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Abstract Hardware mimicking human vision attracts extensive interest in the field of the neuromorphic domain. An optoelectronic
synapse with visible multi-wavelength modulated characteristics is essential to emulate the human retina for color image recognition,
which remains a challenge. Herein, an optoelectronic synaptic memristor with visible multiwavelength-modulated plasticity via local
surface plasmon-assisted reduction (LSPR) of graphene oxide (GO) is first demonstrated. The memristor is fabricated with GO and Au
nanoparticle composite and the size- and aspect ratio-dependent absorption wavelength of Au LSPR endows the device with red, green,
and blue light distinguishable synaptic plasticity. The synaptic strength can be dynamically modulated through electrically driven oxygen
redistribution, mimicking the advanced visual adaptation function to enable optimal visual perception across different light conditions.
Color image sensing, memory and color-filtering preprocessing functions are realized with the optoelectronic synapse array. Moreover,
the color-filtering remarkably improves the rate of recognizing colorful images based on an artificial neural network of the optoelectronic
synapse. This work provides an effective way to design an optoelectronic synapse for a neuromorphic vision application.
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1 Introduction

Artificial vision systems play a crucial role in various artificial intelligence scenarios such as embodied intelligence,
automatic driving, and smart manufacturing. However, traditional visual systems based on the von Neumann
architecture with physically separated sensing, storage, and processing units face performance bottlenecks [1-5].
The complicated visual data transmission between these units hinders accurate and efficient image processing.
Retina, a crucial element of human vision, can not only perceive light stimuli but also efficiently pre-process
complex visual information, thereby optimizing visual cortex inputs [6-8]. The retina is capable of implementing
critical pre-processing functions such as filtering and adaptation.

In recent years, retina-inspired optoelectronic synaptic devices have generated great interest for promoting the
development of artificial visual systems [9-19]. Optoelectronic synapses with various working mechanisms such as
ultraviolet-induced valence change, photogenerated carriers trapping/detrapping, and light-induced interface bar-
rier modulation have been developed for artificial visual applications [20-23]. However, most of the optoelectronic
synapses are operated with monochromatic optical stimulation due to the inherent optical bandgap absorption.
On the contrary, an essential function of retina is multispectral color information perception through cone cells.
Previously, strategies such as integrating multi-colored synaptic devices and introducing optical color filters have
been proposed to realize color perception [24,25]. However, these will increase the manufacturing and integration
complexity. Consequently, realizing visible multi-wavelength-modulated synaptic characteristics in a single opto-
electronic synapse is essential to emulate the retina for color image recognition. In addition, color-filtering and
visual adaptation represent critical retinal functions that merit further study.

Localized surface plasmon resonance (LSPR) of metallic nanostructures is an efficient light-matter interaction
phenomenon. The advantage of LSPR lies in the direct correlation between light absorption wavelength (especially in
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the visible range) and the morphology and size of metallic nanostructures [26,27]. This unique spectral tunability can
overcome the limitations imposed by the intrinsic bandgap of traditional semiconductors, providing a new paradigm
for the design of multiwavelength optoelectronic devices. In our previous work, an optoelectronic synapse based on
WO, /Ag interface Schottky barrier modulation through LSPR-induced oxidation of Ag was demonstrated [28].

In this study, an optoelectronic synapse based on Au LSPR-assisted reduction of graphene oxide (GO) with
visible color discrimination functionality in a single device was developed. Benefiting from the Au size- and aspect
ratio-dependent resonance absorption wavelength, the localized reduction degree of GO (sp2-hybridized conductive
channel) varies significantly under red (R), green (G), and blue (B) light illumination. A series of wavelength-
dependent synaptic behaviors was realized, including excitatory postsynaptic current (EPSC), paired pulse facilita-
tion (PPF), and short-term/long-term memory (STM/LTM). The synaptic strength can be dynamically enhanced
or suppressed through bias-induced oxygen redistribution in GO, mimicking the advanced visual adaptation func-
tion. Moreover, the optoelectronic synapse is capable of performing color image sensing, memory and color-filtering
preprocessing functions. By filtering out the unexpected color from the original image, the optoelectronic synapse
array successfully improved the recognition rate of the target color feature.

