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HIGHLIGHTS

•	 A spectrally partitioned PbS/PEDOT:PSS/VOx all-optical memristor enables wavelength-selective potentiation and depression through 
regulated interfacial carrier dynamics.

•	 Highly linear bidirectional weight updates with a linearity of 0.9994, 8-bit conductance resolution, and an electrical energy consump-
tion of 0.63 fJ per event are achieved.

•	 A 32 × 32 memristor array enables hardware-based BloodMNIST inference with 96.5% accuracy and strong noise robustness.

ABSTRACT  All-optical control of synaptic weights offers a promising route toward 
low-power and massively parallel neuromorphic hardware. However, existing optoelec-
tronic memristors often require electrical assistance or exhibit nonlinear and asymmetric 
conductance updates, limiting their energy efficiency and scalability. Herein, we report a 
spectrally partitioned all-optical memristor based on a PbS/PEDOT:PSS/VOx heterostruc-
ture, in which near-infrared and visible light are coupled to opposite defect-state filling and 
depletion pathways. Near-infrared illumination selectively excites PbS quantum dots and 
drives gradual electron transfer into oxygen-vacancy-related defect states in VOx through 
the PEDOT:PSS-regulated interface, producing continuous conductance potentiation. By 
contrast, visible illumination activates VOx and promotes interfacial hole-assisted recom-
bination, leading to reversible depletion of defect-state electrons and conductance depres-
sion. This wavelength-selective carrier-transfer process enables highly linear and symmetric all-optical weight updates, achieving a linearity of 
0.9994 and an effective 8-bit conductance resolution. The electrical energy consumption per optically induced synaptic event is calculated to be as 
low as 0.63 fJ under an ultralow probing bias. By integrating the devices into a 32  ×  32 all-optically programmed array, we further demonstrate 
hardware-based BloodMNIST microscopic blood-cell image classification with an accuracy of 96.5% and strong noise robustness. These results 
provide a viable strategy for developing high-linearity, low-power, and spectrally programmable neuromorphic hardware.
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1  Introduction

Neuromorphic computing has emerged as a promising 
paradigm for overcoming the intrinsic limitations of con-
ventional von Neumann architectures in energy efficiency 
and parallelism [1–3]. By emulating synaptic plasticity in 
biological neural systems at the hardware level, memris-
tors provide a fundamental device platform for efficient and 
massively parallel brain-inspired computing systems [4–8]. 
Meanwhile, the increasing demand for intelligent visual 
perception has accelerated the development of in-sensor 
computing architectures, in which sensing, memory, and 
computation are tightly integrated within the same hardware 
unit [9–12]. In this context, optoelectronic memristors that 
directly respond to optical stimuli and modulate synaptic 
weights have attracted considerable interest as promising 
building blocks for neuromorphic vision systems [13–18].

Compared with electrically controlled memristors, opto-
electronic memristors introduce light as an additional degree 
of freedom, enabling richer device functionalities and poten-
tial system-level simplification [19–22]. However, many 
reported optoelectronic memristors still rely on cooperative 
electrical and optical stimulation for conductance modula-
tion [23–25]. Such hybrid operation increases energy con-
sumption and peripheral-circuit complexity, while limiting 
scalability toward large-area and massively parallel arrays 
[26, 27]. Although all-optical memristors can reduce electri-
cal intervention during weight programming, their conduct-
ance modulation often suffers from pronounced nonlinearity, 
limited reversibility, or rapid saturation, making it difficult to 
meet the requirements of high-precision neural networks for 
linear, stable, and symmetric weight updates [28–31]. More-
over, most existing devices operate within a single spectral-
response window, which restricts wavelength-programmable 
bidirectional modulation, such as potentiation and depres-
sion within the same device [32–35]. These limitations 
remain a major obstacle to scalable, energy-efficient, and 
spectrally programmable neuromorphic vision hardware.

From a materials perspective, coupling photosensitive 
semiconductors with defect-state engineering provides an 
effective route for optically controlled memristive modula-
tion [36–39]. In particular, transition-metal oxides contain-
ing abundant oxygen vacancies are attractive because their 
continuously distributed defect states can regulate carrier 
transport and enable tunable conductivity. Nevertheless, 

without rational interfacial regulation, photogenerated 
carriers are prone to uncontrolled injection or recombina-
tion, resulting in abrupt conductance changes, poor update 
linearity, and degraded cycling stability [40–42]. These 
problems become more critical when devices are extended 
from individual cells to large-area fabrication and array-
level integration [43–45]. Therefore, a key challenge for 
all-optical memristors is to achieve reversible, gradual, and 
wavelength-selective carrier modulation while preserving 
material scalability and process compatibility.

Motivated by these challenges, we develop a spectrally 
partitioned, all-optical programmable memristor based on 
a PbS/PEDOT:PSS/VOx heterostructure. Here, “spectrally 
partitioned” refers not simply to multiband photoresponse, 
but to the wavelength-selective activation of different car-
rier-dynamics pathways within one heterostructure. By inte-
grating a near-infrared-absorbing PbS quantum-dot layer 
with an oxygen-vacancy-rich VOx thin film, the device ena-
bles distinct optical responses at different wavelengths. The 
PEDOT:PSS interlayer, rather than serving as the primary 
photoabsorber, regulates interfacial carrier transport and 
suppresses abrupt carrier injection, allowing wavelength-
dependent carrier dynamics to be separated and coordi-
nated. As a result, near-infrared illumination mainly drives 
PbS-mediated electron generation and gradual defect-state 
filling in VOx, leading to continuous conductance potentia-
tion, whereas visible-light excitation promotes VOx-related 
hole generation, interfacial recombination, and defect-state 
electron depletion, resulting in reversible conductance sup-
pression. In this way, the two opposite conductance-modu-
lation pathways are effectively partitioned in the wavelength 
domain.

Benefiting from this heterostructure design, the device 
exhibits highly linear and symmetric conductance updates, 
stable multilevel conductance modulation under all-optical 
programming, and an ultralow electrical energy consump-
tion per optically induced synaptic event under an ultralow 
probing bias, providing a reliable device platform for high-
precision neuromorphic computing. Moreover, the process-
compatible heterostructure enables uniform fabrication and 
integration into a 32 × 32 all-optically programmed memris-
tor array. Using this array, we demonstrate hardware-based 
BloodMNIST microscopic blood-cell image classification 
with high recognition accuracy and strong robustness against 
noise perturbations. Taken together, these results indicate 



Nano-Micro Lett. (2027) 19:42 	 Page 3 of 20     42 

that the proposed spectrally partitioned all-optical memristor 
offers not only a high-linearity synaptic device platform, but 
also a viable hardware route toward low-power and spec-
trally programmable neuromorphic vision systems.

2 � Experimental Section

2.1 � Materials

PbS colloidal quantum dots were synthesized using a con-
ventional hot-injection method. Briefly, PbO (0.36  g), 
oleic acid (1 mL), and 1-octadecene (15 mL) were loaded 
into a 50-mL three-neck round-bottom flask and heated to 
150 °C under a nitrogen atmosphere to form a clear pre-
cursor solution. A sulfur precursor solution containing 
bis(trimethylsilyl) sulfide in 1-octadecene was then rapidly 
injected into the flask to initiate the nucleation and growth 
of PbS quantum dots. After the reaction, the mixture was 
naturally cooled to room temperature, and the quantum dots 
were purified through repeated acetone precipitation and 
centrifugation to remove unreacted precursors and excess 
ligands. The purified PbS quantum dots were finally dis-
persed in toluene to obtain a stable colloidal solution with 
a concentration of 5 mg mL⁻1. The PEDOT:PSS solution 
(Clevios™ P VP AI 4083, Heraeus, Germany) was used as 
received without further purification.

