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Experimental section

1.1 Device fabrication 

The proposed devices were fabricated by magnetron sputtering and electrodeposition 

methods. The fabrication flow chart is shown in Fig. S1. Note, substrates with similar characteristics 

are all practicable for the fabrication process, including the silicon wafer covered by SiO2 oxide film 

and some flexible substrates. The bottom Mo electrode was deposited by direct current (DC) 

sputtering. The patterned Mo electrode was obtained with the help of a shadow mask. The width of 

the strip Mo electrode was 50 μm. Then, the electrodeposition was used to deposit the CIS thin film 

as an active layer. For the solution preparation, 2.5 mM CuCl2·2H2O, 240 mM LiCl, 2.4 mM InCl3, 4.5 

mM H2SeO3 were dissolved in deionized water. Chemicals were purchased from Sigma-Aldrich. The 

electrolytic bath was buffered with a pHydrion buffer (pH 3.00).  HCl drops were used to tune the 

solution pH to 2 - 3.

Fig. S1. The fabrication process of the Ag/CIS/Mo memristor with a crossbar configuration.

Electrodeposition was carried out using an electrochemical workstation (CHI Model 660E 

Series Electrochemical Analyzer/Workstation) with a conventional 3-electrode setup. During the 



S-3

depositing process, a constant cathodic potential was applied to the working electrode. The 

deposition of compound CuInSe2 (CIS) thin films is related to the individual chemical reactions, as 

shown in the following Nernst equations 1. 

                                                                                                              (S1)𝑀𝑛 + + 𝑛𝑒 ‒ → 𝑀(𝑠)

                                                                                                             (S2)𝐶𝑢2 + + 2𝑒 ‒ → 𝐶𝑢(𝑠)

                                         (S3)
𝐸 = 𝐸 0

𝐶𝑢 + 𝑅𝑇
2𝐹 × ln [𝐶𝑢2 + ] = 0.337 + 0.0295 × 𝑙𝑜𝑔[𝐶𝑢2 + ]

                                                                                                              (S4)𝐼𝑛3 + + 3𝑒 ‒ → 𝐼𝑛(𝑠)

                                        (S5)
𝐸 = 𝐸 0

𝐼𝑛 + 𝑅𝑇
3𝐹 × ln [𝐼𝑛3 + ] =‒ 0.342 + 0.0197 × 𝑙𝑜𝑔[𝐼𝑛3 + ]

                                                                                    (S6)𝐻2𝑆𝑒𝑂3 + 4𝐻 + + 4𝑒 ‒ → 𝑆𝑒 + 3𝐻2𝑂

                                                         (S7)𝐸 = 0.741 ‒ 0.0591 × 𝑝𝐻 + 0.0148 × 𝑙𝑜𝑔[𝐻2𝑆𝑒𝑂3]

                                                                                    (S8)𝐻𝑆𝑒𝑂 ‒
3 + 5𝐻 + + 4𝑒 ‒ → 𝑆𝑒 + 3𝐻2𝑂

                                                          (S9)𝐸 = 0.778 ‒ 0.0739 × 𝑝𝐻 + 0.0148 × 𝑙𝑜𝑔[𝐻𝑆𝑒𝑂 ‒
3 ]

                                                                                    (S10)𝑆𝑒𝑂2 ‒
3 + 6𝐻 + + 4𝑒 ‒ → 𝑆𝑒 + 3𝐻2𝑂

                                                         (S11)𝐸 = 0.875 ‒ 0.0886 × 𝑝𝐻 + 0.0148 × 𝑙𝑜𝑔[𝑆𝑒𝑂2 ‒
3 ]

                                                                                                            (S12)𝑥𝑀 + 𝑦𝑆𝑒→ 𝑀𝑥𝑆𝑒𝑦

Where E represents the electrode equilibrium potential respecting the standard hydrogen 

electrode.  and  are standard electrode potentials of Cu and In, respectively. F 𝐸 0
𝐶𝑢 𝐸 0

𝐼𝑛

represents Faraday’s constant that equals 96,485 C/mol. The concentration of H+ shown in 

the equations is represented in a pH scale. It can be found that the electrode equilibrium is 

tunable by the concentrations of chemical species. Selenide compounds can directly occur 

due to large formation energies (△G: e.g., -386 kJ/mol for In2Se3, -104 kJ/mol for Cu2Se). 