2 Experimental

Optoelectronic device. The Au nanoparticles (NPs) aqueous solution of 8 mL (concentration of 0.05 mg/mL)
was sonicated for 30 min to achieve uniform dispersion of the Au NPs. Subsequently, 40 mg of GO powder was
added to the above Au NPs aqueous solution. The mixture was stirred continuously at 25°C for 40-60 min to ensure
the loading of Au NPs onto the surface of GO layers. The obtained GO:Au NPs solution was spin-coated onto the
ITO bottom electrode. Au top electrode was deposited through thermal evaporation to fabricate the Au/GO:Au
NPs/ITO device.

Measurements. The transmission electron microscope images of different states were obtained by the FEI Tecnai
G2 F30 microscope. UV-vis spectra and Raman spectra were measured by spectrophotometer (843-R, Newport)
and Via Reflex with a laser excitation wavelength of 532 nm. The light signals were generated by a xenon lamp
(LA-410UV, Hayashi). X-ray photoelectron spectroscopy (XPS) and conductive atomic force microscopy (CAFM)
characterizations were performed using photoelectron spectrometer (AXIS SUPRA™) and Bruker Dimension Icon,
respectively. During the optoelectronic memristor measurement, a bias voltage was applied to the ITO bottom
electrode, and the Au electrode was grounded.

Array device testing methodology. The measurement utilized three masks patterned with an apple, a leaf,
and a background, respectively. Each mask was divided into a 9 x 9 pixel grid, where pattern pixels (an apple, a
leaf, and a background) correspond to light-transmitting areas and the other pixels represent light-blocking regions.
When R-, G-, or B-light passes through the corresponding mask, the resultant patterned light is generated and
illuminated onto the optoelectronic memristor array according to the pixel position. The testing system consisted
of a semiconductor parameter analyzer and a probe station. During the optoelectronic memristor measurement, a
bias voltage was applied to the ITO bottom electrode, while the Au electrode was grounded. For example, when
R-light was used with the apple-patterned mask, the response currents of the corresponding device units were
collected one by one. The same methodology was applied to the tests using the G-light/leaf-patterned mask and
the B-light/background-patterned mask. It should be noted that all units were initialized to a low-conductance
state by applying a negative bias voltage before their response currents were recorded.

Accuracy calculation. The structural similarity (SSIM) can be written as [29]

SSIM = f[I(x, )%, c(z,y)?, s(z,y)"], 1)

where I(z,y)®, c(z, y)ﬂ, s(z,y)7 represent the three image feature parameters of luminance, contrast, and structure,
respectively; «, 3, and ~ are the corresponding weighting coefficients and are all set to 1 in this work.

3 Results and discussion

In the biological vision system, the retina plays a vital role in extracting light information from the external world
through its photoreceptors. The photoreceptors convert light information into electrical signals, which are then
transmitted to the visual cortex for further processing [30,31]. The photoreceptors contain cone cells and rod cells
(Figure 1(a)). The differential responses of the three types of cone cells encode the B, G, and R light through their
spectral sensitivity variations. Meanwhile, cone cells and rod cells are essential for the vision system to adapt to
bright or dim lighting, which is called visual adaptation.
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Figure 1 (Color online) Neuromorphic vision system based on optoelectronic memristor for visible color discrimination. Schematic diagram
of visible color discrimination in (a) biological vision system and (b) neuromorphic vision system using Au/GO:Au NPs/ITO memristor.
(c) Cross-sectional HRTEM image of Au/GO:Au NPs/ITO device. (d) Cross-sectional high-angle annular dark field (HAADF) image of
Au/GO:Au NPs/ITO device and elemental mapping images of the Au, Sn, and In. (e) HRTEM image of GO:Au nanocomposite film.
(f) The diameter and aspect ratio distributions of Au NPs. (g) HRTEM image and the inverse FFT image of Au NPs. (h) Absorption
spectra of GO film and GO:Au NPs nanocomposite film.