2.2 � Device Fabrication

The PbS/PEDOT:PSS/VOx heterostructured all-optical 
synaptic devices were fabricated through a multilayer thin-
film stacking process. For single-device fabrication, Al/
Au bilayer bottom electrodes with a total nominal thick-
ness of approximately 50 nm were deposited on cleaned 
Si/SiO2 substrates by thermal evaporation through a pat-
terned shadow mask. A thin Al layer was first deposited as 
an adhesion layer, followed by the deposition of Au to ensure 
good electrical conductivity and chemical stability. The VOx 
thin films were deposited by radio-frequency (RF) magne-
tron sputtering using a high-purity vanadium metal target 
(≥ 99.99%) under a reactive Ar/O2 mixed atmosphere. Prior 
to deposition, the chamber was evacuated to a base pressure 
below 5 × 10–4 Pa. During sputtering, the Ar/O2 flow ratio 
was maintained at 10:1, the working pressure was fixed at 
1 Pa, and the RF power was set to 80 W. Under these condi-
tions, VOx films with a thickness of approximately 80 nm 

were obtained. The as-deposited VOx films exhibited an 
amorphous structure, which is favorable for forming con-
tinuously distributed oxygen-vacancy-related defect states. 
No post-deposition annealing was applied.

The PEDOT:PSS interlayer was deposited using the 
commercial Clevios™ P VP AI 4083 solution. A two-step 
spin-coating process was employed: The solution was first 
spread at 1000 rpm with an acceleration of 200 rpm s⁻1 for 
5 s, followed by spinning at 5000 rpm with an acceleration 
of 500 rpm s⁻1 for 50 s to form a uniform thin film. After 
spin coating, the samples were annealed on a hot plate at 
100 °C for 10 min to remove residual solvent and stabi-
lize the film morphology. The resulting PEDOT:PSS layer 
thickness was approximately 15 nm. Owing to the high PSS 
content, hole-transporting nature, and unfavorable electron-
transport energy level of AI 4083, this layer served as an 
electron-blocking and interfacial carrier-regulation layer in 
the heterostructure. PbS quantum-dot films were deposited 
onto the PEDOT:PSS layer by spin coating at 5000 rpm 
for 30 s. After deposition, the samples were annealed at 
60 °C for 10 min to form continuous thin films with a final 
thickness of approximately 10 nm. The resulting PbS layer 
served as the primary near-infrared absorption layer in the 
heterostructure, providing photogenerated charge carriers 
under optical stimulation. Finally, top Au electrodes with a 
nominal thickness of approximately 10 nm were deposited 
by thermal evaporation through a patterned shadow mask 
aligned orthogonally to the bottom electrodes, defining the 
active cross-point area and completing the vertical device 
structure.

2.3 � Crossbar Array Fabrication

Based on the single-device fabrication process, a 32 × 32 
memristor crossbar array was further constructed using a 
shadow-mask-assisted deposition process. First, vertical 
bottom electrode lines were formed on cleaned Si/SiO2 
substrates by thermal evaporation through a patterned 
shadow mask. Al/Au bilayer electrodes with a total nomi-
nal thickness of approximately 50 nm were used as the bot-
tom electrodes. Subsequently, the VOx, PEDOT:PSS, and 
PbS functional layers were sequentially deposited to form a 
continuous PbS/PEDOT:PSS/VOx heterostructure. Finally, 
horizontal top Au electrode lines with a nominal thickness of 
approximately 10 nm were deposited by thermal evaporation 
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through another patterned shadow mask placed orthogonally 
to the bottom electrode lines. Therefore, the crossbar array 
consisted of orthogonally patterned metal lines rather than a 
continuous metal film covering the entire active layer. This 
electrode geometry leaves optically accessible active-layer 
regions and electrode-edge regions around each cross-point, 
allowing incident light to interact with the PbS/PEDOT:PSS/
VOx heterostructure during optical programming. All array 
devices were fabricated within the same batch. The array 
yield was evaluated by statistically assessing whether each 
cross-point device exhibited stable and reversible near-infra-
red-induced potentiation and visible-light-induced depres-
sion behaviors, reflecting the functional yield of the array.

2.4 � Materials Characterization

The morphology and microstructure of the PbS/
PEDOT:PSS/VOx heterostructures were characterized by 
scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDS), transmission electron micros-
copy (TEM), and atomic force microscopy (AFM). SEM 
and EDS were used to analyze the cross-sectional structure 
and elemental distribution of the device, while TEM was 
employed to characterize the morphology and crystallinity 
of PbS quantum dots. AFM was used to evaluate the surface 
morphology and roughness of the functional films. The opti-
cal absorption spectra of VOx and PbS films were measured 
using a UV–Vis–NIR spectrophotometer to evaluate their 
wavelength-dependent absorption characteristics. Electron 
paramagnetic resonance (EPR) measurements were per-
formed to investigate oxygen-vacancy-related defect states 
in VOx under different illumination conditions. Photolumi-
nescence (PL) spectroscopy was used to analyze the inter-
facial carrier-transfer behavior in the PbS/PEDOT:PSS/VOx 
heterostructure.

Illumination-dependent V 2p X-ray photoelectron 
spectroscopy (XPS) spectra were collected from PbS/
PEDOT:PSS/VOx heterostructures under dark conditions and 
after 980 or 525 nm illumination treatments. Three samples 
fabricated in the same batch were used for comparison. For 
the light-treated samples, continuous 980 nm illumination 
with a power density of 10.2 mW cm−2 was applied for 60 s, 
while continuous 525 nm illumination with a power density 
of 4.6 mW cm−2 was applied for 60 s. These illumination 
treatments were used to induce sufficiently detectable 

valence-state variations for XPS analysis, while the same 
wavelengths were used as those in the representative optical 
programming measurements. To access the buried VOx layer, 
the upper PbS/PEDOT:PSS layers were gently removed by 
controlled low-energy Ar+ sputtering before XPS analysis, 
and identical sputtering conditions were used for all samples. 
The XPS spectra were collected using a monochromatic 
Al Kα X-ray source. The binding energies were calibrated 
using the C 1s peak at 284.8 eV, and the relative V4+/V5+ 
percentages were calculated from the integrated areas of the 
deconvoluted V 2p peaks. Accordingly, the XPS analysis 
was used to compare relative illumination-induced changes 
in vanadium valence states and oxygen-vacancy-related 
electronic states, rather than to determine the absolute bulk 
stoichiometry of VOx.

