
RESEARCH ARTICLE
www.afm-journal.de

Ferroelectric Modulation of ReS2-Based Multifunctional
Optoelectronic Neuromorphic Devices for
Wavelength-Selective Artificial Visual System

Zhaoying Dang, Feng Guo, Yifei Zhao, Kui Jin, Wenjing Jie, and Jianhua Hao*

Neuromorphic optoelectronic vision system inspired by the biological
platform displays potential for in-sensor computing. However, it is still
challenge to process multiwavelength image in noisy environment with
simple device configuration and light-tunable biological plasticity. Here, a
prototype visual sensor is demonstrated based on ferroelectric copolymer
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) and 2D rhenium
disulfide (ReS2) with integration of recognition, memorization, and
pre-processing functions in the same device. Such synaptic devices achieve
impressive electronic characteristics, including a current on/off ratio of 109

and mobility of 45 cm2 V−1 s−1. Various synaptic plasticity behaviors have
been achieved owing to the switchable ferroelectricity, enabling them to
establish an artificial neural network (ANN) with high digit recognition
accuracy of 89%. Through constructing optoelectronic device array, object
extraction is achieved with wavelength-selective capability in noisy
environment, closely resembling human retina for color recognition. Above
outcomes bring a notable improvement in the image recognition rate from
72% to 96%. Besides, low energy consumption comparable to single
biological event can be realized. With these multifunctional features, this work
inspires highly integrated neuromorphic systems and the development of
wavelength-selective artificial visual platform.

1. Introduction

Human visual system, consisting of the retina, optic nerve, and
visual cortex, plays a crucial role in acquiring and filtering infor-
mation from the external world with remarkable real-time per-
ception and visual information processing abilities.[1] Compared
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to the traditional machine vision system
based on von Neumann architecture, the
bio-inspired neuromorphic vision systems
can integrate features of the sensing, mem-
ory and processing.[2–5] Researchers have
currently made progress in developing 2D
materials-based visual devices that closely
replicate the functions of various cells in
the human visual system.[6–8] These in-
novative devices are capable of detecting
and processing visual information[9,10] and
have also achieved the improved recogni-
tion accuracy.[11–14] Such synaptic devices
contribute to the integration and energy-
saving for computation architecture.[15,16]

One of the crucial functionalities of the
retinal cell is the ability to discern col-
orful information while extracting rele-
vant signals from the noisy environment,
resembling the process involved in con-
ducting color blindness screening tests.
Also, by leveraging the color-recognition
mechanism, extracting crucial light infor-
mation can effectively reduce interference
caused by redundant data and enhance the
speed of next signal processing. This char-
acteristic closely aligns with the efficient

information processing observed in the human visual
system.[17,18] However, it is still challenging to achieve such
complicated sensing or learning purposes based on one simple
optoelectronic synaptic device. In this regard, channel materi-
als with higher performance, more simplified structures, and
adjustable device mechanisms need to be investigated for
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multifunctional neuromorphic visual platform. Combination
of 2D direct bandgap materials and ferroelectric materials
as heterostructures holds potential for neuromorphic visual
sensors.[19,20] ReS2 is adopted as channel layer for several rea-
sons. 1) It manifests a direct bandgap over a broad range of
thicknesses.[21] 2) ReS2 demonstrates remarkable stability and
enhanced light absorption capabilities, making it a promising
candidate for optoelectronic applications.[22] 3) ReS2 exhibits
weak interlayer coupling and a low energy barrier for sulfur
vacancy formation. Thus, the activation barrier experienced
by electrons trapped at sulfur vacancies hinders radiative
recombination[23–25] and the pronounced persistent photocon-
ductivity effect (PPC) is more likely to be observed. On the other
hand, the transparent ferroelectric copolymer P(VDF-TrFE) is
used as dielectrics, allowing for efficient light transmission. The
low-temperature spin-coating process compared with traditional
ferroelectric materials facilitates the formation of a good van
der Waals (vdWs) interface between the semiconductor and
ferroelectric copolymer.[26,27] Furthermore, ferroelectric copoly-
mers exhibit exceptional mechanical stability and flexibility,
making them highly suitable for thin film fabrication at com-
paratively low temperatures on various flexible substrates with
cost-effective processing techniques.[28,29]

