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Fig. 1. Device characterization of ReS, photoelectric synapse: (a) AFM thickness map and Raman spectrum of ReS, photoelectric

synapse; (b) ReS, photoelectric synaptic output curve.
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Fig. 2. The pulse intensity of ReS; photoelectric synaptic devices is dependent on plasticity.
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Fig. 3. The attenuation process of the letter “Z” composed of different light intensifications when the EPSC image mapping of the

device is subjected to different light intensifications with durations: (a) 10 s; (b) 5s; (c) 1 s.
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Fig. 4. Pulse number-dependent plasticity of ReS, optoelectronic synapse devices under different decay times: (a) 100 ms; (b) 5 s;

(c) 10's; (d) 20's; (e) 30 s.
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Fig. 5. Influence of S vacancies on the electron cloud density and band structure of ReS,: (a) Band structure of defect-free and
(b) monolayer ReS, with S vacancies; (c) total state density of complete ReS,; (d) total state density of ReS, with S vacancies;
(e) distribution of CBM wave function of defect-free ReS,; (f) distribution of VBM wave function of defect-free ReS,; (g) ReS; CBM
wave function distribution with S vacancies; (h) ReS;, VBM wave function distribution with S vacancies.
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Fig. 6. Analysis of the photoelectric synaptic mechanism of ReS,: (a) EPSC attenuation process and relaxation time constants ex-
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tracted in the three stages; (b) schematic diagram of the capture, recombination and thermal excitation of photogenerated carriers
in ReS, optoelectronic synaptic devices.
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Fig. 7. Single pulse conflict trigger characteristics under different source voltages Vy.: (a) Vg = 0.1 V; (b) Vg = 0.01 V. Single
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Table 1.  Performance comparison of ReS, optoelec-

tronic synaptic devices with other types of synapses.

Channel Wavelength Vg, At Energy
" materials /nm /V /ms consumption

1 Sn-MoOj3 1570 0.01 100 40 nJ [18

]
2 WSe, 532 — —  ~8nJ  [39]
3 BP 280 0.01 100 924 pJ [39]
450, 530
MoS S S )
4 0D 650 1.8 pJ  [40]
5 IGZO/AlL 04 405 1.5 500 750 £J [41]
CsPbBr;
6 QDs 450 1 500 400 £]  [42]
7 Bio synapse — — — 1100 £J [43]
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Fig. 8. Trend of EPSC changes at different laser frequencies when the number of pulses is the same: (a) 0.5 Hz; (b) 2 Hz; (c) 4 Hz;

(d) 8 Hz.
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Fig. 9. High-pass filtering Principle of ReS, optoelectronic synaptic device: (a) Gain ratio and S-shaped function fitting relationship;
(b) the principle of high-pass filtering is based on the relationship between Gain and pulse frequency.
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Fig. 10. Edge feature extraction achieved by high-pass filtering: (a) Original image; (b) image processed by an ideal high-pass filter;
(c) image processed with synaptic devices; (d) frequency map of the original image; (e) frequency map of the image processed by the
ideal high-pass filter; (f) frequency map of the image processed by the synaptic device; (g) comparison chart of SSIM values of
multi-category test images.
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Fig. 11. Principle of Pavlov’s conditioned reflex experiment: (a) Single-pulse photoelectric current responses at different

wavelengths; (b) Multi-pulse photoelectric current responses at different wavelengths; (c) Pavlovian conditioned reflex experiment.
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Fig. 12. Associative learning-Pavlov’s dog experiment simulation: (a) Unconditioned stimulus; (b) conditioned stimulus; (c) define a

training cycle as one bell stimulus and one food stimulus based on the principle that “food must appear after the bell”; (d) after

multiple trainings, the ringtone triggers a salivation response; (e) after multiple trainings with an interval of 12 s, a single bell sound

triggers a salivation response; (f) disappearance of associative memory.
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Neuromorphic visual image processing and associative learning
functions based on ultra-low power ReS,
optoelectronic synaptic devices”
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Abstract

To circumvent the “storage wall” and “power consumption wall” limitations inherent in traditional visual
information processing systems, this study develops an ultra-low power two-terminal photoelectric synaptic
device leveraging the pronounced persistent photoconductive effect of two-dimensional ReS,. Employing a
combination of first-principles calculations and experimental characterizations, we elucidate the regulatory
mechanism of sulfur vacancies on the electronic density distribution and band structure of ReS,. The
introduction of sulfur vacancies induces defect energy levels within the band gap, elevates the local density of
states, and promotes the separation and trapping of photogenerated electron-hole pairs. These mechanisms
significantly amplify the persistent photoconductive effect, establishing a robust physical foundation for synaptic
weight implementation. Notably, the device achieves an ultra-low energy consumption of 49 fJ per synaptic
event, comparable to the energy efficiency of biological synapses. The synaptic weights can be continuously and
controllably modulated by varying the intensity, number, and timing of optical pulses, accompanied by typical
frequency-dependent plasticity. Leveraging its high-pass filtering characteristics, the device demonstrates
effective edge enhancement in image preprocessing. Furthermore, by exploiting wavelength-dependent photo
responses, the device successfully emulates the “Pavlovian dog” conditioned reflex, validating its capability for
associative learning. This work unveils the sulfur vacancy-mediated photoelectric synaptic mechanism in ReS,
at the atomic and electronic structure levels. It offers novel insights into balancing structural intricacy with
ultra-low power performance, holding significant implications for the advancement of high-performance

neuromorphic vision systems in edge computing.
Keywords: ReS,, ultra-low power consumption, edge feature extraction, associative memory
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