2.5 � Electrical and Optoelectronic Measurements

Electrical and optoelectronic synaptic characterizations 
were conducted at room temperature. Unless otherwise 
specified, the programmed conductance states were electri-
cally read at a bias voltage of 0.1 V to ensure an adequate 
signal-to-noise ratio and reliable differentiation between 
adjacent conductance states. This read bias was used only 
for electrical probing and was not involved in device pro-
gramming. For the transient low-current photoresponse 
measurement shown in Fig. 3c (later), an ultralow prob-
ing bias of 0.001 V was applied to demonstrate that the 
optically induced incremental current response could still 
be detected under a small electrical bias. The correspond-
ing electrical energy consumption per optically induced 
synaptic event was calculated from the applied probing 
bias, the photoinduced incremental current response, and 
the optical pulse width. Postsynaptic current signals were 
recorded using a Keysight B2901B semiconductor param-
eter analyzer. Optical stimuli were provided by externally 
controlled light sources. Near-infrared light with a wave-
length of 980 nm was used to induce synaptic potentiation, 
whereas visible light with a wavelength of 525 nm was 
employed to induce synaptic depression. The optical-pulse 
power density and pulse width were controlled within the 
mW cm−2 and millisecond ranges, respectively. Light 
intensity was calibrated using a power meter, and the spa-
tial uniformity and temporal stability of illumination were 
maintained throughout the measurements.
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2.6 � Optical Programming and Weight‑Update Protocol

Synaptic weight modulation, represented by device con-
ductance modulation, was achieved exclusively through 
optical pulses. Successive near-infrared light pulses gradu-
ally increased the device conductance, corresponding to 
long-term potentiation (LTP), whereas successive visible-
light pulses gradually decreased the conductance, corre-
sponding to long-term depression (LTD). By precisely 
controlling the number of optical pulses and illumination 
parameters, multilevel, reversible, and gradual conduct-
ance modulation was realized. The linearity, dynamic 
range, and stability of the programmed conductance states 
were statistically evaluated over repeated optical program-
ming cycles to exclude random noise and incidental fluc-
tuations. The reliability of the programmed weight states 
was evaluated through signal-to-noise ratio (SNR) analysis 
and repeated-read noise measurements. For the noise-lim-
ited resolution analysis of adjacent conductance states, a 
3σ criterion was adopted, where the minimum resolvable 
current difference was defined as three times the combined 
RMS noise of two neighboring states.

2.7 � Neuromorphic Array Measurement and Hardware 
Platform

The array-level experimental platform consisted of FPGA-
based control logic, digital-to-analog converters (DACs), 
word-line drivers and multiplexers (MUXs), the memris-
tor crossbar array, transimpedance amplifiers (TIAs), and 
analog-to-digital converters (ADCs). The FPGA coordi-
nated array addressing, optical programming timing, and 
electrical-readout operations. Spatially programmable opti-
cal writing was implemented using a digital micromirror 
device (DMD). The programming light was patterned by the 
DMD into predefined binary optical patterns and projected 
onto the 32 × 32 crossbar array through an imaging lens 
system. Before optical programming, the projected DMD 
pattern was spatially calibrated and aligned with the optical 
microscope image of the array using the electrode-line posi-
tions as alignment references. During programming, only the 
DMD micromirror regions corresponding to the selected cell 
or selected array region were switched to the ON state, while 
the surrounding regions were kept in the OFF state, enabling 
localized optical addressing and minimizing unintended 

illumination of adjacent cells. After optical programming, 
the conductance states were electrically read using FPGA-
controlled row/column multiplexing and peripheral readout 
circuits. The readout currents were converted into voltage 
signals by TIAs and subsequently digitized using 10-bit 
ADCs before being transferred to the control unit for data 
processing and neural network inference.

2.8 � Neural Network Mapping and Dataset

The BloodMNIST dataset, consisting of microscopic blood-
cell images, was used for neural network validation. After 
preprocessing, the images were fed into a convolutional neu-
ral network-inspired architecture for feature extraction and 
classification. The convolution kernels were implemented 
using the multilevel conductance states of the memristor 
array, while the fully connected layer weights were repre-
sented using a differential conductance scheme:

The neural network weights were first trained in a soft-
ware environment and then mapped onto the experimen-
tally accessible conductance states of the memristor array 
for hardware inference. To evaluate the influence of weight 
quantization on network performance, classification accu-
racy was tested under 8-bit, 6-bit, 4-bit, and 2-bit weight 
resolutions and compared with the floating-point software 
baseline.

3 � Results and Discussion

3.1 � Device Architecture, Material Characterization, 
and Array Integration of All‑Optical Memristors

As illustrated in Fig. 1a, the proposed all-optical memris-
tor visual system is inspired by the human visual pathway. 
In the biological visual system, external light is received 
by photoreceptor cells in the retina, converted into neural 
signals through retinal neurons and ganglion cells, and then 
transmitted to the brain for visual information processing. 
Analogously, in the artificial system, incident light serves as 
the input stimulus for the all-optical memristor array, where 
optical signals are encoded into tunable conductance states. 
These conductance states form a hardware weight matrix 

ΔG = G
+
− G

−
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and participate in neural network computation for BloodM-
NIST image classification. In this way, the proposed system 
establishes a bioinspired correspondence between optical 
perception, synaptic weight modulation, and visual informa-
tion processing.

To implement this all-optical visual architecture, we 
constructed a PbS/PEDOT:PSS/VOx heterostructured 

memristor and examined its feasibility for array-level inte-
gration. Based on this heterostructure, a 32 × 32 memristor 
crossbar array was fabricated, as shown in Fig. 1b. The 
well-ordered crossbar layout and good structural uniformity 
suggest that the proposed device configuration is suitable 
for integrated neuromorphic hardware implementation. The 
cross-sectional SEM image in Fig. 1c further confirms the 

Fig. 1   Bioinspired system concept, array implementation, and structural/spectroscopic characterization of the PbS/PEDOT:PSS/VOx all-optical 
memristor. a Bioinspired schematic of the optically programmed neuromorphic vision system for BloodMNIST image classification. b Optical 
image of the fabricated 32 × 32 memristor crossbar array. c Cross-sectional SEM image of the vertically stacked PbS/PEDOT:PSS/VOx het-
erostructure. d Cross-sectional EDS elemental mapping of Pb, S, V, O, Au, and C in a reference heterostructure without the top Au electrode. 
e Optical absorption spectra of VOx and PbS films. f HRTEM image of PbS quantum dots with lattice fringes corresponding to the PbS (200) 
plane. g EPR spectra under dark, 980 nm, and 525 nm illumination conditions. h, i High-resolution V 2p XPS spectra after 980 and 525 nm illu-
mination, respectively, showing opposite changes in the relative V4+/V5+ fractions
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vertically stacked device architecture, consisting of a PbS 
quantum-dot absorption layer, a PEDOT:PSS interfacial 
regulation layer, a VOx functional layer, and a bottom-Au 
electrode. The thicknesses of the PbS, PEDOT:PSS, VOx, 
and Au layers are approximately 10, 15, 80, and 50 nm, 
respectively, consistent with the designed heterostructure.

The elemental distribution of the multilayer stack was fur-
ther examined by cross-sectional EDS mapping using a ref-
erence heterostructure sample prepared without the top Au 
electrode. As shown in Fig. 1d, the Pb signal is concentrated 
near the upper region of the heterostructure, correspond-
ing to the PbS quantum-dot layer. By contrast, the S-related 
distribution is broader because it contains contributions 
from both PbS and the sulfur-containing PEDOT:PSS 
interlayer. The V-rich region corresponds to the VOx layer, 
while the Au signal is associated with the conductive layer 
of the bottom electrode. Together with the EDS line-scan 
profile in Fig. S1, these results support the sequential PbS/
PEDOT:PSS/VOx/bottom-Au stacking structure.