In this work, we design a multifunctional optoelectronic fer-
roelectric synaptic transistor consisting of 2D materials ReS2
and ferroelectric polymer P(VDF-TrFE) with the simultaneous
synapse behaviors simulation, multi-color perception, and visual
neuromorphic computing functionalities. The comprehensive
study includes detailed optoelectronic performances and mixed-
wavelength image preprocessing pertaining to basic synapse
plasticity. Versatile synaptic behaviors, including paired-pulse fa-
cilitation (PPF), short-term/long-term potentiation (STP/LTP),
short-term memory (STM) and long-term memory (LTM) transi-
tion can be realized. Advanced neuromorphic feature of learning-
forgetting-relearning process is also successfully mimicked.
Based on single optoelectronic synapse, we establish a neuromor-
phic visual array model to simulate the retina for light-intensity
sensing and color distinguishment. Through light-induced con-
ductance difference, the contrast of the desired object becomes
more obvious while reducing surrounding noise signals. The op-
toelectronic devices array is trained to implement image recog-
nition with a high accuracy of 96%. These findings demonstrate
the potential of the ferroelectric optoelectronic device to achieve
perception, object recognition, and energy-efficient operations,
bringing one step closer to replicating the human visual system.

2. Results and Discussion

In Figure 1a, an illustration of the biological human visual system
is presented, highlighting the three essential steps in vision in-
formation processing. Initially, optical signals are converted into
electrical signals by the retina. The rod and cone photorecep-
tors play distinct roles in detecting light intensity and light col-
ors, respectively.[30] Subsequently, these electrical signals travel
through the optic nerves, reaching the visual cortex where visual
features are extracted. Ultimately, visual features are transmit-
ted to higher brain regions for cognitive processes.[31] Motivated
by the diverse functionalities of the human vision system, three-
terminal ferroelectric synaptic transistor is proposed to emulate

the retina in terms of multi-wavelength sensing, electrical sig-
nal conversion, and image information processing.[32] The re-
ceptors on the postsynaptic neuron receive the external stimu-
lus released from the presynaptic neurons through the diffusion
effect of neurotransmitters. This process allows for the modula-
tion of the strength and magnitude of the postsynaptic response,
thereby reflecting synaptic plasticity.[33] The detailed synaptic de-
vice structure including P(VDF-TrFE) and ReS2 is displayed in
Figure 1b, which is regulated by optical and electrical signals.

Exfoliated ReS2 flakes are carefully selected as channel ma-
terial for its inherent photoresponsivity property. Ferroelectric
polymer P(VDF-TrFE) is spin-coated onto the ReS2 to create a
top-gate architecture. More details about device fabrication pro-
cess can be found in Figure S1 (Supporting Information) and the
method section. In Figure 1b, the molecular chain configuration
of P(VDF-TrFE) and the crystal structure of ReS2 are provided.
The Raman spectrum of ReS2 in Figure 1c shows characteristic
peaks of Ag-type modes, located at 138 and 143 cm−¹, and Eg-
type modes, located at 152, 162, 212 cm−1. Ag mode and Eg mode
correspond to the out-of-plane and in-plane vibrational modes of
the Re atoms, respectively.[34] Other remaining higher-frequency
Raman peaks originate from the vibration modes of lighter S
atoms (Figure S2, Supporting Information). The thickness of
ReS2 is ≈8 nm measured by atomic force microscopy (AFM)
(Figure S3, Supporting Information). The 𝛽 phase of P(VDF-
TrFE) confirmed by X-ray diffraction (XRD) has the largest spon-
taneous polarization (Figure S4, Supporting Information). This
phase is characterized by the alignment of molecular chains in
the same direction, resulting in a high dipole moment due to the
distribution of positively charged hydrogen atoms and negatively
charged fluorine atoms.[35] The coercive voltage (Vc) is deter-
mined to be 15 V and the remnant polarization (Pr) is 6 μC cm−2,
as shown in Figure 1d. Furthermore, the abrupt changes ob-
served in the parallelogram-shaped piezoelectric response loops
and butterfly-shaped amplitude loops indicate that the polariza-
tion is compelled to shift upwards or downwards under the in-
fluence of the applied writing voltage (Figure 1e). By applying
voltage with opposite polarity, the ferroelectric domains exhibit
distinct phase differences, suggesting the stability to program the
ferroelectric domains into arbitrary shapes (Figure 1f).[36]