Generally, it is very hard to directly electrodeposit In metal from a single-bath solution. 

However, it is easy to co-deposit compounds, such as Cu2Se, In2Se3, and CuInSe2 2.
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                                                                                (S13)2𝐶𝑢2 + + 𝑆𝑒 + 4𝑒 ‒ → 𝐶𝑢2𝑆𝑒

                                                                            (S14)2𝐼𝑛3 + + 3𝑆𝑒 +  6𝑒 ‒ → 𝐼𝑛2𝑆𝑒3

                                                                (S15)𝐶𝑢2 + + 𝐼𝑛3 + + 2𝑆𝑒 + 5𝑒 ‒ → 𝐶𝑢𝐼𝑛𝑆𝑒2

The cyclic voltammetry (CV) test over the range of 0 V to -1 V was carried out to study the 

chemical reactions in the bath. CV curves in the electrolytic bath are shown in Fig. S2. For the first 

cycle, the small peak at approximately -0.1 V was attributed to the reaction of Se. Then, strong 

peaks corresponding to the generation of Cu, CIS, and H2 were showed up. From the second cycle 

to the tenth cycle, the intensity of reduction peaks was decreased, especially for the reduction of 

Cu and H2. This phenomenon is because the deposited film covering the work electrodes increased 

the resistance 3. Under the same potential, higher resistance corresponds to smaller current 

intensities. The hydrogen evolution was suppressed after the first cycle, which benefits the 

adhesiveness of the deposited thin film on substrates 4. The CIS film was formed after the negative 

potential of -0.66 V (vs. Ag/AgCl). Therefore, the potential was set at -0.66 V for the CIS deposition.

Fig. S2. Cyclic voltammetry (CV) curves in electrolytic bath for CuInSe2 (CIS) deposition. The scan 

rate was 20 mV/s. 
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Since the CIS can be obtained under the negative potential of about -0.66 V (vs. Ag/AgCl). 

This voltage was used to deposit the CIS film under the model of constant cathodic potential. A 

representative current-time (I-t) curve is shown in Fig. S3. At the very beginning of the deposition, 

the absolute value of current sharply decreased from about 6 mA to 0.7 mA within 50 s. This 

phenomenon is due to the forming of CIS on the surface of the Mo electrode, which significantly 

increased the overall resistance 5. Notably, the current remained almost constant after the first 50 s. 

The small current variance indicates stable electrochemical reactions and film growth. During the 

electrodeposition, two phases contribute to the interface that film growth occurs 6. One phase is 

the solution carrying ions towards the working electrode. Another phase is the boundary of the 

substrate covering conductive coating that carries electrons. When the potential of the working 

electrode shifts from the equilibrium values to negative potentials. The reduction reactions of ions 

conveyed by the solution occur if a suitable potential is provided 7. This working mechanism 

determines that only the areas covered by Mo electrodes can grow CIS film, enabling the direct 

construction of active layers on specific patterns 8. The deposition rate was approximately 23 

nm/min. CIS film only grew on the patterned bottom electrode. Decreasing manufacturing costs 

and materials consumption are crucial for practical large-scale production. Expensive vacuum-

based film deposition techniques are used to fabricate memristor devices, such as magnetron 

sputtering, atomic layer deposition (ALD), and thermal evaporation. The expensive equipment 

significantly increases manufacturing costs. Regarding materials utilization in vacuum-based 

deposition techniques, most of the materials are deposited on the surface of chambers instead of 

wafers. To address the issues, the electrodeposition endows remarkable advantages in terms of 

costs, deposition rates, morphology control, film uniformity, and template-based structure 

fabrication 6. Moreover, this method enables high utilization efficiency of materials because all 

reacted elements are utilized to form films. This technique paves a way to construct integration 
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arrays with high materials utilization efficiency and low manufacturing costs. 

Fig. S3. Electrodeposition current versus time during the depositing process. This is one of the 

typical I-t curves. The deposition time is 60 min. The potential VS. Ag/AgCl was -0.66V. The current 

remains almost constant after 50 s. This small current variance indicates stable electrochemical 

reactions and film growth.

After the deposition of CIS active layer, Ag strip electrodes were deposited with the help of 

a shadow mask to form a crossbar configuration.