The optical absorption characteristics of VOx and PbS 
were then investigated to establish the material basis for 
spectrally partitioned modulation. As shown in Fig. 1e, 
VOx exhibits pronounced absorption in the visible region, 
whereas PbS shows enhanced absorption in the near-infrared 
region. This complementary spectral response enables dif-
ferent wavelengths to preferentially activate distinct photoin-
duced carrier processes within the heterostructure. Specifi-
cally, visible-light excitation is mainly associated with the 
VOx-related photoresponse, while near-infrared illumination 
can be effectively absorbed by PbS quantum dots. Such spec-
tral selectivity provides the physical foundation for wave-
length-separated optical depression and potentiation within 
the same memristive device.

The microstructure and crystallinity of the PbS quan-
tum dots were further characterized by TEM. The HRTEM 
image in Fig. 1f displays clear lattice fringes with an inter-
planar spacing of approximately 0.339 nm, corresponding 
to the PbS (200) plane, confirming the crystalline nature 
of the quantum dots. More detailed TEM characteriza-
tion is provided in Fig. S2, where the PbS quantum dots 
exhibit a uniform distribution without obvious aggregation. 
The corresponding particle-size statistics indicate that the 
quantum dots are mainly distributed in the range of 4–6 nm 
with a relatively narrow size distribution, which is ben-
eficial for achieving stable and reproducible near-infrared 
photoresponses.

The surface morphology of the functional films was evalu-
ated by AFM to assess the interface quality of the heterostruc-
ture. As shown in Fig. S3, both the VOx and PEDOT:PSS/
PbS films exhibit continuous surface morphologies. The 
pristine VOx film shows an RMS roughness of approximately 
7.26 nm, whereas the RMS roughness decreases to approxi-
mately 3.78 nm after sequential coating with PEDOT:PSS 
and PbS. This reduced surface roughness indicates that the 
polymer/QD coating helps form a smoother and more uni-
form interface, which is favorable for stable interfacial charge 
regulation and reproducible optoelectronic switching. Besides, 
to probe the role of oxygen-vacancy-related defect states in 
optical conductance modulation, EPR measurements were 
performed under different illumination conditions. As shown 
in Fig. 1g, the EPR signal centered at g ~ 2.003 can be assigned 
to unpaired electrons associated with oxygen vacancies in VOx 
[46, 47]. Notably, the signal intensity increases under 980 nm 
illumination but decreases under 525 nm illumination com-
pared with the dark state. This opposite evolution indicates 
that near-infrared light and visible light induce distinct changes 
in the electronic occupation of oxygen-vacancy-related defect 
states.

High-resolution V 2p XPS spectra provide further evidence 
for the wavelength-dependent modulation of oxygen-vacancy-
related electronic states. As shown in Fig. 1h, after 980 nm 
illumination, the relative fraction of V4+ increases to 61.3%, 
while the V5+ component decreases to 38.7%, indicating elec-
tron filling of oxygen-vacancy-related defect states in VOx. In 
contrast, after 525 nm illumination, the V5+ fraction increases 
to 65.5%, accompanied by a decrease in the V4+ fraction to 
34.5% (Fig. 1i), suggesting depletion of defect-state electrons. 
Compared with the pristine VOx state shown in Fig. S4, where 
V4+ and V5+ account for 52.8% and 47.2%, respectively, these 
opposite changes under 980 and 525 nm illumination quantita-
tively support the proposed wavelength-dependent defect-state 
filling and depletion mechanism. The survey XPS spectrum 
of the PEDOT:PSS/PbS film and the initial V 2p spectrum of 
pristine VOx are provided in Fig. S4, confirming the elemental 
composition of the functional layers and the coexistence of 
mixed V4+/V5+ states in the as-prepared VOx film.

Taken together, these structural, optical, and spectroscopic 
results demonstrate that the PbS/PEDOT:PSS/VOx hetero-
structure provides an effective material platform for spec-
trally partitioned all-optical conductance modulation. In this 
architecture, PbS functions as the near-infrared absorption 
layer, VOx provides oxygen-vacancy-related defect states for 
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conductance tuning, and PEDOT:PSS serves as an interfacial 
carrier-regulation layer. The coordinated roles of these layers 
enable wavelength-dependent defect-state filling and deple-
tion, thereby laying the foundation for the highly linear bidirec-
tional optical weight modulation and array-level neuromorphic 
vision functions discussed below.

3.2 � Spectrally Partitioned All‑Optical Synaptic 
Plasticity and Carrier‑Dynamics Mechanism

In biological synapses, excitatory and inhibitory inputs 
jointly regulate postsynaptic current responses, enabling 
bidirectional modulation of synaptic activity. As schemati-
cally illustrated in Fig. 2a, this process can be mimicked in 
the proposed PbS/PEDOT:PSS/VOx heterostructured device 
by using optical stimuli with different wavelengths as pre-
synaptic inputs. In this all-optical synaptic configuration, 
near-infrared illumination serves as an excitatory stimulus 
to induce synaptic potentiation, whereas visible illumina-
tion acts as an inhibitory stimulus to trigger synaptic depres-
sion. Such wavelength-dependent bidirectional regulation 
provides the basis for all-optical synaptic weight modulation 
without electrical writing pulses.

To experimentally verify this wavelength-dependent bidirec-
tional modulation, the postsynaptic current response was first 
examined under single optical pulse stimulation. As shown in 
Fig. 2b, a 980 nm pulse generates a positive excitatory postsyn-
aptic current (EPSC), while a 525 nm pulse produces a nega-
tive inhibitory postsynaptic current (IPSC). After the optical 
stimulus is removed, both responses exhibit a gradual relaxa-
tion behavior, reflecting short-term memory characteristics 
analogous to those of biological synapses. To further verify 
the spectral selectivity of the device, additional wavelength-
dependent measurements were performed. As shown in Fig. S5, 
near-infrared illumination at 940 and 980 nm induces positive 
photocurrent responses, with 980 nm producing a stronger 
potentiation effect. In contrast, visible illumination at 625, 525, 
and 465 nm induces negative photocurrent responses, and the 
inhibition amplitude increases at shorter wavelengths. These 
results confirm that near-infrared and visible light can selec-
tively activate opposite conductance-modulation directions, 
supporting the selection of 980 and 525 nm as representative 
potentiating and inhibitory stimuli, respectively.

The optical sensitivity of the device was further evalu-
ated by determining the minimum detectable optical power 

density. A criterion of ΔIpeak > 3σdark was adopted, where 
σdark represents the standard deviation of the dark-current 
noise. As shown in Fig. S6, reliable excitatory and inhibitory 
responses can still be detected under weak 980 and 525 nm 
illumination with power densities as low as 0.5 and 0.2 mW 
cm−2, respectively. This result demonstrates the high optical 
sensitivity of the proposed all-optical memristor and fur-
ther supports its potential for low-power optical synaptic 
modulation.

In addition, the modulation amplitude of the postsynaptic 
current can be continuously regulated by optical stimulation 
parameters. As shown in Fig. 2c, under 980 nm illumination, 
the EPSC amplitude increases with irradiation time, and 
higher optical power density leads to a larger potentiation 
response. Conversely, under 525 nm illumination, the IPSC 
becomes progressively stronger with increasing irradiation 
time and light intensity. These results indicate that the syn-
aptic weight of the device can be gradually and reversibly 
tuned by the wavelength, intensity, and duration of optical 
stimuli, providing a flexible optical programming strategy 
for analog weight modulation.