Electrical tunable synaptic plasticity is crucial for signal conver-
sion and lays the foundation for information extraction reflected
by post-synaptic current (PSC). All electrical characterizations are
carried out in vacuum at room temperature. In Figure 2a, a se-
ries of output curves ranging from 10 V to 25 V with a step of
5 V are presented. These output characteristics exhibit a linear
correlation within a bias voltage range of −1 to 1 V, suggesting
an Ohmic contact between the ReS2 channel and Au electrodes.
Subsequently, transfer curves of P(VDF-TrFE)/ReS2 transistors
are examined (Figure 2b). The ferroelectric field effect transis-
tors based on multilayer ReS2 possess high current ratios of up
to 109 between on and off states, suggesting a high-quality inter-
face between ReS2 and P(VDF-TrFE) and the effective ferroelec-
tric modulation for the ReS2 channel.[37] Gate current is shown in
the Figure S5 (Supporting Information). The measured transfer
characteristics also exhibit a typical n-type behavior and a large
memory window (≈14 V) during the hysteresis process, which is
related to the nonvolatile ferroelectric polarization. Conversely,
the ReS2 device on a silicon substrate without ferroelectric
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Figure 1. Human visual system and characterization of three-terminal ferroelectric synaptic devices. a) Schematic illustration of biological vision system
including the retina, optical nerve, and visual cortex as well as a basic component of one synapse. b) 3D structure of artificial optoelectronic synapse
based on P(VDF-TrFE) and ReS2. c) The Raman spectrum of ReS2 nanosheet. d) Ferroelectric hysteresis loop acquired in Au-P(VDF-TrFE)-Au capacitor
at a test frequency of 10 kHz. e) The hysteresis loops of PFM phase and amplitude observed in P(VDF-TrFE). f) The PFM phase of P(VDF-TrFE) after
being polarized by probes, demonstrating a “box-in-box” ferroelectric domain pattern.

gating does not exhibit a hysteresis window for both transfer and
output characteristics, as shown in Figure S6 (Supporting Infor-
mation), indicating that ferroelectric polarization plays a domi-
nant role in tuning the electronic behavior of the channel. In the
linear scale of the transfer curve, the hysteresis window becomes
larger as the gate voltage range increases (Figure S7, Supporting
Information). Moreover, the linear mobility is plotted (Figure 2c)
and the mobility calculation process is shown in Note S1 (Sup-
porting Information). The mobility values span a range of 40 to
45 cm2 V−¹ s−¹ across all gate voltages. Therefore, it is worthwhile
to mention that the electrical performance of P(VDF-TrFE)/ReS2
devices are reasonably superior in terms of on/off ratio and car-
rier mobility.[38,39]

The above performances confirm that the prepared devices
possess nonvolatile ferroelectric behaviors and the fundamental
potential to emulate biological synaptic plasticity. Next, the synap-
tic behaviors based on a single electrical pulse are investigated.
As shown in Figure 2d, excitatory postsynaptic current (EPSC)
responses are triggered by the gate voltage with amplitude from
10 V to 25 V while maintaining a constant pulse duration time
of 0.1 s. Increasing the pulse amplitude leads to higher EPSC.
Additionally, following stimulation with voltage pulses, the EP-

SCs do not return to their initial values, and a higher voltage am-
plitude will bring a noticeable remaining current. This observa-
tion indicates a transition from short-term potentiation to long-
term potentiation through voltage amplitude adjustment. More-
over, the pulse width also demonstrates effective modulation of
the channel current. The EPSC gradually increases with an in-
crease in pulse width, while the EPSC decay is slower for longer
pulse widths (Figure S8, Supporting Information). Hence, larger
amplitude and longer width are conducive to ferroelectric polar-
ization, confirming a correlation between ferroelectric nonvolatil-
ity and EPSC modulation. Furthermore, we investigate the re-
sponse speed of P(VDF-TrFE)/ReS2 devices. The devices exhibit
a response time of 2 ms when subjected to 20 V and -20 V write
spikes, as illustrated in Figure S9 (Supporting Information).

It is widely recognized that short-term synaptic plasticity plays
a pivotal role in information processing and the human brain
memory, and it primarily involves paired-pulse facilitation (PPF)
and paired-pulse depression (PPD) phenomena.[40] As illustrated
in the inset of Figure 2e, the emulation of PPF behavior is
achieved by delivering a pair of pre-synaptic pulses (20 V, 100 ms)
to the device. In this context, A1 and A2 denote the peak values of
the current of the first and second pulse, respectively. Notably, the
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Figure 2. Electronic performances of the P(VDF-TrFE)/ReS2 artificial synapse. a) Output characteristics under various top gate voltages, indicating
excellent linearity in the range of −1–1 V. b) Transfer curve at Vds of 0.1 V, demonstrating ferroelectric hysteresis behavior. c) Linear mobility plot of top
gate P(VDF-TrFE)/ReS2 transistors. d) EPSC behaviors are triggered by a single electrical spike with different pulse amplitude (from 10 V to 25 V) under
0.1 s pulse width, realizing the transition from short-term potentiation to long-term potentiation. e) PPF index change with pulse interval time. The inset
is EPSC triggered by two consecutive electrical pulses with an interval time of 100 ms. f) EPSC responses depend on the frequency of electric spikes. g)
Process of synaptic potentiation and depression by applying successive gate voltage spikes (Vg = ±20 V ton = 100 ms). h) Accuracy of handwritten digit
recognition based on LTP/LTD processes.

