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Figure S1. (a)(d) Pulse amplitude. (b)(e) Pulse width. (c)(f) Pulse interval

Figures S1a and S1d depict the resistance dependence on pulse amplitudes (ranging from 

6V to 8V and −6V to −8 V). The conductance of the device exhibited more pronounced changes 

with increasing pulse amplitude. Subsequently, we explored the relationship between 

conductance variation and pulse width.1, 2 Figures S1b and S1e illustrate the device's 

conductance change after applying pulses with widths ranging from 500 ns to 1500 ns, 

maintaining a fixed amplitude of 8 V. The figure indicates that conductance variation becomes 

more prominent with increasing pulse width. Finally, figures S1c and S1f showcase the 

conductance change after applying pulses with intervals ranging from 500 ns to 1500 ns, again 

maintaining a fixed amplitude of 8 V.
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Figure S2. (a) Percentage change between synaptic weight and interval demonstrates STDP response. (b) 

Measured PPF index.

Figure S2a demonstrates typical STDP behavior.3, 4 Where synaptic weight will increases 

if the interval between pulses is short, known as paired-pulse facilitation (PPF),5, 6 as shown in 

Figure S2b. Our device effectively emulates both STDP and PPF learning rules. In 

Figure S2a, ΔW is defined as

Δ𝑊 =
𝐺2 ‒ 𝐺1

𝐺1
× 100%#

where G1 and G2 are the conductance values before and after the voltage pulse and ΔW 

represents the change in synaptic weight. The STDP curves were fitted using the equation

Δ𝑊 = 𝐴 + × 𝑒

‒ 𝑡
𝜏 + , Δ𝑡 > 0#

Δ𝑊 = 𝐴 ‒ × 𝑒

‒ 𝑡
𝜏 ‒ , Δ𝑡 < 0#

In this work, A± = 0.252/-0.307 and τ±=281.24/-253.25.

In Figure S2b, PPF is defined as

𝑃𝑃𝐹 =
𝐺1 ‒ 𝐺2

𝐺1
× 100% = 𝐶1 × 𝑒

‒ 𝑡
𝜏1 + 𝐶2 × 𝑒

‒ 𝑡
𝜏2 #

The fitting curve is presented in Figure S2b, where G1 and G2 represent the conductance 

after the first and second pulses, respectively. A shorter interval results in an augmentation of 

synaptic weight. Analyzing the fitting curves, two time constants (τ1=62.256 and τ2=258.669) 

were derived.



Figure S3. The IV curve is fitted using the Schottky barrier mechanism.

The Schottky barrier7 is a common conduction mechanism in oxide memristors, 
as shown in Figure S3. The device IV characteristics were fitted, and the fitting formula 

is as follows: .ln 𝐼 ‒  𝑉
1
2

Figure S4. (a) LIF neuron circuit diagram. (b) Integrating and firing functions of neurons.

Figure S4a illustrates the LIF (leaky integrate-and-fire) neuron circuit.8 The integration 

function (I) is achieved by capacitor C1, which charges in response to the input current. The 

firing function (F) is implemented using a comparator to control the on/off state of the PNP 

transistor. When the voltage across the capacitor reaches the comparator's trigger threshold, the 

comparator generates a low-level output, turning on the transistor. This causes the capacitor 

voltage to rapidly drop through the transistor, producing a neuronal spike at the intermediate 

node due to the voltage division between Q1 and R2. When the input signal ceases, the voltage 

on C1 slowly leaks through R1 and R2 until it drops to the resting potential, simulating the 

leakage process (L) of biological neurons.



Figure S5. The process of synaptic weight changes.

Figure S6. (a) Converter circuit diagram. Based on the principle of amplification, different voltage outputs 

can be produced according to the variation of the device conductance. (b) The relationship between the 

illumination position and the output voltage.

Operational amplifiers were used to construct a differential amplifier in the circuit. 
When the device's resistance decreases, the output voltage of the amplifier increases. 
Since the three devices are connected in parallel with different initial resistances, the 
change in resistance caused by light in each individual device will affect the total 
resistance differently, allowing the neuron to recognize these variations.



Figure S7. The process of synaptic weight changes.
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