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Note S1. Desensitization mechanism of mechanotransducer channel in biological sensory 

neurons. 

The mechanism of desensitization that underlies physiological adaptation process can be 

described for the time-dependent mechanosensitive channel gating, as shown in Figure S23. 

The adaptation of mechanotransducer channel is related to the relaxation of tension by the 

interaction between tension-sensing element and hinge of the ion-channel gate. Precisely, the 

initial state of mechanotransducer channel is closed and blocks the flow of ion migration. 

However, external stimuli can trigger tension-sensing element, which tempts the 

mechanotransducer channel to open and makes it favorable for the flow of ions, and may lead 

to peak response. As the stimulus is maintained, the relaxtion of tension by the free energy 

reduction of the mechanotransducer channel may result in a decrease in ion flux, which may 

no longer sustain channel activity. Finally, mechanotransducer channel either inactivates or 

adapts. 

  



  

3 

 

Note S2. Calculations that derive ttr by differentiating Equation (6). 

In the EPSC responses of a DAVAN device, as shown in Figure 4d, facilitation and 

inhibition behabiours were observed. Assuming that the EPSCpeak curves were fitted by 

composition of two diffrent exponential, growth and decay functions. Moreover, to further 

understand the dominance of sensitization and habituation, ttr was calcuated by differentiating 

Equation (6) from t as following equation: 
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From the above equation, ttr can be derived when 
         

  
  , and determined by following 

equation: 
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3D plot of ttr and associated fitting surface using Equation (8) are summarized as a function of 

τse and τha, as shown in Figure S28b. 
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Note S3. Formation of hydrophilic/hydrophobic patterned surfaces with insertion of 

SiOx film as an auxiliary layer. 

The surface energy can be modulated through tuning the composition of functional groups of 

SAMs on the surfaces of various substrate such as metals and oxides. In general, functional 

groups of the SAMs are attached to the surfaces to be paired appropriately, following the 

“hard-soft” rules associated with the polarizability of the participants. Especially, silane 

groups (SiCl3) of the ODTS and OTS can react with hydroxyl-rich oxide surfaces such as 

glass, SiOx film, AlOx film, and nylon polymer. However, they are unpolarizable with metal 

surfaces such as Au film, Ag film, and Pt film (see Figure S3 and Table S1). For the 

formation of uniform hydrophilic/hydrophobic patterned surfaces, an hydroxyl-rich SiOx film 

was inserted on the subatrate in process prior to SAM coating. 
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Figure S1. a-i) A fabrication process of the 3  3 DAVAN device array for emulating a visual 

nervous system. 

 

 

  



  

6 

 

 

Figure S2. Molecular structure of poly(4-vinylphenol) (PVPh), poly(melamine-co-

formaldehyde) methylated (PMCF-m), CYTOP, octadecyltrichlorosilane (ODTS), 

octyltrichlorosilane (OTS), 1-octadecanethiol (ODT), and 1-dodecanethiol (DDT). 
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Figure S3. Photograph images of the contact angles of DMF on various surfaces treated by 

ODTS and ODT. a) glass, b) SiOx film on glass, c) Pt film on glass, and d) Au film on glass. 

The measured contact angles are described in Table S1. 
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a glass 

Contact angle (º) ODTS OTS ODT DDT 

DI 108.3 ± 1.8 13.3 ± 1.2 35.9 ± 2.1 25.1 ± 2.0 

DMF 59.2 ± 2.7 54.5 ± 1.7 19.4 ± 1.5 9.4 ± 0.7 

     

b SiOx film on glass 

Contact angle (º) ODTS OTS ODT DDT 

DI 109.0 ± 1.2 107.9 ± 0.6 25.8 ± 2.2 20.6 ± 0.8 

DMF 57.6 ± 1.5 52.3 ± 1.5 13.4 ± 0.6 11.6 ± 1.4 

     

c Pt film on glass 

Contact angle (º) ODTS OTS ODT DDT 

DI 81.4 ± 1.2 81.4 ± 1.2 105.0 ± 0.9 94.4 ± 1.6 

DMF 12.3 ± 1.3 14.7 ± 0.9 49.3 ± 2.7 32.4 ± 1.7 

     

d Au film on glass 

Contact angle (º) ODTS OTS ODT DDT 

DI 94.1 ± 3.0 88.2 ± 3.5 106.9 ± 0.8 104.9 ± 1.1 

DMF 54.1 ± 1.4 29.4 ± 2.7 57.4 ± 1.6 56.3 ± 1.7 

 