Short-term synaptic plasticity was further investigated 
using paired-pulse stimulation. Figure 2d shows the postsyn-
aptic current responses triggered by two consecutive optical 
pulses. Under 980 nm stimulation, the second EPSC is larger 
than the first one, corresponding to paired-pulse facilitation 
(PPF). By contrast, under 525 nm stimulation, the second 
inhibitory response is enhanced relative to the first one, 
exhibiting paired-pulse depression (PPD)-like behavior. The 
dependence of the PPF/PPD index on the pulse interval is 
summarized in Fig. 2e. As the interval increases, the facilita-
tion gradually weakens and the depression effect gradually 
recovers, reflecting the relaxation of internal state variables 
such as defect-state occupation and interfacial charge accu-
mulation. These time-dependent relaxation characteristics 
are consistent with short-term synaptic memory behavior.

Beyond paired-pulse plasticity, the device also supports 
cumulative synaptic weight updating under pulse-train 
stimulation. As shown in Fig. 2f, successive 980 nm optical 
pulses induce a gradual increase in the postsynaptic cur-
rent, and the potentiation amplitude becomes larger as the 
pulse number increases from 5 to 20. This pulse-number-
dependent enhancement demonstrates the optical integra-
tion capability of the device. Frequency-dependent synaptic 
modulation was further examined using optical pulse trains 
with different repetition frequencies. As shown in Fig. 2g, 
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Fig. 2   Spectrally controlled all-optical synaptic plasticity of the PbS/PEDOT:PSS/VOx device. a Schematic illustration of the biological synapse 
analogy, where near-infrared and visible light induce synaptic potentiation and depression, respectively. b EPSC induced by a single 980 nm 
optical pulse and IPSC induced by a single 525 nm optical pulse. c EPSC and IPSC modulation as a function of illumination time under dif-
ferent light intensities. d Paired-pulse facilitation (PPF) and paired-pulse depression (PPD) under paired optical pulse stimulation. e PPF/PPD 
index as a function of pulse interval. f Cumulative EPSC enhancement under different numbers of 980 nm optical pulses. g Frequency-dependent 
synaptic responses under optical pulse trains with different repetition frequencies. h Learning–forgetting–relearning behavior under cyclic opti-
cal pulse stimulation. i STDP learning window showing LTP and LTD behaviors. j Energy-band alignment of the PbS/PEDOT:PSS/VOx hetero-
structure. k, l Schematic illustration of defect-mediated conductance potentiation under near-infrared illumination and conductance suppression 
under visible-light illumination, respectively
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increasing the repetition frequency of the optical pulse train 
enhances the postsynaptic current modulation, with 980 nm 
stimulation producing a larger positive ΔPSC and 525 nm 
stimulation producing a larger negative ΔPSC. These results 
indicate that the device can encode temporal input infor-
mation through frequency-dependent all-optical synaptic 
weight updates.

The learning–forgetting–relearning behavior was further 
evaluated using a cyclic optical training protocol. As shown 
in Fig. 2h, repeated 980 nm optical pulses gradually increase 
the synaptic weight, corresponding to an optical learning 
process. After the optical stimulus is removed, the postsyn-
aptic response spontaneously decays, indicating forgetting 
behavior. Notably, subsequent application of a small number 
of optical pulses can rapidly restore the synaptic weight to a 
high level, demonstrating relearning capability. This revers-
ible training–relaxation–retraining process suggests that the 
device can emulate dynamic memory evolution under optical 
stimulation.

The temporal learning capability of the device was fur-
ther examined by spike-timing-dependent plasticity (STDP) 
measurements. As shown in Fig. 2i, the synaptic weight 
change depends strongly on the relative timing difference 
between the potentiating and inhibitory optical stimuli. 
When the potentiating stimulus precedes the inhibitory 
stimulus, long-term potentiation (LTP) is obtained. Con-
versely, when the inhibitory stimulus precedes the potenti-
ating stimulus, long-term depression (LTD) is induced. The 
resulting asymmetric STDP learning window indicates that 
the device can support timing-dependent synaptic learning 
rules using only optical stimuli.

The reproducibility of the all-optical synaptic response 
was evaluated across multiple devices from the same fab-
rication batch. Figures S7 and S8 summarize the EPSC 
and IPSC responses of 20 representative devices, respec-
tively. The devices exhibit consistent response amplitudes 
and relaxation behaviors under identical optical stimula-
tion, confirming good device-to-device uniformity for both 
near-infrared-induced potentiation and visible-light-induced 
inhibition. Furthermore, the array-level current mapping in 
Fig. S9 shows spatially uniform conductance modulation 
across the 32 × 32 memristor array, demonstrating the fea-
sibility of extending the all-optical synaptic behavior from 
individual devices to integrated arrays.

The conductance potentiation and inhibition behav-
iors observed under different optical wavelengths can be 

attributed to the reversible modulation of oxygen-vacancy-
related defect-state occupation in VOx. As an amorphous 
oxide semiconductor, VOx contains abundant oxygen-
vacancy-related defect states, which can modulate the 
effective carrier concentration and electrical conductivity. 
The band alignment and valence-band spectra provided 
in Figs. S10–S12 establish the energy-level landscape of 
the PbS/PEDOT:PSS/VOx heterostructure. Based on these 
results, Fig. 2j summarizes the band alignment of the device 
and highlights the role of PEDOT:PSS as an electron-block-
ing and interfacial modulation layer. This heterostructure 
design enables a spectrally partitioned carrier-dynamics 
pathway: Near-infrared light mainly activates PbS-mediated 
electron generation and defect-state filling in VOx, whereas 
visible light mainly promotes VOx-related hole generation, 
interfacial recombination, and defect-state electron deple-
tion. Therefore, the two opposite conductance-update direc-
tions are physically separated in the wavelength domain.

As illustrated in Fig. 2k, under 980 nm near-infrared 
illumination, PbS quantum dots act as the primary absorp-
tion layer and generate photogenerated electrons. The 
PEDOT:PSS interlayer regulates electron transfer across 
the PbS/VOx interface and suppresses abrupt carrier injec-
tion. Consequently, photogenerated electrons are gradually 
transferred into oxygen-vacancy-related defect states in 
VOx. The progressive filling of these defect states increases 
the effective carrier concentration, resulting in continuous 
conductance potentiation. In contrast, as shown in Fig. 2l, 
under 525 nm visible-light illumination, optical absorption 
is mainly dominated by VOx. The generated holes accu-
mulate near the PEDOT:PSS/VOx interface, where they 
promote local recombination with electrons occupying 
oxygen-vacancy-related defect states. This process gradu-
ally depletes the defect-state electrons and weakens the con-
ductive defect channels in VOx, resulting in visible-light-
induced conductance suppression. Control experiments in 
Fig. S13 further support the important role of PEDOT:PSS-
mediated interfacial processes in this suppression behavior.

In addition, PL measurements in Fig. S14 provide sup-
porting evidence for interfacial carrier transfer. Taken 
together, these characterization results establish a consistent 
mechanism–property relationship. The absorption spectra 
and band alignment define the wavelength-selective excita-
tion and carrier-transfer pathways; EPR and XPS reveal the 
existence and illumination-dependent modulation of oxy-
gen-vacancy-related electronic states in VOx; and PL further 
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verifies interfacial carrier transfer within the heterostruc-
ture. These processes eventually manifest as 980 nm-induced 
defect-state filling and conductance potentiation, as well as 
525 nm-induced defect-state depletion and conductance 
suppression. Therefore, the observed LTP/LTD behavior is 
supported by a coherent chain of optical, interfacial, defect-
state, and electrical evidence.