EPSC elicited by the second pulse surpasses that of the first pulse,
successfully simulating the PPF behavior. Subsequently, the re-
lationship between the synaptic weights and the interval time
can be analyzed by varying the interval time of the two pulses.
The PPF index, depicted in Figure 2e, can be mathematically ex-
pressed with Equation (1) and fitted by exponential decay func-
tion (2):

PPF index =
A2 − A1

A1
× 100% (1)

y = C0 + C1e
−x1
t1 + C2e

−x1
t2 (2)

Parameters t1 (67.88 ms) and t2 (718 ms) represent the fast and
slow relaxation processes, respectively, which are consistent with

biological synapses in the range of milliseconds. C0 represents a
constant value of zero, indicating that the ratio of the PPF gradu-
ally approaches zero. Whereas C1 and C2 refer to the initial mag-
nitudes of the two aforementioned phases.[41,42] The fitting curve
demonstrates that the synaptic weights can be significantly im-
proved by decreasing the interval time between the two consec-
utive pulses. When the interval time becomes sufficiently large,
the EPSC reaches a saturation level and remains constant. Be-
sides, PPD is also triggered by the negative bias voltage, as shown
in Figure S10 (Supporting Information). The observed PPF and
PPD behaviors in the ReS2-based ferroelectric synaptic devices
can be attributed to the accumulation of polarization in ferroelec-
tric materials. When the interval time between two voltage spikes
is shorter than the polarization relaxation time, the initially stim-
ulated polarization, caused by the first spike, does not return to

Adv. Funct. Mater. 2024, 34, 2400105 2400105 (4 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Working mechanism of the ferroelectric synaptic device P(VDF-TrFE)/ReS2 under electronic mode. Dipoles distribution and energy band
diagram of the ReS2 ferroelectric transistor covered with P(VDF-TrFE) under a) fresh state, b) polarization down state, and c) polarization up state,
respectively.

its original level by the time when the second spike arrives. Con-
sequently, stronger polarization is accumulated after the second
spike, resulting in an enhancement of the PSC.[43]

Synaptic plasticity can also be modulated by different temporal
patterns and the frequency-dependent behaviors have an impact
on information transmission between neurons.[44] In this con-
text, Figure 2f provides further insight into the EPSC response
when several positive consecutive trains with varying frequencies
are applied. At elevated spike frequencies, an augmented EPSC
can be observed with a prolonged decay period. Moreover, the am-
plitude gain, defined as (An – A1)/A1, is used to characterize the
filtering property of the device. An and A1 represent the EPSC
amplitude of the first and last spikes, respectively. As depicted
in Figure S11 (Supporting Information), the amplitude gain in-
creases at high frequencies, reaching up to 15% at a frequency of
4.2 Hz, which is similar to the function of high-pass filtering.

The dynamics of P(VDF-TrFE) polarization, facilitated by
voltage-tunable domain wall propagation, allows for the gener-
ation of multilevel resistive states and the modulation of con-
nection strength between pre- and post-synapses.[45] Through the
application of a sequence of identical voltage pulses of ±20 V ex-
ceeding the Vc to the ferroelectric P(VDF-TrFE) gate, a progres-
sive alteration of channel conductance states is achieved. This
enables the realization of long-term potentiation (LTP) and long-
term depression (LTD) processes, based on the evolution of EPSC
and inhibitory postsynaptic currents (IPSC). Here, Figure 2g il-
lustrates the reliable and repeatable emulation of LTP and LTD
behaviors in P(VDF-TrFE)/ReS2. To investigate the characteris-

tics of LTP/LTD, we calculate realistic parameters such as linear-
ity, cycle-to-cycle variation, and symmetry based on a single group
of LTP/LTD, as depicted in Figure S12, Table S1, and Note S2
(Supporting Information). These experimental results demon-
strate the effective emulation of biological synaptic behaviors in
P(VDF-TrFE)/ReS2, showcasing their potential for neuromorphic
computation.