In this study, an optoelectronic synapse was proposed to simulate color discrimination and visual adaptation
functions of the retina (Figure 1(b)). The optoelectronic memristor was fabricated in a sandwiched structure of
Au/GO:AuNPs/ITO. Figures 1(c) and (d) show the cross-sectional high-resolution transmission electron microscope
(HRTEM) and corresponding energy dispersive spectra of the optoelectronic memristor. The GO:Au NPs layer has
a thickness of ~26 nm with Au NPs uniformly distributed in the GO matrix. The size distribution of Au NPs,
with a range of 4 to 14 nm (Figures 1(e) and (f)), is verified through HRTEM statistical analysis. In addition, Au
NPs exhibit different morphologies with varying aspect ratios. The inverse fast Fourier transform (FFT) diffraction
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Figure 2 (Color online) Multiwavelength-dependent plasticity of the optoelectronic memristor. (a) PPF characteristic induced by two G-light
pulses (550 nm, I = 84 mW/cm?, W = 5s, At = 5s). The PPF index as a function of the pulse interval. (b) The AT under different G-light
duration (10, 25, 50, and 100 s). (c¢) EPSC response under RGB-light pulse stimulation (I = 84 mW/cm2, W =5s, At = 5 s, R: 650 nm,
G: 550 nm, B: 480 nm). (d) Response current stimulated by 10 RGB-light pulses (I = 84 mW/cm?, W = 5 s, R: 650 nm, G: 550 nm, B:
480 nm). (e) Distribution of response current under RGB-light pulse stimulation with different light intensities (36, 48, 60, 72, and 84 mW /cm?)
and pulse widths (5, 8, 10, and 15 s). (f) Comparison of the energy consumption with previously reported optoelectronic synaptic devices.
(2) Optical potentiation and electrical depression of RGB-light pulse (I = 84 mW /cm?, W = 5s, At = 5 s, R: 650 nm, G: 550 nm, B: 480 nm)
and electrical pulse stimulation (W = 1s, At =1s, R: —0.9 V, B: =1 V, and G: —1.5 V). (h) The AT under the G-light pulse (I = 84 mW /cm?)
and applied positive bias (0.05, 0.1, 0.2, 0.3, and 0.4 V). (i) AI as a function of light intensity and bias.

pattern of Au NPs reveals an interplanar distance of 0.231 nm, which corresponds to the crystal plane (111) of Au
(Figure 1(g)). XPS spectrum shows two characteristic Au peaks at 83.7 and 87.4 eV, corresponding to Au 4f7/, and
Au 4f5 /5, respectively (Figure S1). Thus, Au NPs exist in the metallic zero-valent state within the GO matrix [32].
Figure 1(h) shows the light absorption characteristics of pure GO film and GO:Au NPs nanocomposite film. In
comparison, the GO:Au NPs nanocomposite film exhibits significantly enhanced absorption at the wavelength from
470 to 700 nm, which can be attributed to the Au size- and aspect ratio-dependent resonance absorption [33,34].
To shed light on this, the particles are abstracted as ellipsoids for analysis. The absorption spectra of three
representative ellipsoids are simulated using Mie theory [35]. As the aspect ratio increases from 1 to 2, the LSPR
peak shifts from ~520 nm to over 600 nm due to a decrease in resonance energy (Figure S2). Therefore, the
combined absorption of spherical and ellipsoidal Au NPs (with different aspect ratios) collectively contributes to
the broad absorption enhancement observed in the GO:Au NPs nanocomposite film.