3.3 � Highly Linear and Energy‑Efficient All‑Optical 
Weight Update

The excellent linearity of the optical response exhibited by 
the device also originates from the defect-dominated gradual 
modulation mechanism described above. On the one hand, 
the PEDOT:PSS (AI 4083) interlayer introduces an inter-
facial barrier that effectively suppresses the instantaneous 
massive injection of photogenerated electrons, transforming 
the electron transfer into VOx from an abrupt event into a 
smooth and controllable gradual process. On the other hand, 
the continuously distributed oxygen-vacancy defects in VOx 
provide stepwise and tunable trapping channels for electrons, 
enabling the conductance modulation to evolve in a stable 
and nearly linear manner with increasing optical stimulation 
cycles.

As shown in Fig. 3a, the proposed PbS/PEDOT:PSS/VOx 
device exhibits smooth and monotonic conductance modula-
tion during both long-term potentiation (LTP) and long-term 
depression (LTD). Under near-infrared optical pulses, the 
normalized conductance gradually increases, whereas visi-
ble-light pulses induce a continuous and reversible conduct-
ance decrease. The extracted nonlinearity factors are as low 
as αp = 0.003 and αd = 0.008, demonstrating highly linear 
and symmetric bidirectional weight updates. In contrast, the 
control VOx/PbS device without the PEDOT:PSS interlayer 
shows much more nonlinear conductance evolution, with 
αₚ = 0.048 and αd = 0.204 (Fig. 3b). In this control device, 
the conductance change is mainly concentrated in the initial 
pulse region and rapidly approaches saturation, indicating 
uncontrolled carrier injection and poor depression linear-
ity. These results confirm that the PEDOT:PSS interlayer is 
essential for moderating interfacial carrier-transfer kinetics 
and achieving highly linear all-optical weight modulation.

The influence of PEDOT:PSS thickness was further inves-
tigated to clarify the role of the interfacial regulation layer. 
As shown in Fig. S15, devices with PEDOT:PSS thicknesses 

of approximately 5, 15, and 25 nm exhibit clearly different 
LTP/LTD update characteristics. When the PEDOT:PSS 
layer is too thin, the interfacial carrier-regulation and charge-
buffering effects are insufficient, leading to relatively non-
linear updates and premature conductance saturation. When 
the PEDOT:PSS layer is too thick, carrier transfer across the 
interface is overly suppressed, resulting in a reduced con-
ductance modulation range and degraded weight-update 
controllability. The optimized thickness of approximately 
15 nm provides the best balance between interfacial car-
rier regulation and efficient photoinduced charge transfer, 
yielding the most linear and reversible optical weight modu-
lation. This thickness-dependent behavior further verifies 
that PEDOT:PSS functions as an active interfacial carrier-
regulation layer rather than a passive spacer.

To examine whether the observed optical weight modula-
tion is dominated by thermal effects, temperature-depend-
ent measurements were performed. As shown in Fig. S16, 
the relaxation dynamics become faster as the tempera-
ture increases from 298.15 to 328.15 K. The fast relaxa-
tion time constant decreases from τ1 = 1.28 s at 298.15 K 
to τ1 = 0.52 s at 328.15 K, while the slow relaxation time 
constant decreases from τ2 = 6.49 s to τ2 = 5.64 s. This indi-
cates that elevated temperature accelerates carrier relaxa-
tion, defect-state detrapping, and interfacial charge redistri-
bution. Importantly, the bidirectional optical weight-update 
behavior remains stable over the tested temperature range. 
The LTP process maintains high linearity with fitted R2 val-
ues of 0.9997, 0.9994, and 0.9996 at 298.15, 313.15, and 
328.15 K, respectively. The LTD process also remains highly 
linear, with fitted R2 values of 0.9991, 0.9987, and 0.9985. 
These results indicate that temperature mainly influences the 
relaxation kinetics but does not alter the switching polarity 
or significantly degrade the optical weight-update linear-
ity, suggesting that the conductance modulation is governed 
primarily by wavelength-dependent carrier dynamics rather 
than a purely photothermal process.

The electrical energy associated with a single optically 
induced synaptic event was evaluated under an ultralow 
probing bias. As shown in Fig. 3c, under a probing bias 
of 0.001 V, a 25 ms optical pulse induces an incremental 
postsynaptic current variation of approximately 25.19 pA. 
The corresponding electrical energy consumption is cal-
culated to be approximately 0.629 fJ per optically induced 
synaptic event. This value represents the incremental elec-
trical energy associated with the transient optically induced 



	 Nano-Micro Lett. (2027) 19:42   42   Page 12 of 20

https://doi.org/10.1007/s40820-026-02331-4© The authors

Fig. 3   Highly linear and energy-efficient all-optical weight updates. a, b Weight-update linearity of devices with and without the PEDOT:PSS 
interlayer. c Transient photoresponse measured at a probing bias of 0.001 V, corresponding to an electrical energy consumption of 0.63 fJ per 
optically induced synaptic event. d Cyclic potentiation–depression behavior under repeated optical stimulation. e Linearity of normalized con-
ductance evolution under 980 and 525 nm optical pulses. f 8-bit multilevel conductance states and retention characteristics. g SNR statistics of 
programmed weight states during LTP and LTD. h, i Current distribution and correlation analysis of adjacent weight states. j Benchmark com-
parison with previously reported optoelectronic synaptic and memristive devices [48–54]
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response under the specified probing condition, rather than 
the total readout energy, optical programming energy, or 
system-level energy consumption. The optical programming 
energy and peripheral-circuit contributions are discussed 
separately in Note S4. The reversibility and cycling stabil-
ity of optical weight modulation were then evaluated under 
repeated potentiation–depression operations. As shown in 
Fig. 3d, the device maintains highly reproducible conduct-
ance modulation over repeated optical pulse cycles, without 
obvious drift, collapse of the dynamic range, or cumula-
tive degradation. This stable cycling behavior confirms the 
reversibility of the defect-state filling and depletion pro-
cesses. In addition, the endurance test in Fig. S17 shows 
that the high- and low-conductance states remain stable 
over 1000 optical switching cycles, further demonstrating 
the robustness of the optical modulation process.

The linearity of the optical weight update was quantita-
tively examined by fitting the normalized conductance evo-
lution as a function of pulse number. As shown in Fig. 3e, 
both the 980 nm-induced potentiation and the 525 nm-
induced depression exhibit nearly ideal linear relationships 
with pulse number. The fitted R2 values reach 0.9997 for 
potentiation and 0.9991 for depression, indicating highly 
predictable and controllable bidirectional optical weight 
writing. Such linear weight modulation is particularly 
important for hardware neural networks, because nonlinear 
and asymmetric conductance updates usually lead to accu-
mulated training errors and degraded inference accuracy. 
The device-to-device weight-update characteristics shown 
in Fig. S18 further reveal consistent potentiation–depression 
behavior among representative devices, confirming good 
reproducibility in fine optical weight control.

