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Supplementary Fig.S1. (a) XPS spectra of the TaOx layer. The atomic ratio of Ta:O 

is calculated to be 15:50 based on the XPS measurement. (b) Turn ON switching slope 

of the TaOX memristor is less than 1.37mV/dec. 

  



Supplementary Fig.S2. (a) Turn-ON speed test of the memristor with 1 V/2 μs 

programming pulse. The memristor is able to turn on with 10ns delay time. (b) Turn-

OFF speed test of the memristor with 1 V/2 μs programming pulse followed by a 0.1 

V/2 μs read pulse in a measurement period. The memristor is able to turn off with 40ns 

delay time. 

  



Supplementary Fig.S3. (a) The I-V characteristics of the TSM device and the 

corresponding switching of the resistance. (b) The output neuron spikes with the 

corresponding refractory period and integration moment. 

 

 

 

  



Supplementary Fig.S4. (a) The optical power density gradually decreases with the 

increase of distance. (b) Linear relationship between photoresistor resistance and 

optical power simulation. (c) The relationship between the voltage applied to the R1 

resistor and the resistance of the photoresistor. (d) Fire rate as a function of input voltage 

amplitude. Experimental data are fitted reasonably well by a sigmoidal curve. Decline 

of frequency performance after 100,000 cycles pulse stimulation. 

   Fitting curve function of laser power density and distance (Fig.S4A): 

   P = 7.74 × 𝑒
𝑑

7.193 − 0.04                                            (1) 

   The relationship curve between the conductance of photoresistor and laser power 

intensity (Fig.S4B): 

   g = 1.39 × 10−6 × 𝑃 − 4.9 × 10−8                                   (2) 

   When the VBias=4V and R1=1 M, the relationship curve between the input voltage 

on the node “IN” and the conductance of the photoresistor (Fig.S4C): 

   𝑉𝐼𝑁 = 4 × 106

(1 𝑔⁄ + 1 × 106)⁄                                       (3) 

For the initial state, experimental data between rate and VIN are fitted reasonably 

well by such a sigmoidal curve: 

   f =
−111.69

(1+𝑒
(
(𝑉𝐼𝑁−2.34)

0.26
⁄ )

)

+ 114.1                                      (4) 



After 105 cycles pulse stimulation, experimental data between rate and VIN are fitted 

reasonably well by such a sigmoidal curve: 

   f =
−101.09

(1+𝑒
(
(𝑉𝐼𝑁−2.30)

0.41
⁄ )

)

+ 100                                        (5) 

   Substituting equations (1), (2), and (3) into equations (4) and (5) respectively, the 

relationship function between rate and distance can be obtained, as shown in Figure 3D. 

   f ≈ 113
(1 + 𝑒−0.093−0.53×(14−𝑑))⁄                                      (6) 

   f ≈ 95.78
(1 + 𝑒−0.184−0.38×(14−𝑑))⁄                                    (7) 

 



Supplementary Fig.S5. The schematic diagram illustrating the geometrical 

relationship of defocusing. For near and distance vision, the adjustment function of the 

cornea. 

Assume that the pixel size of the projected image is 28×28. The coordinate of point 

N is (x,0,d2). The distance between the object and the cornea is d1. The distance between 

the retinal plane and the cornea is d2. The focal length corresponding to the cornea is f.  

OE/d1=f/d1=AO/AD=AO/(AO+L)                                     (8) 

➔AO=L∙f/(d1-f)                                                   (9) 

➔AD=L∙d1/(d1-f)                                                 (10) 

According to the proportional rule of similar triangles 

l0/d3=tanβ=AD/d2                                                 (11) 

➔l0=AD∙d3/d2= L∙d1∙d3/(d1-f)/d2                                      (12) 

➔l=l0+1                                                        (13) 

➔𝑙 =
𝐿∙𝑑1∙𝑑3

(𝑑1−𝑓)∙𝑑2
+ 1                                                (14) 

➔𝐿 =
𝐴𝑂(𝑑1−𝑓)

𝑓
                                                   (15) 

➔𝑙 =
𝐴𝑂𝑑1𝑑3

𝑓𝑑2
+ 1                                                 (16) 

Substituting equation AO =NO’=x & d=d2+d3 in the above equation yields 

➔ 𝑙 =
𝑥𝑑1(𝑑−𝑑2)

𝑓𝑑2
+ 1                                              (17) 

d2 is proportional to d1: 

d1/DO=d2/AO                                                    (18) 

DO=AD-AO=(d1/EO-1)AO=(d1/f-1)AO                               (19) 



➔d2=d1/(d1/f-1)                                                  (20) 

➔𝑙 =
𝑥𝑑1(𝑑−𝑑2)

𝑓𝑑2
+ 1                                               (21) 

➔𝑙 =
𝑥(𝑑𝑑1−𝑑𝑓−𝑑1𝑓)

𝑓2
+ 1                                           (22) 

Assumed that: 

d1=λf                                                           (23) 

➔l=
𝜆𝑥(𝑑−𝑓)−𝑥𝑑+𝑓

𝑓
                                                 (24) 

 

 

 

  



Supplementary Fig.S6. Conversion process of the relationship between the encoding 

frequency of the left and right eyes and the angle between the visual field and the 

eyes. 

 

The relationship between the symbols in the figure is: 

𝑧 = 𝑘𝑑                                                        (25) 

𝐿1 =
𝑘𝑑

𝑠𝑖𝑛𝜃
                                                       (26) 

𝐿2 = ((𝑘𝑑)2 + (𝑑 −
𝑘𝑑

𝑡𝑎𝑛𝜃
)2)1/2                                     (27) 

  



Supplementary Fig.S7. (a) Device endurance characteristics of the IGZO-floating 

gate transistor plotted as a function of the number of the high electrical pulse stimuli. 

(b) A fully connected three-layered neural network with 28 neurons in the hidden 

layer and 9 neurons in the output layer.  

  



Supplementary Fig.S8. Evolution classification accuracy as a function of training 

epochs for clearly focus, slightly defocus (r=1), and severely defocus (r=5) face image 

datasets, respectively. (a) Learning rate: 10%. (b) Learning rate: 5%. (c) Learning 

rate: 1%. (d) Learning rate: 0.1%.  

  



Supplementary Table1. Comparison of device for artificial neuron 

Materials Devices 
Voltage 

(V) 

Current 

(μA) 

Power  

(μW) 

Frequency 

(Hz) 

Ref. 

Ge2Sb2Te5-

based 
PCM 2-4 2-20 4-40 1k-35k 

(4) 

NbO2 

Insulator–

metal-

transition 

0.1-0.5 20 2-10 10k-40k 
(5) 

VO2 1.25 80-200 
100-

250 
7.5k-20k 

(6) 

NbOx 2-3 
500-

1500 

1k-

4.5k 
2.5M-5M 

(7) 

TaOx 
Transition 

metal oxide 
2-6 2500 5k-15k 20k-250M 

(8) 

Pt/GeSe/Pt Chalcogenide 0.2-0.25 100 20-25 10k-2.5M 
(12) 

Si 
double-gate 

1T-neuron 
4.5-6.5 

0.02-

0.06 

0.09-

0.13 
50-550 

(13) 

HfO2/Ag-based 

Threshold 

Switch 

memristor 

0.6-0.8 3-6 1.8-4.8 20k-70k 
(11) 

Pd/HfO2/Ta 0.1-0.8 50-200 5-16 30-200 
(10) 

Pt/Ag/HfO2/Pt  0.6-0.8 3-6 1.8-4.8 20k-70k 
(9) 

This Work 0.25-0.5 1 
0.25-

0.5 
10-200 

- 
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