Table S1. Measured contact angles of DI and DMF on various surfaces treated by ODTS, 

OTS, ODT, and DDT. a) glass, b) SiOx film on glass, c) Pt film on glass, and d) Au film on 

glass.  
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Figure S4. a) A synthesis process of perovskite arrays on a hydrophilic/hydrophobic treated 

substrate using spin-coating. b) i) SEM image of circularly patterned MAPbI3 arrays on SiOx-

assisted glass substrate (scale bar: 500 μm), ii) its magnified SEM image and EDS map (scale 

bar: 100 μm), iii) SEM image of edge side of film (scale bar: 20 μm), and iv) another 

magnified SEM image (scale bar: 2 μm). c) Photograph image of a sophisticatly patterned 

MAPbI3 film (scale bar: 10 mm). d) i) SEM image of stellately patterned MAPbI3 arrays 

(scale bar: 500 μm) and ii) its magnified SEM image (scale bar: 50 μm). e) Another shaped 

SEM image of patterned MAPbI3 arrays (scale bar: 500 μm). f) Photograph image of fully 

processed DAVAN arrays on glass substrate of dimensions 2 cm × 2 cm (scale bar: 5 mm). 
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Figure S5. EDS maps of i) Pb, ii) I, iii) O, and iv) Si obtained from the circularly patterned 

MAPbI3 film (scale bar: 100 μm).  
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Figure S6. SEM images of as-synthesized a) c-PbI2 film, b) p-PbI2 film, c) MAPbI3 film from 

c-PbI2, and d) MAPbI3 film from p-PbI2. All scale bars denote 1 μm. For comparison, c-PbI2 

films was prepared by a conventional annealing method. In other words, the as-spin-coated 

PbI2 films were annealed at 90 °C for 5 min instead of being immersed in IPA. A compact 

morphology of MAPbI3 film was obtained by using anti-solvent extraction method. 
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Figure S7. XRD profiles of MAPbI3 and PbI2 films on glass prepared by conventional 

annealing method (c-PbI2 + MAI) and anti-solvent extraction method (p-PbI2 + MAI).  
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Figure S8. a) Schematic illustration of MAPbI3 PD. b) Emission spectra of 408, 538, 659, and 

900 nm laser diodes. c) I–V curves of the MAPbI3 PD under light irradiation (12.2 mW cm
–2

) 

with different wavelengths. d) I–V curves of the MAPbI3 PD under different optical power 

densities under a bias voltage of 3 V.  
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Figure S9. a) Photoresponse of the MAPbI3 PD under different PR at 3 V bias. High-

frequency photoresponse of the MAPbI3 PD under PR of 30.4 mW cm
–2

 with b) 500, and c) 

700 and 1000 Hz. d) 3 dB bandwidth of the MAPbI3 PD at 3 V bias. e) The plot of calculated 

noise current versus Idark of the MAPbI3 PD. Two noise currents, shot noise and thermal noise, 

are the main contributor to Idark which fluctuates randomly. The total noise current can be 

expressed as                √           
                

 . When the MAPbI3 PD is operated at 

3 V bias, the thermal noise is much lower than the shot noise. In this study, the thermal noise 

can be negligible and the detectivity of the device can be limited by the larger shot noise.  
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Figure S10. a) An overview of electrical information transmission process from presynaptic 

neuron to postsynaptic neuron. b) An overview of the operating mechanism of Li-NTR 

similar to the biological synaptic information transmission process. 
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Synaptic 
device 

structure 

Sensory elements Sensory 
modality 

Adaptation 
functionality 

Stimulus 
pulse width 

Adaptation 
decay 

constant
a) 

Energy consumption with/ 
without adaptation

b) 
Ref. 