In addition to high linearity, the device also supports 
high-resolution multilevel conductance programming. As 
shown in Fig. 3f, 256 gradually programmable conductance 
states are achieved through optical pulse programming, 
corresponding to an effective 8-bit weight resolution. The 
programmed states remain stable during the measurement 
window, indicating good short-term stability of multilevel 
optical weights. The raw 8-bit programming trace is pro-
vided in Fig. S19, further confirming continuous and high-
resolution conductance modulation. Long-term retention 
measurements in Fig. S20 show that representative con-
ductance states, including the 1st, 30th, 60th, 90th, 120th, 
150th, 180th, 210th, and 240th states, remain clearly sepa-
rated over 104 s. Moreover, Fig. S21 confirms that the 8-bit 

conductance states can be repeatedly programmed over mul-
tiple training cycles, demonstrating good multilevel stability 
during repeated optical weight updates.

To evaluate the reliability of the programmed conduct-
ance states, the signal-to-noise ratio (SNR) of each opti-
cal weight state was analyzed. As shown in Fig. 3g, most 
programmed states maintain an absolute SNR above the 
reliable-readout threshold, indicating that the conductance 
levels can be distinguished against intrinsic current fluctua-
tions. Specifically, more than 78% of the states during the 
LTP process and more than 81% of the states during the LTD 
process satisfy SNR > 1. This result confirms that the major-
ity of optically programmed weight states can be reliably 
read and used for neuromorphic computation. Besides, the 
distinguishability of adjacent conductance states was further 
examined using the 31st and 32nd programmed states. As 
shown in Fig. 3h, the current distributions of these two adja-
cent states are clearly separated, indicating low overlap and 
good state discriminability. The state-correlation analysis 
in Fig. 3i further shows a strong linear relationship between 
adjacent-state measurements, confirming the stability and 
reproducibility of fine conductance tuning. These results 
demonstrate that the proposed device can support reliable 
high-resolution analog weight storage.

Finally, the energy consumption and coding capability 
of the proposed device were compared with those of pre-
viously reported optoelectronic synaptic and memristive 
devices. As summarized in Fig. 3j, the PbS/PEDOT:PSS/
VOx all-optically programmable memristor achieves an elec-
trical energy consumption of 0.63 fJ per optically induced 
synaptic event under an ultralow probing bias, together with 
an effective 8-bit conductance resolution and highly linear 
optical weight modulation. Compared with representative 
optoelectronic synaptic devices, the proposed device offers 
a favorable combination of low event-level electrical energy 
consumption, high conductance-state density, and excellent 
update linearity. These characteristics make it a promising 
building block for energy-efficient and high-precision neu-
romorphic hardware.

3.4 � In‑Memory Convolution Enabled by All‑Optical 
Synaptic Arrays

Building on these results, we further constructed a convo-
lutional neural network (CNN)-like hardware convolution 
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module using the proposed all-optical synaptic devices, 
and employed microscopic cell images from the BloodM-
NIST dataset as inputs to evaluate its computational 
capability for neuromorphic visual feature extraction. As 
illustrated in Fig. 4a, the input cell microscopy images 
are first preprocessed and mapped into grayscale matrices, 
which are then fed into the memristor crossbar array in a 
sliding-window manner to perform convolution operations 
directly within the memory (in-memory computing). The 
convolution-kernel weights are encoded by the multilevel 
conductance states of the devices and mapped onto the 
memristor crossbar in the form of a 3 × 3 weight matrix, 
enabling parallel analog multiply–accumulate (MAC) 
operations.

As shown in Fig. 4b, the constructed memristor crossbar 
array functions as a convolution-kernel array and operates 
in conjunction with peripheral transimpedance amplifiers 
(TIAs) and analog-to-digital converters (ADCs). The output 
currents from the array are converted into digital signals 
and transmitted to a microcontroller unit (MCU), thereby 
completing the full hardware computation pipeline from 
image input to feature extraction. This architecture fully 
exploits the intrinsic advantages of memristors in the co-
localization of weight storage and computation, effectively 
mitigating the frequent data movement inherent to con-
ventional von Neumann architectures. To demonstrate the 
computational capability of the system under representative 
visual operators, Fig. 4c–f presents the convolution ker-
nels implemented using the proposed devices—including 
sharpening, Prewitt-Y, diagonal edge detection, and Sobel-
X filters—while Fig. 4g–j shows their corresponding hard-
ware-computed output images. The resulting images clearly 
extract texture, edge, and directional features from the cell 
images under different operators and show good agreement 
with the theoretical convolution results. These observa-
tions validate the effectiveness and reliability of multilevel 
weight encoding and all-optical synaptic modulation for 
analog convolution operations. Therefore, these results indi-
cate that the proposed all-optical synaptic devices not only 
exhibit high linearity, low energy consumption, and good 
uniformity at the device level, but also support program-
mable, multi-operator parallel convolution at the system 
level, providing a solid foundation for the development of 
energy-efficient and array-integrated brain-inspired visual 
processing hardware.

3.5 � End‑to‑End Neuromorphic Inference Based 
on All‑Optical Synapses

Building on the convolutional feature extraction results, 
we further constructed an end-to-end neural network 
inference framework supported by the all-optical synap-
tic devices. In this framework, the convolutional features 
are mapped to fully connected layers to generate classi-
fication outputs, enabling a systematic evaluation of the 
device performance in practical neuromorphic inference 
tasks. As illustrated in Fig. 5a, BloodMNIST images are 
first partitioned into local patches and converted into input 
pulse sequences. These inputs are processed through a 
neural network architecture in which the trained synaptic 
weights are mapped onto the experimentally accessible 
conductance states of the memristor array. In this frame-
work, the all-optical synaptic device serves as a hardware 
weight unit, enabling image features to be transformed into 
classification outputs through array-level vector–matrix 
operations.

To implement signed neural network weights in hardware, 
a differential conductance mapping scheme was adopted, 
where each weight is represented by the conductance dif-
ference between two devices, ΔG = G+ − G⁻. As shown in 
Fig. 5b, the weight distribution of the final fully connected 
layer is mapped into positive and negative conductance com-
ponents, enabling bipolar weight representation using opti-
cally programmed conductance states. Figure S22 further 
presents the conductance maps corresponding to the two 
fully connected layers, FC1 and FC2, together with their 
weight distributions before quantization. These results indi-
cate that the trained network weights can be accommodated 
within the available conductance window of the device, sup-
porting the feasibility of hardware mapping for neural net-
work inference. It should be noted that the present prototype 
adopts an ex situ training and hardware inference strategy: 
The network weights are first optimized in software and sub-
sequently mapped onto the memristor array for hardware-
level inference. The highly linear and multilevel all-optical 
conductance modulation demonstrated above provides a 
device-level foundation for future in situ optical learning.

Figure 5c shows a photograph of the constructed neuro-
morphic hardware platform, which integrates the memristor 
array with peripheral addressing and readout circuits. The 
integrated array module and enlarged optical image of a rep-
resentative local cross-point region are shown in Fig. S23, 
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confirming the physical addressability of the 32 × 32 cross-
bar array. To clarify the optical coupling geometry, Fig. S24 
illustrates the focused-light illumination scheme used for 
optical programming. In this configuration, the incident 
light is locally delivered to the exposed or edge active region 
around the selected cross-point, rather than relying on direct 
transmission through a thick metal electrode. This local opti-
cal-access geometry enables targeted optical modulation of 

selected devices while reducing unintended illumination of 
neighboring regions.