The synaptic plasticity of the memristor modulated by optical and electrical stimuli was first studied. Figure

2(a) shows the response current (reading voltage: 0.05 V) of the memristor under two consecutive G-light pulses
(550 nm, intensity I = 84 mW /cm?, pulse width W = 5 s, pulse interval At = 5 s). The amplitude of the second
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response current (A2) is significantly higher than that of the first (A1). This characteristic bears a resemblance
to the PPF phenomenon of biological synapses. The PPF index is defined as (A2/A1)x100%, which is highly
dependent on the At between two stimuli. As shown in the inset of Figure 2(a), the PPF index increases from
103% to 131% as At decreases from 20 s to 1 s (550 nm, I = 84 mW/cm?, W = 5 s). Figure 2(b) shows that
current change (A, defined as the response current minus the initial current) and relaxation time increase with
increasing light pulse duration (10, 25, 50, and 100 s), suggesting the transition of synaptic plasticity from STM
to LTM. In addition, the STM-to-LTM transition is also demonstrated by increasing the light pulse number and
light pulse frequency (Figure S3). To simulate visible color discrimination of the retina, the EPSC response of the
optoelectronic memristor is characterized under R-, G-, and B-light stimulation (I = 84 mW/cm?, W =55, At =
5 s, R: 650 nm, G: 550 nm, B: 480 nm). As shown in Figure 2(c), the response current amplitude exhibits distinct
values for different wavelengths of light. The wavelength-dependent EPSC difference can be further enhanced by
increasing the light pulse number (Figure 2(d)), the RGB-light intensity (36-84 mW /cm?), and the pulse width
(5-15 s) (Figure 2(e)). The AT of randomly selected optoelectronic memristors exhibits good uniformity (Figure
S4). The mechanism could be Au size- and aspect ratio-dependent resonance absorption, which will be explored
in detail later. In addition, low power consumption is an important prerequisite for synaptic devices. The energy
consumption per spiking event can be given by F = VrxIpxty, where Vi is the read voltage, Ip is the peak
current, and ty is the pulse width. The energy consumption of the 5 s-wide RGB pulses is estimated to be 27,
50, and 30 pJ, outperforming the previously reported optoelectronic synaptic devices (Figure 2(f)) [17,20,36-47].
Furthermore, the conductance of the optoelectronic memristor can be reset to its initial state by applying a negative
bias. As shown in Figure 2(g), the conductance of the device increases under 10 consecutive RGB-light pulses, then
decreases under 10 negative bias pulses. It should be noted that the amplitude of the negative reset bias varies
for the RGB lights (R: —0.9 V, B: —1 V, and G: —1.5 V) due to the differences in the response current. The
nonlinearity of conductance evolution under RGB illumination is less than 0.42. This highly linear synaptic weight
update is crucial for achieving high accuracy recognition (Figure S5). Furthermore, our optoelectronic memristor
exhibits good operation endurance (Figure S6). Importantly, the light-triggered AI can be further enhanced by
applying positive bias (V) to the ITO bottom electrode (Figure 2(h)). A summary of the AT as a function of
G-light intensity and bias amplitude is shown in Figures 2(i) and S7. Clearly, Al increases with the increase of
applied positive bias and G-light intensity. The mechanism of the bias-modulated response current will be discussed
later. The synaptic behaviors demonstrate the feasibility of the optoelectronic memristor in simulating the retina
of the human eye.

