintained a fist posture. When an optical pulse stimulated a
given synapses, EPSC was generated and transferred to voltage
output by TIA, corresponding to extended fingers. By selectively
stimulating different combinations of synapses channels, the
robotic hand was able to execute predefined gesture transition
sequences, such as changing from a fist to an “OK” hand
(Figure 5c; Video S2). The experimental evidence highlights the
programmability and scalability of NbOI2-based synaptic devices
formulti-degree-of-freedomparallelmotion control, thereby con-
firming their potential in complex human-computer interaction
scenarios.

This section demonstrates the application of the NbOI2-based
optoelectronic synaptic in a “see-move-grasp” closed-loop archi-
tecture at the system level. Environmental perception and state
judgement were realized by binocular vision and target detection.
And synapse outputs were converted into effective control signals
by the TIA, where the intrinsicmemory characteristics of synapse
enabled adaptive acceleration during the approach process to
achieve arrival determination and perform grasp execution. By
constructing a five-channel “synapse-TIA” pathway, both inde-
pendent and coordinated finger actuation were realized without
reliance on a visual recognition module. These results demon-
strate that the proposed NbOI2 synapse and system architecture
not only support pattern recognition tasks at the algorithmic level
(Figure 4) but also deliver stable and reusable perception-control
integration in practical human-computer interaction scenarios.
This result provides a viable pathway for hardware platforms
targeting neuromorphic vision and intelligent human-machine
collaboration.
10 of 13

 

3 Conclusion

We have systematically demonstrated the unique features and
application of the 2D ferroelectric semiconductor NbOI2 from
materials, synapse to systems. By rational structural design
and interface engineering, a three-terminal NbOI2 synapse
was achieved with gate-tunable inhibitory synaptic currents
for the first time, where PPD was emulated successfully.
An ultra-low energy consumption of 6.65 fJ was realized,
which is comparable to biological synaptic energy. Concur-
rently, EPSC, PPF, and LTP/LTD were demonstrated with
optical and electrical pulses. The efficient classification of
the MNIST and Fashion-MNIST datasets with accuracies of
93.61% and 84.57% was obtained based on an ANN with the
extracted weight update parameters from NbOI2 synapse, vali-
dating the feasibility of NbOI2 synapses for low-power neural
network computing. Notably, a closed-loop human-computer
interaction system was constructed inspired by the biolog-
ical “vision-neural-motor” pathway, where visual perception
was realized through binocular cameras and the YOLO-v8
neural network, NbOI2 synapses that provided signal regula-
tion and memory storage, and a robotic arm that executed
approach and grasping actions. The outcomes of a continuous
mapping from environmental perception and signal process-
ing to motor execution confirmed the practical feasibility of
NbOI2 synapses in intelligent human-computer collaboration.
Moreover, finger actuation was realized with establishing a
five-channel “synapse-TIA” system, verifying the programma-
bility of NbOI2 synapses for multi-degree-of-freedom parallel
motion control and gesture generation. Our work indicates
that the NbOI2-based optoelectronic synapses hold promising
prospects for broad applications in edge computing, intelligent
robotics, and brain-computer interfaces, underscoring their sig-
nificance as a material and device platform for neuromorphic
electronics.

4 Experimental Section

4.1 Device Fabrication

The heterostructures were fabricated using an all-dry transfer
method. Bulk NbOI2 crystals were mechanically exfoliated using
blue adhesive tape, and the as-exfoliated NbOI2 thin flakes were
first transferred onto a transparent polydimethylsiloxane (PDMS)
film. A relatively large NbOI2 flake with a thickness of approx-
imately 35 nm was then selected and transferred onto a flexible
polyethylene terephthalate (PET) substrate with the assistance
of a precision transfer stage and optical microscopy. Subse-
quently, graphene and hexagonal boron nitride (h-BN) flakes
were transferred onto theNbOI2 flake using the same dry-transfer
technique, forming a vertically stacked NbOI2/graphene/h-
BN/graphene heterostructure. During each transfer step, the
PET substrate was heated to 100◦C for approximately 8 min to
improve interfacial adhesion. Finally, silver paste was applied
to one side of the graphene layer to form a metal electrode,
followed by annealing on a hot plate at 115◦C for 15 min to ensure
a stable electrical contact. The resulting NbOI2 channel had a
channel length of approximately 29.4 µm and a channel width of
approximately 8.8 µm. The graphene and hexagonal boron nitride
flakes were purchased from Shanghai OnWay Technology Co.,
Advanced Functional Materials, 2026
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Ltd., bulk NbOI2 crystals were obtained from Nanjing Mokena
Nanotechnology Co., Ltd., and the silver paste (01H-1803) was
purchased from Shenzhen SAIYA Electronic Paste Co., Ltd.

4.2 Characterizations

The structural andmorphological characterizations of the devices
andNbOI2 flakeswere carried out using a field-emission scanning
electron microscope (FE-SEM, Zeiss Sigma 500, Germany), an
energy-dispersive X-ray spectrometer (EDS, X-Max N20, UK), an
optical microscope (OM, Olympus BX43F, Japan), and an atomic
force microscope (AFM, Bruker Dimension Icon, USA). Raman
spectra were obtained with a confocal Raman spectrometer
(Horiba iHR550, France) equipped with a 532 nm laser excitation
source. X-ray diffraction (XRD) measurements were performed
on a Bruker D8 Advance diffractometer (Germany) using Cu Kα
radiation (λ = 1.5406 Å). The crystal structure and interfacial
characteristics were further examined by scanning transmission
electron microscopy (STEM) operated at an accelerating voltage
of 300 kV (FEI Tecnai G2 F30, USA). Electrical performance
measurements of the devices were conducted on a semicon-
ductor parameter analyzer (Keithley 4200A-SCS, USA) with an
integrated probe station (Lake Shore TTPX, USA). All charac-
terization and measurements were performed under ambient
conditions.
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