The multi-level PSC represents that synaptic weights can be
integrated into an artificial neural network (ANN) for hand-
written recognition. The training is performed with CrossSim
platform.[46,47] Figure S13 and Note S3 (Supporting Information)
present a schematic diagram consisting of a three-layer network
to illustrate the input pattern recognition process. The multi-layer
platform is trained on different patterns at each epoch selected
from the MNIST database, and the outcome is further tested.[48]

The recognition accuracy of P(VDF-TrFE)/ReS2 synapse during
40 epochs is shown in Figure 2h. A significant increase is oc-
curred in initial epochs, ultimately stabilizing at a saturation level
of 89%. Such high accuracy is comparable to state-of-the-art non-
volatile memories.[49,50]

Figure 3 elucidates the working mechanism of ferroelec-
tric synaptic devices P(VDF-TrFE)/ReS2 through the band dia-
grams. In the fresh state, the distribution of dipoles in the fer-
roelectric layer is approximately random, and there is no sig-
nificant energy band bending in the ReS2 channel (Figure 3a).
By applying a positive gate voltage above Vc (Figure 3b), fer-
roelectric dipoles become orderly arranged pointing from the
gate electrode to the ReS2 channel, and the polarization in the
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 16163028, 2024, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202400105 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [29/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Optoelectronic behaviors of the artificial ferroelectric synapse and its visual memory function under 450 nm wavelength without gate voltage.
a) Dependent plasticity of synaptic devices in various duration time (a) and intensities b) of light illumination under 0.1 V bias voltage. c) Light-tunable
behaviors by ten consecutive light spikes under two different light intensities of 3.5 and 5.3 μW cm−2 with 5% duty cycle. The bias voltage is kept at
0.1 V. d) The learning–forgetting–relearning procedure is based on the above continuous optical stimulations. e) The digit ‘4’ is mapped to the 10 × 10
array by applying a different number of light stimuli to implement the image recognition task. f) Image recognition probability results with the change
of light spike numbers.

P(VDF-TrFE) layer is driven downward. Electron accumulation
occurs in the ReS2 channel. The energy band of ReS2 at the inter-
face bends downward while the Femic level is closer to the con-
ductance band, which indicates the low-resistance state. Follow-
ing the elimination of the electrical spike, the alignment of the
ferroelectric dipoles persists, generating the nonvolatile memory
functionality. Meanwhile, a gradual alteration of the polarization
domains occurs as the spike pulse is continuously applied, ac-
companied by a notable increase of electrons within the chan-
nel region. Therefore, subsequent spikes bring with enhanced
channel conductance. Such continuous evolution of ferroelec-
tric domains can be regarded as the ferroelectric plasticity. Con-
versely, a negative electrical pulse induces upward polarization in
the P(VDF-TrFE) polymer, depleting electrons in the ReS2 chan-
nel, and energy-band bends upward. At this time, the Fermi level
is close to the valence band and high-resistance state is demon-
strated, as shown in Figure 3c. Similarly, such behavior is also fea-
tured with nonvolatile characteristic. When the inhibitory spikes

are applied consecutively, the polarization domains are aligned
upward gradually, thereby depleting electrons in the channel.

For biological visual systems, image pre-processing is a funda-
mental property of the human retina, contributing to the high-
efficiency image recognition tasks. Beyond electronic operation
mode, to build a neuromorphic vision system, it is imperative
to study the light-tunable synaptic plasticity for perception and
memory functions.[51] Also, to overcome the disadvantage of con-
ventional artificial photoreceptors, P(VDF-TrFE)/ReS2 optoelec-
tronic devices can reflect light-tunable PSC states and integrate
image data recognition, storage, and pre-processing within one
device configuration. Thereafter, this study focuses on examin-
ing the effects of illumination conditions on PSCs.

Initially, we achieve the transition from short-term memory
(STM) to long-term memory (LTM) to modulate the synaptic
weight of the optoelectronic synapse by varying the amplitude
and width of the light pulses. Figure 4a,b illustrate the PSC
of the P(VDF-TrFE)/ReS2 optoelectronic device under different
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light durations (dark, 0.5, 1, 2, and 3 s) and light intensities (dark,
0.8, 3.5, 5.3, and 8.4 μW cm−2) at a wavelength of 450 nm. Under
the small light intensity or short light duration, the PSC increases
slightly and returns to the initial level after removing optical stim-
uli, resembling the STM of the human brain. With an increase
of light intensity or light duration time, the PSC increases grad-
ually and decays slowly, and maintains at a higher level above the
initial state, which behaves like LTM. The light-tunable behav-
iors can be attributed to the photo response of channel material
ReS2. PSC originates from the photogenerated carriers under il-
lumination and the slow decay process results from the PPC ef-
fect within ReS2, which mimics the information transmission of
biological neural function.[52] Specifically, the relaxation process
after light removal is prolonged due to the localized effect of trap
states such as sulfur vacancy in ReS2.[53] We also implement den-
sity functional theory (DFT) calculations on defective ReS2 mod-
els to further elucidate that trap states are in conjunction with
the generation of S vacancy. The easily formed S vacancy and the
related trap states are responsible for optoelectronic synaptic be-
haviors and more details are shown in Figure S14 and Note S4
(Supporting Information). The PPC effect exhibits similarity with
the integrated photoelectric conversion and response storage ob-
served in the human visual system.[25]