1.2 Materials and device characterization 

The optical micrograph was taken by an Oxford BX51M optical microscope and 

measurements were carried out by the ImageJ software. The morphology of CIS films was examined 

by Scanning Electron Microscopy (SEM, UltraPlus FESEMs) at the acceleration voltage of 10 kV. The 

composition of the thin film was measured by Energy Disperse Spectroscopy (EDS, UltraPlus 

FESEMs). To analyze the crystal structure of deposited films, Raman spectrum analysis was carried 
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out by a Renishaw micro-Raman spectrometer with a laser wavelength of 633nm (red, He-Ne). 

Grazing Incidence Xray Diffraction (GIXRD) on the CIS thin film was carried out using PANalytical 

X’Pert PRO system (CuKα irradiation, λ = 1.5406 Å). The surface valence states of the CIS thin film 

were measured by X-ray photoelectron spectroscopy (XPS, Thermo-VG Scientific ESCALab 250). The 

electrical characterization of the prepared devices was performed with a 4200A-SCS Parameter 

Analyzer equipped with the probe station of MPI TS150. The test diagram can be found in Fig. S1.

1.3 Simulation method 

Simulation method for LIF neuron: The circuit was designed to demonstrate the 

functionalities of the leaky integrate-and-fire (LIF) neurons based on the Ag/CIS/Mo device. The 

theoretical model of the Ag/CIS/Mo device was developed in Verilog-A based on experimental data 

under the volatile model. The key parameters were extracted from experimental data, including 

HRS, LRS, VSET, VRESET. The model can capture the resistive switching and volatile features of the 

actual device. The simulation and experimental results are shown in Fig. S4. The code script for 

Verilog-A is shown in Fig. S5. The volatile memristor model was used in the leaky integrate-and-fire 

(LIF) neuron circuit built up in the Cadence Virtuoso platform. The neuron circuit design is shown in 

Fig. S6. Three artificial synapses were integrated into the circuit. A capacitor, a resistor, and an 

Ag/CIS/Mo memristor were used to mimic the function of neurons. The specifications of 

components employed in the circuit are listed in Table S2. 

Based on the experimental data of the volatile model, an electrical model of the Ag/CIS/Mo 

device is developed in Verilog-A. The key parameters were extracted from experimental data. The 

HRS and LRS were 300 GΩ and 2 MΩ, respectively. The VSET and VRESET were 0.8 V and 0.2 V, 

respectively. The resistance of the memristor switches to LRS when the voltage across the 

memristor reaches 0.8 V (VSET). The device switches from LRS to HRS when the applied voltage is 
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lower than 0.2 V (VRESET). When the device is at the HRS, it is assumed that the resistance of the 

device does not change until the applied voltage reaches the VSET. Therefore, the resistance 

increased linearly with the increase of the applied voltage (0 V → VSET). Similarly, the resistance of 

the device at the LRS does not change until the applied voltage is lower than the VRESET (threshold 

voltage). The resistance decreased linearly with the decrease of the applied voltage (1 V → VRESET). 

The switching speed is 400 μs, which is negligible in the circuit simulation implemented in this 

paper. Therefore, the transition time was ignored to simplify the model and circuit. The goal of this 

model is to describe the I-V curve of the device mathematically, which is valid in the circuit 

simulation executed in the Cadence Virtuoso platform. As shown in Fig. S4, the model captured the 

resistive switching and volatile features of the actual device, which was used in the simulation of 

the leaky integrate-and-fire (LIF) neuron circuit. 

Fig. S4. Experimental and simulated I-V curve of the device under the volatile model. The I-V curves 

of simulation and experiment match well, indicating that the theoretical model can effectively 

describe the electronic performance of the Ag/CIS/Mo device.

Fig. S5 shows the Verilog-A code of the volatile memristor behavioural model. By default, 
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the device is at HRS without the external voltage bias. As the forward bias voltage exceeds the VSET 

defined in the model, the device enters LRS and remains in this state if the external voltage bias 

stays above the VRESET (the threshold voltage). On the other hand, if the external voltage bias drops 

below the VRESET (the threshold voltage), the memristor returns to HRS. This method can 

mathematically present the electronic behaviours of the device Ag/CIS/Mo. 

Fig. S5. Verilog-A code modelling the volatile memristive behaviour of the Ag/CIS/Mo device.