The working mechanism of the optoelectronic memristor was then investigated. To shed light on the structure
evolution of the GO:Au NPs nanocomposite after light illumination, Raman mapping measurement was performed.
Figures 3(a-i) and (a-ii) show the Raman D-band to G-band intensity ratio (Ip/Ig) of the nanocomposite before
and after G-light illumination (550 nm, I = 84 mW /cm?). The Ip /I signals are displayed as heat maps, with color
scaling representing the ratio magnitude. Compared to the initial state, local red and green regions are observed
after the G-light illumination, suggesting the increase of Ip /I ratio. Similar results are also observed under R- and
B-light illumination (Figure S8). As is well known [48-51], the D-band of GO originates from defects in the carbon
network introduced by oxygen functional groups. The partial removal of oxygen leads to the formation of local
sp2-hybridized reduced graphene oxide (RGO)-domains, which increases the D-band intensity. The local increase of
Ip /I ratio after optical illumination suggests the creation of new RGO-domains. These RGO-domains can increase
the conductivity of the nanocomposite film, which is responsible for the light-triggered current increase. HRTEM
measurement was further performed to visualize the microstructures of the GO:Au NPs nanocomposite before and
after light illumination. The disc-shaped FFT diffraction pattern of GO (Figure 3(b-i)) demonstrates its amorphous
structure before light illumination. In contrast, after G-light illumination, carbon nano-onions around the Au NPs
are clearly observed (Figure 3(b-ii)). The interlayer spacing of ~0.39 nm is close to that of bulk graphite (0.34 nm),
confirming the formation of RGO region [52-54]. The relatively larger spacing can be attributed to residual oxygen
in the RGO-domain that enlarges the basal plane spacing. The light-induced conductive RGO-domain formation
will restore the long-range order crystallinity of the graphene network, which is responsible for the enhanced response
current of the device. GO is well known as a monomolecular layer of graphite containing oxygen functional groups
on its basal planes and edges. The oxygen functional groups can be effectively detached through various strategies.
As RGO-domain is formed around Au NPs, it is reasonable that LSPR-induced visible light photocatalytic reduction
takes place. Noble metal nanoparticles (Au or Ag) have been reported as plasmonic photocatalysts to boost visible
light reduction [55,56]. A schematic illustration of the LSPR-induced photocatalytic reduction of GO and the
corresponding energy level diagram are shown in Figure 3(c) (Figure S9). Generally, the LSPR-excited hot carriers
will rapidly thermalize in isolated Au NPs at a time scale of a few picoseconds. However, as Au NPs are loaded on
the GO, hot electrons with sufficient energy can be injected to the conduction band of GO, boosting a reduction
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Figure 3 (Color online) Switching mechanism of the optoelectronic memristor. (a) Ip/Ig Raman maps and (b) HRTEM images of the
nanocomposite in initial state and after G-light illumination. The inset of Figure 3(b) shows the FFT diffraction pattern and corresponding
lattice fringe measurement of formed RGO-domain. (¢) Schematic diagram illustrating the LSPR-induced photocatalytic reduction of GO and
the corresponding energy level diagram. (d) CAFM images under three conditions (30% RH): G-light illumination (84 mW/cm?), G-light
illumination with positive bias (84 mW /cm?, 0.2, 0.3, 0.4 V), and negative bias (—1.5 V). (e) Optical image of the gap in the two-terminal
device during bias application.

reaction. Simultaneously, the hot holes will accumulate at the Au/GO interface to generate the water oxidation
reaction [57]. The oxidation of water with plasmonic catalysts under visible light irradiation has been widely
investigated. The water molecules will be scavenged to generate oxygen and protons. The protons associated with
the hot electrons will dissociate the oxygen functional groups of GO. As a result, RGO-domains will form around
the Au NPs. In addition, the LSPR-induced thermal effect due to electron-electron or electron-phonon collisions
also contributes to the GO photocatalytic reduction.

CAFM measurements were further performed to shed light on the RGO conductive channel formation. A read
bias of 0.1 V was applied between the Pt/Ir tip and the GO:Au NPs nanocomposite surface at 30% relative humidity
(RH). As compared in Figures 3(d-i) and (d-ii), a local conductive region can be observed after G-light illumination
(84 mW /cm?), which is in line with RGO conductive channel formation. The CAFM characterization obtained after
B- and R-light stimulation is shown in Figure S10. Also, the effective size and feedback current of the conductive
channel are found to be enhanced with increasing RH (Figure S11), reflecting the important role of protons in
GO photocatalytic reduction. More importantly, the RGO conductive channel can be enhanced or suppressed by
applying positive or negative bias (positive is defined as from ITO to Au) (Figures 3(d-iii)—(d-vi)). Previous in-situ
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Figure 4 (Color online) Simulation of visual adaptation function using the optoelectronic memristor. (a) Left: retinal visual adaptation to
bright and dim lighting, mediated by rod cells and cone cells of retina. Right: a schematic diagram illustrating the gradual clarification of traffic
light images during dark and light adaptation. (b)—(d) The visual adaptation is emulated by applying different biases (0.05, 0.1, 0.2, 0.3, and
0.4 V) and different G-, B- and R-light intensities (36 and 84 mW /cm?), respectively.