Moreover, the learning-forgetting-relearning process is also
displayed based on P(VDF-TrFE)/ReS2 optoelectronic devices by
applying several continuous light pulses, as shown in Figure 4c.
On and off states of light pulses represent learning and forget-
ting processes, respectively. The PSC is increased during light
stimulation and decays to an intermediate state after removal of
optical source. Such decay signifies a slight forgetting of the ac-
quired information within a short interval of time. The next op-
tical stimulation represents the relearning process, and the PSC
after the second pulse surpasses the initial value, indicating the
consolidation of earlier information through the repeated learn-
ing process. Following all the optical stimuli, the PSC exhibits
good repeatability and reaches maximum level. The current af-
ter the light irradiation can be used to demonstrate human vi-
sual forgetting curve, which approximates the exponential law[54]

and the decay rate or memory duration can be modulated by
different light intensities. Detailed memory retention ratio and
its fitting curve can be found in Figure S15 and Note S5 (Sup-
porting Information). We present the time-resolved response of
the PSC under two different light intensities, namely 3.5 and 5.3
μW cm−2 in Figure 4c, and notably stronger stimuli yield a larger
PSC, suggesting a higher degree of learning. The entire process
is in accordance with the human memory model,[55] as shown in
Figure 4d. The process of information memorization can be di-
vided into three stages: sensory memory in the short term can be
transformed into STM after learning; through repeated cycles of
training, forgetting, and relearning, this information can eventu-
ally be consolidated into LTM.

Interestingly, the PSC can be modulated by optical pulse num-
ber and increases gradually with the number of stimuli. Like-
wise, under continuous visual stimulation, our human visual sys-
tem will implement image recognition and discrimination.[56] To
simulate such biological activity, an optoelectronic synaptic ar-
ray is designed based on the features of a single device that will
receive different numbers of optical stimuli. The data acquired
from device measurements are extended to array simulations,

assuming that the sensing terminal represents an ideal uniform
array composed of P(VDF-TrFE)/ReS2 optoelectronic synaptic de-
vices. Figure 4e illustrates different numbers of optical pulses
(1 s, 3.5 μW cm−2) applied to the optoelectronic device, form-
ing a visual signal for target object “4”. By applying more pulses,
the synaptic strength of the device is enhanced according to the
time-resolved measurements (Figure S16, Supporting Informa-
tion). The largest peak value of the PSC is normalized to 1. As
shown in the 10 × 10 optoelectronic device array, the shape of
the “4” object is difficult to distinguish from the background af-
ter the first optical pulse, indicating a relatively weak optical re-
sponse at this stage. Based on the increased current response to
more optical pulses, the demonstrated neuromorphic phototran-
sistor exhibits capabilities in image recognition and memoriza-
tion. Therefore, the synaptic weights and image contrast can be
strengthened with an increasing number of optical pulses, bring-
ing with a clearer representation of the object feature “4” through
this image perceptual learning process.

To identify the feature maps, an ANN is constructed with
784 input neurons, 200 hidden neurons, and 10 output neu-
rons. Note S6 (Supporting Information) illustrates the detailed
method to identify feature information in the synaptic sensor ar-
ray. Figure 4f demonstrates a gradual enhancement in the prob-
ability of image recognition for the digit “4” as the number of
optical pulses increases. Ultimately, it reaches a saturation point,
indicating the transition from being indistinguishable to visible.
This application confirms the effectiveness of the neuromorphic
visual system in performing image recognition tasks, including
enhancing contrast and storing visual information at the sens-
ing stage.[57,58] We further use two optical intensities to capture
light and shade from different objects. Taking the light bulb as
an example (Figure S17, Supporting Information), different op-
tical intensities of 5.74 and 9.11 μW cm−2 are used to modulate
the outline of the light bulb and the light emitted from it, respec-
tively. When a greater number of optical pulses are inputted into
the neuromorphic visual array system for light bulb and illumi-
nation recognition, both shapes can be distinguished due to the
memory capability.