The neuron circuit design is shown in Fig. S6. Three artificial synapses are attached to the 

circuit. To model inputs with tunable synaptic weights to neurons, the values of VIN (VIN1, VIN2, VIN3) 

and corresponding R (R1, R2, R3) can be adjusted. Here, to simplify the operation model, the value of 

R (R1, R2, R3) was fixed, and the value of VIN (VIN1, VIN2, VIN3) was adjusted. Ideal switches (SW1, 

SW2, SW3) were used in the simulation. The switches are closed only if the corresponding input VIN > 

0 V, which can avoid interference between different inputs. The specifications of components 

employed in the circuit are listed in Table S2.

In the neural network, neurons receive synaptic inputs with various frequencies (2.5 KHz to 

10 KHz) and amplitudes (0.8 V to 1.2 V). By default, the volatile memristor M1 was at HRS and SW4 
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was open. During this period, the received inputs are stored and accumulated in the capacitor, 

resulting in the increased potential (VC) stored on the capacitor and (local graded potential) LGP 

that reflects the dynamics of the neural membrane potential. VC can be calculated by Eq. (S16). 

                                                          (S16)
𝑉𝐶 =  

1
𝐶∫𝐼 𝑑𝑡

Where I represents input currents, C is the capacitance of the capacitor C1. Meanwhile, the charge 

stored in the capacitor slowly leaks through a conductive path consisting of M1 and R4. The leakage 

RC time constant (τ), is determined by C1, M1, and R4, according to Eq. (S17) 9.

                                             (S17)𝜏 =  𝐶 ×  (𝑅𝑀1 + 𝑅4)

Where RM1 is the resistance of the M1. VOUT can be calculated from VC using Eq. S18 10.

                                                (S18)      
𝑉𝑂𝑈𝑇 =  𝑉𝐶 ×

𝑅4

𝑅𝑀1 + 𝑅4

VOUT is the voltage on the R4. The voltage on the memristor (M1) can be obtained with Eq. S19.  

                                        (S19)      𝑉𝑚𝑒𝑚𝑟𝑖𝑠𝑡𝑜𝑟 = 𝑉𝐶 ‒  𝑉𝑂𝑈𝑇

Where Vmemristor is the voltage applied on the memristor (M1). R4 has a resistance of 4 MΩ that is 

much smaller than that of M1 at HRS with a resistance of 300 GΩ. Vout ≈ 0V when M1 is at HRS 

according to Eq. S18. As more and more electrons are stored in the capacitor, VC and Vmemristor keep 

increasing provided that the charging speed is faster than the leaky speed. When the Vmemristor is 

high enough, the M1 will be switched from HRS to LRS, which will induce the abrupt increase of the 

VOUT. As M1 enters LRS and a non-zero VOUT is generated, C1 is rapidly discharged, and the VC 

decreases to 0 V. As the VC drops below the RESET voltage of 0.2 V, M1 resumes to HRS due to the 

volatile property. As a result, VOUT returns to 0 V as C1 starts to accumulate charges from input 

signal again. Notice that during the period when M1 stays in LRS, any incoming signals stored in C1 
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is rapidly discharged immediately. This feature can mimic the refractory period in biosystems. 

C1 R4

M1

VIN1 VIN2 VIN3

R1 R2 R3

SW1 SW2 SW3

VC

10pF 4MΩ

VOUT

Fig. S6. Circuit design for the simulation of artificial leaky integrate-and-fire (LIF) neurons. The 

simulation was carried out in the Cadence Virtuoso platform. SW1-4 are switches. R1-4 are 

resistors. M1 is a threshold switching (TS) memristor.

Pattern recognition simulation The recognition simulation was carried out on the CrossSim 

platform written with Python.11–13 The numerical weights in the network were mapped onto the 

tested device conductance states. The non-linearity and asymmetry of potentiation/depression 

curves were taken into account. The cycle-to-cycle variability was considered as Gaussian noise 

during the simulation process. The conductance (weight) updating was based on the average value 

of conductance change (under a single pulse) with different initial conductance (G0).  A neural 

network with the size of 64 × 40 × 10 was constructed to implement a backpropagation algorithm. 

The UCI small images were used as data set for training and testing processes14. The neural network 

was trained for 30 epochs to get a saturated accuracy. 
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Supplementary Figures:

Fig. S7. Optical micrograph of the device with a crossbar array configuration.