TiN/Ti/HfOx/W – – Yes 10–100 ms 20–40 ms – [S5] 

Pt/LLTO/Pt – – Yes 0.4 s – – [S6] 

ITO/PVA:CaCl

2 
CNT-coated PDMS 

pressure sensor 
and PEA2MA2Pb3I10 

photodetector 

Pressure 
and Light 

– 1–10 s – – [S7] 

CsPb(Br0.5I0.5)3

/MoS2 
CsPb(Br0.5I0.5)3 Light Yes 0.5 s – – [S8] 

TiN/LixSiOy/Pt – – Yes 0.1–700 μs – 100 μJ/ 206 μJ in 80 ms 
(pulse period of 3 ms, pulse 

width of 700 μs, and 
voltage bias of 3.2 V) 

[S9] 

Pentacene/PM
MA/NT-CN 

NT-CN Light – 20–2000 ms 

and DC 

– – [S10] 

IGZO/SAO CdSe photosensor Light Yes 0.5 s – – [S11] 

PTCDI-
C8/CuPc/PTC

DI-C8 

PTCDI-C8/ 
CuPc/PTCDI-C8 

Oxygen – 0.1–0.4 s – – [S12] 

PTCDA/MoS2 PTCDA Light – 25–400 ms – – [S13] 

CsPbBr3/MoS2 CsPbBr3 Light Yes 0.04–4 s – 1 μJ/ 1.7 μJ in 5 s (38 mW 
cm

-2
 and gate bias of 15 V) 

[S14] 

PDPP3T/PVC
N/PVA/ 

PBTTT/PVCN 

– – Yes 4 s 0.06–4 s 0.1 μJ/ 3.5 μJ in 5 s (fast 
adaptation device with gate 

bias of –6 V) 

[S15] 

In2O3/AlLiO – – – 30–200 ms – – [S16] 

MoS2/ 
(PEGDA:HOM
PP:[EMIM][TF

SI]) 

PTFE pressure 
sensor 

Pressure – 0.08–1.75 s – – [S17] 

ZnO/PVPh – – – 0.1–5 s – – [S18] 

Au/Nafion/ITO PDMS pressure 
sensor 

Pressure – 0.1–0.5 s – – [S19] 

Nafion/WO3 – – – 5 ms – – [S20] 

rGO/PEO:LiCl
O4 

– – – 40–187 ms – – [S21] 

PDPP3T:PCB
M/PVCN/PVA/ 
PBTTT:PCBM

/PVCN 

PDPP3T:PCBM Light Yes few second 0.2–1000 s 0.40 μJ/ 3.07 μJ in 5 s (1 × 

10
6
 cd m–2

) 

[S22] 

IZO/PVPh-Li MAPbI3 
photodetector 

Light Yes 0.5 s 3–329 s 135 μJ/ 700 μJ in 50 s (PR 

of 30.4 mW cm–2
 and VLWC 

of 1 V) 

This 
work 

a)
The adaptation decay constant is quantified by fitting the exponential decay model. 

b)
The devices display 

various transient current responses, where the comparable energy consumptions of with/without adaptation 

are selected. 

 

Table S2. Comparison of the proposed synaptic device and previously reported results. 



  

17 

 

 

 

Figure S11. a) Schematic illustration of Li-NTR. The gate electrode near the IZO channel 

consisted of Cr/Ti stacked film and connected by Ti/Au/Ti pad for characterization. b) 

Frequency-dependent capacitance and phase angle curves for a PVPh-Li based MOM 

capacitor. The ionic polarization can be classified with a capacitive (|θ| > 45°) or resistive (|θ| 

< 45°) behavior. Three different frequency regions can be clearly divided: i) at low 

frequencies (f < 2 × 10
2
 Hz, |θ| > 45°), the formation of EDL in the PVPh-Li electrolyte is 

dominant for the capacitive behavior; ii) at medium frequencies (2 × 10
2
 Hz < f < 4 × 10

4
 Hz, 

|θ| < 45°), the ion relaxation or ion migration is dominant for the resistive behavior; at high 

frequencies (f > 4 × 10
4

 Hz, |θ| > 45°), the dipolar relaxation of the PVPh-Li electrolyte is 

dominant for the capacitive behavior. 
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Figure S12. a) The EPSC responses under ten VLWC with different pulse amplitudes (PW = 

0.5 s). b) The plot of EPSCpeak as a function of VLWC amplitude.  
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Figure S13. a) The EPSC responses to multiple VLWC (1 V, 1 Hz). The inset is the EPSC 

response under n = 1 and n = 2. 
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Figure S14. a) The EPSC responses to single VLWC with different PWs. b) The plot of 

EPSCpeak as a function of PW. 
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Figure S15. a) The EPSC responses of the Li-NTR by applying 20 positive and 20 negative 