Power consumption is a critical concern for both electronic
and optoelectronic programming modes. We calculate the energy
consumption for each synaptic event. Under the optical opera-
tion, the energy consumption can be calculated as follows:

d Eoptical = S × Plight × dt (3)

in the above equation, S represents the active area of a single de-
vice, P denotes the optical density, and dt signifies the time dura-
tion. Whereas the energy consumed in electrical processing can
be described as follows:

Eelectrical = Vd × Ipeak × ton (4)

where Ipeak represents the peak current through the active chan-
nel, ton signifies the time duration of the electrical pulse, and
Vd denotes the source-drain voltage. The minimum energy con-
sumption for electronic and optoelectronic programming modes
are 2.7 fJ and 64 fJ, respectively, which closely approaches the
biological synapse of 10 fJ.[59] The low power consumption ob-
served can be attributed to two key factors: the high crystalline

Adv. Funct. Mater. 2024, 34, 2400105 2400105 (7 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Simulations of information extraction based on a neuromorphic visual system with the optoelectronic array. a) The time-dependent variation
of EPSC is examined under a single optical pulse with various light wavelengths. The optical pulse possesses a power density of 5.3 μW cm−2 and a
duration lasting 1 second. b) 3D histogram image of the conductance states as a function of pulse number under three wavelengths. c) The information
extraction and noise reduction processes with optical spikes number enhancement. d) Scheme of the image recognition using ANN. e) Comparisons
of the image recognition rate for the three optical pulse settings.

quality of the ferroelectric copolymer P(VDF-TrFE) and the favor-
able interface between P(VDF-TrFE) and ReS2. These factors col-
lectively facilitate rapid polarization switching and efficient carri-
ers transportation.[60] Figure S18 and Note S7 (Supporting Infor-
mation) display energy consumption calculation process of sin-
gle synaptic event and the outcomes are compared with other re-
lated optoelectronic synaptic works (Table S2, Supporting Infor-
mation).

To achieve a versatile neuromorphic visual processing plat-
form, in addition to perceptual learning and image recognition
based on a single wavelength, we also apply the optoelectronic
device array to demonstrate complicated functions of multi-
wavelength information extraction and surrounding noise signal
reduction simultaneously.

The light-induced current is analyzed based on different wave-
lengths, as illustrated in Figure 5a. Three specific wavelengths,
namely 450 nm, 530 nm, and 650 nm are employed, which cor-
respond to the primary colors of blue, green, and red. These wave-
lengths are used to stimulate the optoelectronic devices at a fixed
optical intensity of 5.3 μW cm−2 and a constant pulse duration
of 1 s. The PSC gradually increases as the wavelengths transi-
tion from 650 nm to 450 nm. This finding suggests that the
wavelength-dependent photo response displays a high sensitiv-
ity to blue source illumination. Such behavior can be attributed
to the special optical absorption properties of ReS2 (Figure S19,
Supporting Information), eliminating the need for other optical
filters or complex circuits.[61,62] We further investigate the light-
induced conductance states under different pulse numbers with
three wavelengths (Figure 5b). As light pulses number increases,
the conductance of blue illumination become much higher and
more pronounced compared to green or red sources. Detailed
time-resolved EPSC variations for the pulse numbers of 100 and
300 are displayed in Figure S20 (Supporting Information). By
leveraging the wavelength-sensing capabilities for blue light and
the heightened sensitivity achieved through increasing the num-

ber of optical pulses, the proposed visual sensor array has the
potential to effectively extract blue information. As shown in
Figure 5c, the background section, the outline of the trophy, and
the digit on the trophy are corresponded to the red, green, and
blue colors in the original image. The relationship between op-
tical wavelength and its position in the 20 × 20 optoelectronic
device array is defined based on the original image. Each opto-
electronic device in the array is assumed to be illuminated with
three different pulse numbers according to above relationship.
Optical-induced EPSCs are extracted from experimental results
involving 1 pulse, 100 pulses, and 300 pulses. Additionally, the
normally distributed noise signals are taken into consideration
for image pre-processing. All the current responses and the unde-
sired signals are normalized from 0 to 1 in each optoelectronic ar-
ray mapping. With an increase in the number of pulses, the blue
number on the trophy becomes more prominent, aligning with
the experimental results presented in Figure 5b, while the noise
signals become less noticeable (Figure 5c). The finding suggests
that by increasing the pulse number, the distinction between the
blue features and other features can be intensified and the op-
toelectronic sensor array can effectively recognize blue targets
while minimizing signals from other sources. Similar to the vi-
sual cortex, it records information that is crucial for brain while
suppressing irrelevant parts or noises.[26]

To explore the concept of bio-vision-inspired neuromorphic
computation, a simulated visual system has been developed. This
system includes the demonstrated neuromorphic vision sensor
array and an ANN. After the outline of the blue digit on the trophy
becomes highlighted while the background noise signals are de-
pressed through the optoelectronic array. The preprocessed im-
age is subsequently fed into the neural network for image train-
ing and recognition, as shown in Figure 5d. The detailed opera-
tion mechanism of the simulated visual system and noise gen-
eration method are shown in Note S8 (Supporting Information).
Figure 5e illustrates the recognition rate of neuromorphic visual