Fig. S8. Scanning electron microscope (SEM) image of the CuInSe2 surface topography. The CIS 

grains grew into a follower-like shape consisting of small grain particles with a size of about 100 nm 

2.
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Fig. S9. (a) High-resolution SEM image of the CuInSe2. (b-d) Surface composition EDX mapping 

corresponding to Cu, In, Se elements respectively.  

Fig. S10. High-resolution XPS spectra of different regions: (a) Cu 2p region; (b) In 3d region; (c) Se 3d 

region. The results confirm the chemical states of Cu, In, Se are +1, +3, -2, respectively 15. 
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Fig. S11. Impedance analysis of the fabricated CIS. (a) Nyquist plot of CIS at room temperature. (b) 

The plot of the Modulus vs Frequency. (c) The plot of the Phase vs Frequency. (d) The equivalent 

circuit for fitting.   

We measured the permittivity ε of CIS deposited by the electrodeposition process. The 

permittivity ε was 7.9. The value slightly deviated from the reported result of 13.6 ± 0.816. Notably, 

the electronic properties, such as permittivity, conductance, are determined by the composition, 

crystallinity, and fabrication process of CIS. The reported permittivity of CIS was based on 

fabricated ingots by a horizontal zone-melting technique. The difference in the status of material 

can result in slightly differential permittivity values. 

To get the permittivity ε of CIS, the electrochemical impedance spectroscopy (EIS) of the CIS 

was measured based on the Mo/CIS/Mo device. The Nyquist plot and the fitting curve are shown in 

Fig. S11a. The Bode plots and fitting curves of modulus (|Z|) vs. frequency (f) and phase vs. 

frequency (f) are shown in Fig. S11b and c. According to the Nyquist plot (Fig. S11a), two separated 

semicircles were observed, corresponding to the bulk capacitor and the grain boundary capacitor.17 

The equivalent circuit for fitting is shown in Fig. S11d. The constant-phase elements (CPE) are 
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described with Equation S20:18

               (S20)   
𝑍𝐶𝑃𝐸 =

1

𝑄(𝑗𝜔)𝑛

Where ZCPE is the impedance of the CPE. Q is a constant. j represents the imaginary number. ω 

represents the angular frequency (ω = 2 πf, f is the frequency). n represents a constant relating to 

the angle of a capacitive line’s rotation on complex plane plots. Rs is the series resistor that 

corresponds to the series resistance on electrodes. The fitting process was executed on the ZView2 

software. The solid lines shown in Fig. S11 are the fitting curves that match well with experimental 

results. According to the fitting results, the capacitance can be calculated by the following Equation 

S21:19

              (S21)      𝐶 = (𝑅1 ‒ 𝑛𝑄)
1
𝑛

Where C is capacitance, R is the resistance value of parallel resistance. n and Q are fitting 

parameters from Equation S21. The assignment of the two semicircles was based on the magnitude 

of the capacitance.17 According to the “brickwork” model, the capacitance value derived from bulk 

(grain) falls in the order of 10-10F ( i.e l/A=1 m-1, where l is the thickness of the dielectric materials 

sandwiched by metal electrodes, A is the device area. The typical permittivity is ~ 10). Meanwhile, 

the capacitance value derived from grain boundary ranges from 10-9 F to 10-6 F. According to the 

fitting parameters, the C1 (based on R1//CPE1) was 6.0 × 10-11 F that corresponds to the bulk (grain) 

capacitor. The C2 (based on R2//CPE2) was 2.3× 10-9 F that corresponds to the grain boundary 

capacitor. The permittivity is calculated with Equation S22:20

                     (S22)      
𝜀 =

4𝜋𝐾𝑑𝐶
𝑆

Where ε is permittivity. K is electrostatic constant. d is the thickness. S is the area. 
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Fig. S12. I-V curves and RESET voltage change over different thicknesses of CIS layers. Each device 

operated 50 cycles. (a) I-V curves of the device Ag/CIS@100nm/Mo. (b) I-V curves of the device 

Ag/CIS@300nm/Mo. (c) I-V curves of the device Ag/CIS@1200nm/Mo. (d) The cumulative 

probabilities of the RESET voltages for the devices with different CIS thicknesses.