observation has revealed that GO sheets can be reversibly reduced and oxidized with electrically-induced reversible
binding of oxygen [58,59]. When a positive bias is applied to the ITO, the negatively charged oxygen ions will
migrate away from GO to the external of the film (such as the electrodes or the environment). New RGO-domains
would be created and/or the inherent RGO-domains would be enlarged. On the other hand, ITO has been widely
reported as an oxygen-based reservoir in memristors [60,61]. A negative bias will drive oxygen ions in ITO to
migrate into the GO layer. The RGO-domains will partially revert to GO and the current of the device will be
reduced. The current distribution of CAFM images at different depths in high-conductance and low-conductance
states indicates the migration of oxygen ions within the GO switching layer (Figure S12). The electrically-driven
oxygen migration in GO can be visualized using a device with a two-terminal planar gap configuration. The optical
transmittance of GO strongly depends on its oxygen content. The GO film exhibits semitransparency, whereas
the RGO becomes opaque. As shown in Figure 3(e), upon application of a bias (50 V), the dark-colored regions
(RGO-domains) gradually form and propagate, ultimately connecting the two electrodes. Figure S13 compares the
Raman spectra of the gap region before and after applying bias. The observation is consistent with previously
reported GO memristor that the resistive switching is a result of reversible binding of oxygen.

Visual adaptation is a crucial function of the human visual system that enables accurate object recognition
under varying illumination conditions. In low-light conditions, dark adaptation is a process mediated by rod
cells that gradually enhances visual sensitivity, enabling object detection in darkness (Figures 4(a-i) and (a-ii)).
Conversely, in bright conditions, light adaptation is a mechanism governed by cone cells that reduces light sensitivity
to prevent glare, thereby optimizing visual acuity and color perception (Figures 4(a-i) and (a-iii)). Thanks to the
bias-modulated response current with excitation and inhibition characteristics, the optoelectronic memristor can
functionally simulate visual adaptation under different RGB-light intensities (Figures 4(b)—(d)). Specifically, under
dim G-light (I = 36 mW /cm?, 0.2 V), the response current shows excitation characteristic with increasing bias (I
=36 mW/cm?, 0.3 and 0.4 V), simulating the dark adaptation process that compensates for underexposed images.
Under bright G-light (I = 84 mW/cm?, 0.2 V), the response current is suppressed as the bias decreases (I =
84 mW /cm?, 0.1 and 0.05 V), corresponding to the light adaptation process for overexposed images. Similarly, visual
adaptation to different B- and R-light intensities is emulated. As shown in Figures 4(c) and (d), the optoelectronic
memristor is exposed to B- and R-light at different intensities (36 mW /cm?; 84 mW /cm?). By modulating the bias
voltage, an increase (0.2 V—0.3 V—=0.4 V; I = 36 mW /cm?) or decrease (0.2 V—0.1 V—=0.05 V; I = 84 mW /cm?)
in the response current is observed, simulating the processes of dark and light adaptation, respectively (Figures
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Figure 5 (Color online) Color image recognition using a neuromorphic vision system based on Au/GO:Au NPs/ITO optoelectronic memristor.
(a) A schematic diagram of color image sensing under light stimulation, which is divided into three parts illuminated by R-, G-, and B-light
(I =84 mW/cm2, R-light: 650 nm, G-light: 550 nm, B-light: 480 nm), respectively. Output images under light pulse stimulation of different
durations and after removal of light stimulation. (b) Illustration of the neuromorphic vision system, which includes image preprocessing and
image recognition based on color filtering and weight update. (c) Image showing differences between G-color and other color features after
color-filtering preprocessing by the optoelectronic memristor. (d) The optical potentiation and electrical depression of the device under 50
RGB-light pulses and voltage pulses. (e) The evolution of the learning process of G-color image with and without color-filtering. (f) Comparison
of the recognition accuracy in memristor-based ANN.

Epoch (#)

S14 and S15). In the biological visual system, the output range of individual retinal neurons is physiologically
limited [62]. The output current ranges that emulate the optimal visual performance are 23-28 pA for R-light,
45-70 pA for B-light, and 200-300 pA for G-light.