Adv. Funct. Mater. 2024, 34, 2400105 2400105 (8 of 10) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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systems while considering noises. In the initial state, noticeable
differences in recognition accuracy are observed among the three
optical pulse settings. For one optical pulse illumination, the im-
age recognition accuracy after 40 epochs is merely 72%, indicat-
ing that the network struggles to identify critical information dis-
played on the trophy due to surrounding interference. However,
through image pre-processing via the optoelectronic array, the
recognition rate significantly improves to 95% and 96% for 100
optical pulses and 300 optical pulses, respectively, after 40 train-
ing epochs. It is imperative to acknowledge that the acquisition of
300 pulses requires a considerable amount of time. However, it is
noteworthy that the precision attained with 100 pulses at ≈95%
accuracy level is comparable to that achieved with 300 pulses
while requiring a significantly shorter duration. Therefore, the re-
dundant signals have been reduced dramatically and previously
unrecognizable information can be accurately extracted by our
neuromorphic vision system in conjunction with the neural net-
work.

The aforementioned results emphasize the versatile capabili-
ties of the demonstrated sensor array in image recognition, mem-
orization, and pre-processing based on light-tunable synaptic be-
haviors. In addition to its ability to perform single wavelength
recognition, the P(VDF-TrFE)/ReS2 optoelectronic array can ef-
fectively extract essential information from complicated colored
images while simultaneously reducing noise signals. It further
approaches a more realistic emulation of the human visual sys-
tem performed by retinal cells.

3. Conclusion

In conclusion, an artificial optoelectronic synaptic device based
on P(VDF-TrFE)/ReS2 has been successfully designed that can
act as a sensory component to electrical and optical stimuli
and emulate versatile biological behaviors through ferroelectric
nonvolatile switching effect. The optical synapses array, with its
light-tunable plasticity, allows for the implementation of learn-
ing processes including image recognition and contrast enhance-
ment. Furthermore, the entire array can be utilized for multi-
wavelength recognition in noisy environments, facilitating the
information extraction while reducing noise signals. To address
concerns regarding hardware and power consumption, we have
constructed a neural network integrating the proposed optoelec-
tronic devices array. Through the redundant information reduc-
tion and the target extraction processes, the image pre-processing
efficiency has been increased from 72% to 96%. Our study un-
derscores the advantages of utilizing ferroelectric optoelectronic
synapses in artificial visual platforms, as they offer simplified de-
vice structures and expedite the advancement of in-sensor neu-
romorphic computation.

4. Experimental Section
Device Fabrication: First, Ti/Au (5 nm/25 nm) metal electrodes were

prepared on p-Si/SiO2 (285 nm) substrates with standard lithography
technique and electron beam deposition. 2D ReS2 flakes were mechani-
cally exfoliated onto the polydimethylsiloxane (PDMS) supports with blue
tape. The ReS2 flakes were identified on the PDMS by the optical micro-
scope, and then interested ones were selected for further dry transfer pro-
cess. The P(VDF-TrFE) (70:30 in mol %) thin films (≈300 nm in thickness)

as dielectric layers were made by the spin-coating process. The detailed pa-
rameters for the spin-coating were 400 rpm for 10 s and 3000 rpm for 40 s.
The P(VDF-TrFE)/ReS2 structures were annealed at 135 °C in the vacuum
for 2 h. Finally, a semi-transparent Au electrode of 10 nm as the top metal
electrode was transferred through Polyvinyl butyral (PVB) films. Then, the
whole device was immersed into the ethyl alcohol solution for half an hour
under 45 °C to dissolve the PVB film without damage to the P(VDF-TrFE)
copolymer and the whole device structure.

Characterization and Measurement: Raman investigations of ReS2
flakes were carried out with high-resolution confocal μ-Raman micro-
scopes (WITEC alpha300 R) equipped with 532 nm laser sources. The
thicknesses of few-layer ReS2 films were investigated using a commercial
atomic force microscope (Asylum Research MFP-3D) and PFM measure-
ments were carried under DART PFM mode. The P–E hysteresis loops were
measured with a ferroelectric analysis instrument of The TF Analyzer 3000,
manufactured by aixACCT. The XRD of P(VDF-TrFE) films were examined
using X-ray diffraction (Rigaku SmartLab, 9 kW) with Cu K𝛼 radiation (𝜆 =
1.5406Å). The top-gate FeFETs were tested by the semiconductor analyzer
(Keithley 4200) in a probe station (Lake Shore CRX-6.5K) under vacuum
and room-temperature environment. The 450 nm, 530 nm, and 650 nm
monochromatic LED lights were employed as the light source for the op-
tical mode measurements. A power meter (SANWA, LP1) was used to
calibrate the light intensity. To perform time-dependent optical response
measurements, the LED frequency was modulated by a signal function
generator.
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