Under the same voltage stress, the devices evolved from non-volatile to volatile 

characteristics gradually when increasing the thickness of CIS 21. To further investigate the evolution 

from the volatile to non-volatile performance, the devices with different thicknesses of CIS were 

fabricated and tested under the same voltage stress (-1 V to 1 V) as shown in Fig. S12. The device 

with CIS@100nm showed a non-volatile characteristic since a negative voltage was required to 

switch the device to HRS, as shown in Fig. S12a. In comparison, the device with CIS@300nm and 

CIS@1200nm showed volatile characteristics, devices RESET to HRS spontaneously when the 

voltage was near to zero, as shown in Fig. S12 b and c. Note, the device with CIS@1200nm showed 
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a higher RESET voltage comparing to that of the device CIS@300nm, which means that the device 

with CIS@1200nm was easier to RESET to HRS and the conductive filaments are less stable. Fig. 

S12d presented that the RESET voltages moved to the positive direction with the increase of the CIS 

thickness, demonstrating an evolution from non-volatile to volatile characteristics 21. 

Fig. S13. HRS and LRS resistance distributions over 400 switching cycles.

Fig. S14. Non-volatile memory behavior, the voltage amplitude was 3 V, the pulse duration was 1s. 

The LRS can be maintained for over 10,000 s, demonstrating non-volatile performance. The device 
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can be used to develop non-volatile data storage devices.  

Fig. S15. I-V curve reproducibility of the device over 400 switching cycles. 

Fig. S16. The switching speed characterization of the device. A short voltage pulse with an 

amplitude of 1 V was applied to the device. The current flowing through the device was monitored. 

The sharp increase of conductance indicates a switching speed of 400 μs was obtained.  
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Fig. S17. The distribution of SET and RESET voltages. The σSET (and σRESET) and μSET (and μRESET) are 

the standard deviation and the mean value, respectively. The σSET/μSET and σRESET/μRESET are 11 % 

and 16 %, respectively. The small variability of the operation voltages will benefit the stability and 

reliability of the systems based on the proposed device. 

Fig. S18. (a-d) The I-V curve reproducibility of four different devices over 100 switching cycles. 
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Fig. S19. (a) Device-to-device variability of HRS and LRS. The mean ratio of HRS/LRS varies between 

3.4 × 104 and 1.7 × 105. 

Fig. S20. The typical current curve under two consecutive pulses. The second pulse induced a larger 

conductance increase. Besides, the conductance returned to its original state gradually after the 

pulsed excitation, which is consistent with the reported result.11
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Fig. S21. Typical I-V curve of the Mo/CIS/Mo device with the size of 50 μm × 50 μm. The electrical 

performance of the device with inert top Mo electrodes was measured. Almost no resistive 

switching phenomenon was found, which is significantly different from the device with the Ag 

electrode.  The result confirms that Ag is essential for resistive switching.

               

Fig. S22. The values of LRS at different temperatures for the Ag/CIS/Mo device. The resistance of 

LRS increased with the increase of temperature. This phenomenon is the signature feature of 

metallic conducting, claiming that the metallic Ag conductive filaments formed in the active layer at 

LRS 22.
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The distribution of the RESET voltages with different thicknesses of CIS layers is shown in Fig. 

S23. The mean values of RESET voltage were -0.21 V, 0.04 V, and 0.26 V for the devices with CIS 

thicknesses of 100 nm, 300 nm, and 1200 nm, respectively. The diffusion of Ag atoms can be 

described by the overdamped Langevin Eq. (S23) 23. 

                     (S23)
𝜂

𝑑𝑥𝑖

𝑑𝑡
= 𝛼

𝑉(𝑡)
𝐿

‒
∂𝑈(𝑥𝑖)

∂𝑥𝑖
+ 2𝜂𝑘𝐵𝑇𝜉𝑖

where η represents the viscosity of Ag nanoparticles in the system. The first term on the 

right-hand side is the drift term determined by applied voltages V(t) and the thickness of 

active layers L. α is the charge induced by voltages, which can be treated as a constant. V(t) 

is the applied voltage at the time of t. The second term on the right-hand side describes the 

diffusion of Ag atoms from conductive filaments due to the surface energy minimization. 