The detailed optical programming and electrical-readout 
architecture is illustrated in Fig. S25. The platform con-
sists of FPGA-based control logic, DAC-driven word-line 
addressing, multiplexers, the 32 × 32 memristor crossbar 
array, a DMD-based optical addressing module, transim-
pedance amplification, and ADC-based readout. During 

Fig. 4   In-memory convolution enabled by all-optical synaptic arrays. a Schematic of the in-memory convolution process, where input images 
are mapped onto the memristor crossbar array using a sliding-window scheme. b Hardware architecture of the convolution module, including the 
memristor array, transimpedance amplifiers (TIAs), analog-to-digital converters (ADCs), and microcontroller unit (MCU). c–f Representative 
convolution kernels (sharpening, Prewitt-Y, diagonal edge detection, and Sobel-X) implemented using the all-optical synaptic devices. g–j Cor-
responding hardware-computed output images
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Fig. 5   End-to-end neuromorphic inference enabled by all-optical synaptic arrays. a Schematic illustration of the end-to-end inference frame-
work, including convolutional feature extraction and fully connected classification. b Differential conductance mapping (ΔG = G+ − G−) of syn-
aptic weights for the final fully connected layer. c Photograph of the neuromorphic computing hardware platform. d, e Visualization of network 
output features in reduced-dimensional space, showing clear class separation after training. f Training and inference performance under different 
weight quantization precisions. g Test accuracy statistics for different quantization bit widths. h Confusion matrix obtained under 8-bit weight 
precision. i Comparison of energy consumption, weight resolution, and linearity with previously reported optoelectronic synaptic and memris-
tive neuromorphic systems
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optical programming, the DMD projects patterned illumi-
nation onto the selected cell or selected array region, while 
the surrounding DMD pixels are kept in the off state to mini-
mize unintended illumination of neighboring cells. This spa-
tially defined optical addressing enables localized weight 
programming without applying electrical write pulses to 
half-selected cells, thereby helping to reduce electrically 
induced write disturbance and half-selected-cell interfer-
ence. During electrical readout, the conductance states are 
addressed through FPGA-controlled row/column multiplex-
ing and peripheral readout circuits. The output currents are 
converted into voltage signals by TIAs and subsequently 
digitized by ADCs for neural network inference.

The possible selected and distributed sneak-current 
paths in the crossbar array are schematically illustrated in 
Fig. S26. To quantitatively evaluate array-level parasitic 
leakage, we further performed selected/unselected current 
measurements, half-selected-cell leakage analysis, read-mar-
gin extraction, read-voltage-dependent characterization, and 
a simplified 32 × 32 resistive-network SPICE simulation, as 
summarized in Figs. S27–S31. The results show that para-
sitic leakage is measurable and increases as the background 
conductance changes from HRS to LRS. Nevertheless, under 
the tested operating conditions, the selected-cell signal 
remains substantially larger than the maximum measured 
unselected current. Even under the most unfavorable LRS 
background, the selected-to-maximum-unselected current 
ratio remains above 30, while the normalized current margin 
remains above 96%. These results support reliable readout in 
the present 32 × 32 prototype array. For larger passive arrays, 
additional leakage-suppression strategies, such as selector 
integration, 1T1R or 1S1R architectures, self-rectifying 
cells, improved optical addressing accuracy, and dedicated 
V/2 or V/3 biasing schemes, will still be required.

To evaluate the discriminative capability of the network, the 
feature distributions were visualized in reduced-dimensional 
spaces. As shown in Fig. 5d, before effective feature learn-
ing, different BloodMNIST cell categories are strongly mixed 
in the projected feature space. After training and hardware-
mapped weight representation, the samples form more clearly 
separated clusters, as shown in Fig. 5e. This improved feature 
separability indicates that the optically programmed synaptic 
weights can support effective representation and classification 
of high-dimensional biomedical image features. In particular, 
the influence of weight quantization precision on inference 
performance was then systematically evaluated. As shown in 

Fig. 5f, the floating-point software model shows the fastest 
convergence and highest accuracy, while reducing the weight 
precision gradually degrades both convergence speed and final 
classification performance. Nevertheless, the 8-bit hardware-
mapped network closely approaches the software baseline, 
indicating that the 8-bit conductance resolution of the device 
is sufficient to preserve most of the trained weight information. 
The corresponding test accuracy statistics are summarized in 
Fig. 5g. The 8-bit hardware-mapped inference achieves a test 
accuracy of 96.5%, which remains close to the floating-point 
software result and is clearly higher than those obtained with 
lower bit-width mappings. This result highlights the impor-
tance of highly linear optical weight updates and multilevel 
conductance resolution for reducing quantization loss and 
maintaining inference accuracy in neuromorphic hardware.

The classification reliability of the 8-bit mapped network 
was further examined using the confusion matrix shown in 
Fig. 5h. High recognition accuracy is achieved across differ-
ent BloodMNIST categories, indicating that the proposed 
optically programmed neuromorphic hardware platform can 
support robust multiclass biomedical image classification. 
Although direct comparison with previously reported neuro-
morphic systems can be influenced by differences in datasets, 
network architectures, and hardware implementations, the 
achieved BloodMNIST inference performance demonstrates 
the practical potential of the proposed all-optical synaptic 
device under the same task and mapping framework. Finally, 
Fig. 5i compares the proposed device with representative 
optoelectronic synaptic and memristive neuromorphic sys-
tems in terms of energy consumption, weight-state number, 
linearity, retention, and all-optical programming capability. 
The PbS/PEDOT:PSS/VOx all-optically programmable mem-
ristor simultaneously offers an electrical energy consumption 
of 0.63 fJ per optically induced synaptic event, an effective 
8-bit conductance resolution, a retention time of 104 s, highly 
linear bidirectional weight updates, and fully optical synap-
tic programming. These combined advantages highlight its 
potential as an energy-efficient and array-compatible hardware 
building block for high-precision neuromorphic inference.

4 � Conclusions

In summary, we have demonstrated a spectrally parti-
tioned, all-optically programmable memristive device 
based on a PbS/PEDOT:PSS/VOx heterostructure. Through 
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wavelength-selective carrier dynamics, near-infrared, and 
visible light respectively induce conductance potentiation 
and depression within a single device, eliminating the 
need for electrical write signals during weight program-
ming. The PEDOT:PSS interlayer regulates interfacial 
electron transfer and suppresses abrupt carrier injection, 
while the continuously distributed oxygen-vacancy-related 
defect states in VOx enable gradual and reversible conduct-
ance modulation. This coordinated heterostructure design 
results in highly linear and symmetric bidirectional weight 
updates, an effective 8-bit conductance resolution, and an 
ultralow electrical energy consumption of 0.63 fJ per opti-
cally induced synaptic event. Furthermore, the devices 
were integrated into a 32 × 32 all-optically programmed 
memristor-array prototype for hardware-based BloodMN-
IST microscopic blood-cell image classification, achieving 
an accuracy of 96.5% with strong robustness against noise 
perturbations. The array-level demonstration supports the 
feasibility of extending the wavelength-selective optical 
weight-modulation mechanism from individual devices to 
integrated neuromorphic hardware under the tested operat-
ing conditions. Overall, this work provides a viable mate-
rial and device strategy for developing high-linearity, low-
power, and spectrally programmable neuromorphic vision 
systems.
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