Based on the different decay times under RGB-light illumination, the optoelectronic memristor can be utilized
to emulate the sensing and memory of color image. As shown in Figure 5(a), a 9x9 optoelectronic memristor
array is fabricated as image pixels (Figure S16). The testing method for the array device is described in the
experimental section. The memristor array is illuminated using a mask with R-, G-, and B-light, which defines the
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“apple”, “leaf”, and “background” regions (I = 84 mW /cm?, R-light: 650 nm, G-light: 550 nm, B-light: 480 nm).
Notably, all optoelectronic memristors are initialized to a low-conductance state prior to light illumination. Figure
5(a) shows the output images during RGB-light pulse illumination (5 and 15 s) and after its removal (5 s). The
response currents of memristor units are mapped to their corresponding image pixels. Owing to the distinguishable
response current induced by the RGB-light pulses, the three regions of the color image can be clearly sensed and
recognized. After the light is removed, the response currents decay but still remain distinguishable states, enabling
the short-term sensing and memory of the color image.

Visual information processing with image recognition is essential for developing efficient artificial vision systems.
The retina can detect and preprocess visual information and then transmit it to the visual cortex for complex recog-
nition. In response to attentional focus on a particular color (e.g., green), the retina increases the neural output of
the targeted channel (e.g., green) and suppresses activity of irrelevant channels [63]. This process is known as color
filtering, which reduces irrelevant data to accelerate complex recognition. Given that our optoelectronic memristor
is triggered by RGB pulses and exhibits a higher response to G-light (Figure 2(d)), it can serve as a module for
sensing and preprocessing G-color information. In addition, this memristive artificial neural network (ANN) was
employed to simulate image recognition tasks for green features. Figure 5(b) illustrates the neuromorphic vision
system that utilizes optoelectronic memristor and ANN to achieve G-color image preprocessing and recognition.
Figure 5(c) shows the extraction of G-color information from a color image through color-filtering preprocessing.
The RGB values of the original color image are mapped to specific wavelengths (650 nm for R, 550 nm for G,
480 nm for B), with corresponding images generated from the response currents at different pulse numbers. The
Chinese character image with G-color feature is prominently highlighted and becomes gradually clearer after ap-
plying ten pulses. Then, the preprocessed image is sent into the ANN for image recognition. The constructed
ANN network consists of 497 x 133 memristive synaptic devices. The optoelectronic memristor exhibits optical
potentiation and electrical depression characteristics (Figure 5(d)), and the corresponding response current changes
are translated into the synaptic weight of the ANN network. For RGB color, the maximum and minimum synaptic
weights (represented by response current change) correspond to the grayscale levels of 255 and 0 in the respective
color channel. Here, SSIM is adopted by the ANN network to evaluate learning accuracy, which reflects the differ-
ence between the output and input images. Figure 5(e) shows the evolution of the learning process of G-color image
with and without color-filtering preprocessing. Additionally, recognition accuracy under different numbers of train-
ing epochs is compared in Figure 5(f). The results show that the recognition rate of G-color image is significantly
improved after color-filtering preprocessing. With image preprocessing, the number of training epochs required to
achieve 90% recognition accuracy is reduced from 95 to 20 (the image evolution within 100 epochs is shown in
Figure S17). The above results demonstrate the ability of the Au/GO:Au NPs/ITO optoelectronic memristor to
extract target color information and achieve efficient image recognition in subsequent processing.

4 Conclusion

In summary, an optoelectronic synapse for visible color discrimination was developed by utilizing the Au LSPR-
assisted reduction of GO. The optoelectronic memristor exhibited wavelength-dependent synaptic plasticity, in-
cluding EPSC, PPF, and the STM-to-LTM transition. Based on the bias-modulated synaptic characteristics, the
optoelectronic memristor simulated the visual adaptation function of the human eye. In addition, an optoelectronic
memristor array was constructed to simulate the color image sensing and memory functions. Furthermore, color-
filtering preprocessing was demonstrated and the recognition rate of the target color in the preprocessed image was
improved. These high-efficiency and multifunctional neuromorphic visual systems play a vital role in simulating the
retina in the future.
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