∂U(xi) is the potential profile that drives the dynamic diffusion of Ag atoms. xi is the location 

of Ag nanoparticles. The third term describes the random force driven by instantaneous 

temperatures. kB represents Boltzmann’s constant. T is the temperature. ξi is a Gaussian 

white noise generator describing the temperature fluctuation. In the same materials system 

with different CIS thicknesses, the Ag atoms diffusion speed is mainly affected by the term α 

×V(t)/L. For the thinner CIS, the value of V(t)/L is larger, indicating a higher speed of Ag atom 

diffusion, and more Ag atoms are pumped into the active layers 24. Moreover, a shorter 

conductive filament is needed to connect the top and bottom electrodes since the active 

layer is thinner. Therefore, a thicker conductive is more likely induced in the device with thin 

active layers, demonstrating better stability and a longer lifetime. This theory can explain 

the evolution phenomenon of non-volatile/volatile characteristics in devices with different 

CIS thicknesses. The thickness-modulated volatile/non-volatile memristor has also been 

reported in the HfO2-based material system 25.
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Fig. S23. Distribution of the RESET voltages of the device with different CIS thicknesses. The RESET 

voltage evolved to the negative direction as the CIS thickness was decreased. The values of RESET 

voltages changed from -0.21 V to 0.26 V when the CIS thickness increased from 100 nm to 1200 nm.

Fig. S24. Schematic diagram of energy band alignment of the Ag/CIS/Mo device. A relatively high 

Schottky barrier height (0.59 eV) was formed at the interface of Ag/CIS, demonstrating a Schottky 

contact. In comparison, an Ohmic contact occurred at the interface of Mo/CIS due to a small barrier 

of 0.25 eV 26,27.    
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Supplementary Tables:

Table S1. The statistics summary of the HRS/LRS Ratio of the Ag/CIS/Mo device.

Device Number HRS/LRS Ratio
Mean value

HRS/LRS Ratio
Maximum value

HRS/LRS Ratio
Minimum value

HRS/LRS Ratio
Higher than 104 (%)

Device 1 1.7 × 105 1.7 × 106 2.5 × 103 95 %

Device 2 8.0 × 104 2.1 × 105 2.2 × 103 95 %

Device 3 1.3 × 105 4.8 × 105 5.0 × 103 96 %

Device 4 8.7 × 104 3.4 × 105 1.6 × 103 93 %

Device 5 3.4 × 104 1.6 × 105 1.5 × 103 76 %

Device 6 1.6 × 105 2.7 × 105 7.4 × 103 97 %

Device 7 1.3 × 105 2.7 × 105 7.1 × 103 98 %

Device 8 1.7 × 105 4.0 × 105 7.0 × 103 98 %

Device 9 1.2 × 105 4.2 × 105 2.5 × 103 93 %

Device 10 8.1 × 104 4.9 × 105 4.3 × 103 90 %

Device 11 1.3 × 105 6.2 × 105 3.8 × 102 94 %

Device 12 7.1 × 104 2.7 × 105 2.5 × 103 89 %



S-26

Table S2. Component parameters used in the LIF neuron simulation.

Component parameter Frequency Simulation Amplitude simulation
VIN1 Amplitude = 1 V

Period = 400 µs (2.5 KHz)
Pulse width = 3 µs
Delay = 0.3 ms

Amplitude = 0.8 V
Period = 100 µs (10 KHz)
Pulse width = 3 µs
Delay = 0.3 ms

VIN1 Amplitude = 1V
Period = 200 µs (5 KHz)
Pulse width = 3 µs
Delay = 6.7 ms

Amplitude = 1V
Period = 100 µs (10 KHz)
Pulse width = 3 µs
Delay = 3.3 ms

VIN3 Amplitude = 1 V
Period = 100 µs (10 KHz)
Pulse width = 3 µs
Delay = 13.1 ms

Amplitude = 1.2 V
Period = 100 µs (10 KHz)
Pulse width = 3 µs 
Delay = 6.3 ms

R1, R2, R3 140 MΩ 150 MΩ
M1 LRS resistance = 2 MΩ with VSET = 0.8V

HRS resistance = 300 GΩ
Transition time from LRS to HRS, 400 µs
Transition time from HRS to LRS, 10 µs

SW1, SW2, SW3 Ideal switches that are closed only if the corresponding VIN is 
not at 0 V. They are used for simulating a current injection.
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