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Figure S1. I-V characteristic curves for 16 randomly selected devices, each tested 

with 10 cycles of DC voltage sweeps.
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Figure S2. Distribution of Vth/Vhold over 10 sweeps from 16 devices. The average value 

(µ) and standard deviation (σ) of Vth are 0.198 V and 0.0086 V, respectively, with 

cumulative probability variation (Cv, σ/µ) of 4.43%. Similarly, the µ and σ of Vhold are 

0.125 V and 0.0066 V, respectively, with a σ/µ ratio of 5.28%. These results 

demonstrate a high level of consistency between devices.
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Figure S3. Output waveforms of the artificial ZnO neuron under varying load 

resistances (RL) ranging from 150 kΩ to 27 kΩ, with a fixed input voltage (Vin = 2 V) 

and capacitance (C = 47 nF). Each condition was tested five times to ensure 

reproducibility. The results demonstrate the effect of RL on the spiking behavior, where 

the number and timing of voltage pulses are modulated by the load resistance.
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Figure S4. Output waveforms of the artificial ZnO neuron under varying input voltages 

(Vin) from 1.0 V to 5.0 V, with a fixed load resistance (RL = 100 kΩ) and capacitance 

(C = 47 nF). Each condition was measured five times to confirm consistency and 

reliability. As the input voltage increases, the number of output voltage pulses 

increases, indicating a higher spiking frequency.
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Figure S5. Output waveforms of the artificial neuron under varying capacitance values 

ranging from 47 nF to 2.2 nF, with a fixed input voltage (Vin = 2.0 V) and load resistance 

(RL = 100 kΩ). Each condition was tested five times to ensure reproducibility. The 

results illustrate the effect of capacitance on the spiking behavior, where a decrease in 

capacitance leads to an increase in the spiking frequency. 
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Figure S6. Systematic investigation of the LIF behavior of the artificial ZnO neuron. 

Output waveforms under varying (a) series resistance, (b) input voltage amplitude, and 

(c) parallel capacitance. Spiking frequency as a function of (d) RL, (e) Vin, and (f) C, 

demonstrating tunability through external circuit parameters. The input voltage consists 

of a sequence of 150 pulses, each with a pulse width of 50 µs and a 50 µs interval 

between pulses. 
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Figure S7. The LIF behavior of the artificial ZnO neuron under varying input pulse 

amplitudes. The output waveforms are shown for pulse amplitudes ranging from 1 V to 

5 V, with increments of 0.5 V. For each pulse amplitude, five repeated measurements 

were conducted to evaluate the consistency of the LIF behavior.
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Figure S8. Examination of the influence of series resistance (R) on the LIF behavior of 

the artificial ZnO neuron. Output waveforms are presented for a range of series 

resistance values (R = 220 kΩ to 47 kΩ). For each resistance value, five repeated 

measurements were conducted to evaluate the consistency and reproducibility of the 

spiking behavior.
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Figure S9. Investigation of the effect of capacitance (C) on the spiking behavior of the 

artificial ZnO neuron. Output waveforms are shown for various capacitance values 

ranging from 100 nF to 4.7 nF. For each capacitance value, five repeated measurements 

were conducted to evaluate the consistency of the spiking behavior.
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Figure S10. Dependence of the photoresistor's resistance on the distance between the 

light source and the photoresistor. The resistance increases exponentially with distance, 

as described by the fitted equation y = 11.8+2.81e(−x/5.6). Blue dots represent 

experimental data, and the red curve represents the fitted exponential model.
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Figure S11. Energy consumption per oscillation spike.

Figure S11 shows the calculated transient power (Pspike) of the Ag/ZnO/Pt visual 

neuron as a function of time. The power is expressed as:

Pspike (t) = Vmemristor (t) × Iout (t)      (1)

where Vmemristor and Iout are the transient voltage across the memristor and the output 

current of the artificial neuron, respectively. The energy consumption per spike (Espike) 

was estimated by integrating the transient power over time:

Espike=∫ Pspike (t) dt           (2)

In this study, the energy consumption per oscillation spike was calculated based on the 

oscillation data in Figure 5b, where the light source was positioned 16 cm from the 

photosensitive resistor. The integration of the transient power over the duration of each 

spike yielded an energy consumption of approximately 3.45 nJ per spike, as shown in 

Figure S11. 
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Table S1. Comparison with artificial neurons based on diffusive TS memristors 

reported in literatures.

Table S2. Comparison of threshold switching memristors for artificial neuron.

Device structure Vth/Vhold (V) Vth variation Ref.

Ag/TaOx/ITO ~0.3 / 0.1 -(1000 cycles) 1

Pt/Ag NDs/HfO2/Pt 0.607 / 0.201 4.8% (-) 2

Pt/HfO2/Ag 0.38 / 0.18 9% (100 cycles) 3

Pt/Ag/TiN/HfAlOx/Pt 0.4 / ~0 6.3% (200 cycles) 4

Ag/ZrOx/Pt 0.4 / 0.02 5.6% (50 cycles) 5

Ag/Ta2O5/ HfO2/Pt 0.19 / ~0 7.3% (20 cycles) 6

Ag/ IGZO/ITO 1.69 / 0.18 12% (50 cycles) 7

Pd/HfOx/Ag 0.15 / 0.04 - (100 cycles) 8

Pt/Ag/SiO2 NRs/Ag/Pt 0.5 / 0.3 -(500 cycles) 9

Au/Ag/hBN/Au/Ti 0.202 / 0.024 16.8% (500 cycles) 10

Ag/ZnO/Pt 0.179 / 0.13 1.508% (1000 cycles) This work

Device structure Neuron type Energy/spike Ref.

Ag/TaOx/ITO LIF 250 nJ 1

Pt/Ag/HfO2/Pt Oscillation 1.8 J 11

Pt/Ag/TaOx/AlOx/ITO Oscillation 0.3-240 nJ 12

Pt/VO2/Pt Oscillation 100-250 J 13

Pt/NbO2/Pt Oscillation 2-10 J 14

Pt/NbOx/TiN Oscillation 2.1 nJ 15

Ag/ZnO/Pt LIF & Oscillation 3.45 nJ This work
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