VLWCs with an amplitude of 1 V and – 1 V. 
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Figure S16. Dependence of PPF index (A2/A1) on pulse delay (Δt). The A2/A1 decreases with 

increasing Δt in a simple double-exponential decay model, indicating that the present results 

are comparable to the biological synaptic plasticity. 
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Figure S17. a) The EPSC responses under 40 VLWC with different pulse amplitudes. The inset 

is an enlarged view of the EPSC response under decaying. b) The plot of Ai/A1 vs. stimulus 

number for VLWC. The Ai/A1 increases with increasing stimulus number and VLWC. 
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Figure S18. a) The EPSC responses under 40 VLWC with different VD. b) The plots of Ai/A1 vs. 

stimulus number for VD. The increasing trend of Ai/A1 increases with increasing stimulus 

number and VD until VD of 0.5 V, but steadily decreases with further increase in VD. c) The 

plots of Ai/A1 vs. VD for stimulus number. d) The enlarged view of decaying behavior of 

EPSC responses in a) and corresponding fitting curves with double-exponential model. e) The 

plots of τfast and τslow as a function of VD. These results indicate that the facilitation and the 

decay properties of Li-NTR are influenced by VD. Applying a high VD can generate large in-

plane electric fields in the IZO layer, providing a large driving force for extracting the trapped 

charges at the PVPh-Li/IZO interface. This large driving force causes the fast EPSC decay.  
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Figure S19. Transient changes of VSWC at ΔT are a) – 1 s, b) – 0.3 s, c) 0 s, d) 0.3 s, and e) 1 s, 

the peak values of VSWC are obtained at ΔT = 0 s. These results indicate that the VSWC 

responses are completely related to VLWC. 
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Figure S20. The peak values of ID1 vs. stimulus number are plotted a) under VLWC of 1 V as a 

function of PR. The peak values of ID1 are plotted b) under PR of 30.4 mW cm
−2

 (left), 19.3 

mW cm
−2

 (middle), and 12.2 mW cm
−2

 (right) with different VLWC. The peak values of VSWC 

vs. stimulus number are plotted a) under VLWC of 1 V as a function of PR and The peak values 

of VSWC are plotted b) under PR of 30.4 mW cm
−2

 (left), 19.3 mW cm
−2

 (middle), and 12.2 

mW cm
−2

 (right) with different VLWC. 
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Figure S21. Dynamic VSWC responses of the artificial photoreceptor under 20 optical stimuli a) 

0.224 and b) 2.09 mW cm
–2

 with various VLWC. Both pulsed optical and electrical stimuli are 

applied at the same period of 1 s and PW of 0.5 s. 
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Figure S22. The accuracies vs. stimulus number are plotted under fixed PR of a) 19.3 mW 

cm
−2

 and b) 12.2 mW cm
−2

 as a function of VLWC. 
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Figure S23. Schematic illustrations of the model for the desensitization process of 

mechanotransducer channels in a sensory neuron.  
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Figure S24. The normalized VSWC vs. PR are plotted under fixed VLWC of a) 0.9 V, b) 0.8 V, 

and c) 0.7 V as a function of stimulus number. 
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Figure S25. The calculated Stim50 and inactivation fraction vs. stimulus number are plotted 

under fixed VLWC of 0.9 V, b) 0.8 V, and c) 0.7 V as a function of PR. 
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Figure S26. Energy consumption comparison of the DAVAN device. a) Transient EPSC 

responses of the DAVAN device derived from Figure 4c under repeated optical irradiations 

without VLWC and the onset of VLWC at the 10
th

 stimulus. b) The energy consumption 

comparison and c) energy saving ratio of the DAVAN device with/without VLWC. Here, the 

energy consumption of the response can be explained by the following equation   

∫           . 
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Figure S27. The EPSCpeak vs. stimulus number are plotted under fixed PR of a) 12.2 mW 

cm
−2

, b) 19.3 mW cm
−2

, and c) 30.4 mW cm
−2

 as a function of VLWC. 
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Figure S28. a) The derived ttr vs. VLWC are plotted as a function of PR. b) 3D plot of ttr as a 

function of τse and τha and the fitted surface using Equation (S2). 
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Figure S29. Encoded images of the EPSC of the 3  3 DAVAN device array at the 40
th

 

stimulus number under various optical (12.230.4 mW cm
-2

) and electrical (0.71 V) stimuli. 

These results indicate that the pixels investigated are functional with satisfactory uniformity.  
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Figure S30. Encoded image sets of the 3  3 DAVAN device array under light irradiation 

with various VLWC such as a) scotopic vision and b) photopic vision. 
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