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Table S1. The comparison of electrical performances in different memristive devices.

Material On/Off Rectification ratio Pulse condition Ref.

Ta/IGZO/TaOx/Pt 108 106 3 V/1 ms This work

ITO/TiN/SiO2/Si 104 - 3 V/250 μs 1

TiN/ZnO/NiO/Pt ~105 18.4 -4.5 V/10 ms 2

Al/TiN/HAO/n++Si >108 103 9.5 V/0.52 ms 3

W/TiN/SiO2/Si 103 10 3.5 V/300 μs 4

Pd/Au/WOx/W - 3 1.5 V/1 ms 5

Ti/TaOx/TaOy/Pt 107 103 3 V/1 ms 6

Ag/mSiO2/TiN 107 - 3 V/100 μs 7
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Figure S1. Consecutive I–V switching curves (100 times) for |Vs| = 4 V of the device showing 
small variation during the cycles, indicating the stability and reliability of the device. 
Throughout the electrical measurements, the TE was maintained at ground potential, while the 
voltage was applied to the BE.
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Figure S2. Prior to turning on the Ta/IGZO/TaOx/Pt device, no current response was detected 
when applying small pulses of 2 V. However, once the device was stimulated by a large pulse 
of 5 V, a discernible current response was observed during subsequent small pulses. This 
consistent behavior was observed in 50 times, indicating the stability and uniformity of the 
current response over time.
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Figure S3. 16 memristive devices for (a) I-V measurement and (b) single pulse-
triggered current responses.

The current-voltage (I-V) curves collected from 16 Ta/IGZO/TaOx/Pt dynamic 
memristive devices are shown in Figure S3(a), where the average current at the upper 
limit voltage (4 V) is 472 μA and the standard deviation is 80 μA, yielding a device-to-
device variation of 0.17. 

To verity the reliability of electrical pulse operation, a single pulse stimulation is 
applied on each memristor and the current response is recorded, as shown in Figure 
S3(b). The average maximum current value is 57 μA and standard deviation is 1.8 μA, 
yielding a device-to-device variation of 0.03.
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Figure S4. The I-V curves of Ta/IGZO/TaOx/Pt device for changing the thicknesses of 
IGZO and TaOx layers.

The standard device parameter in our work is Ta/IGZO (16 nm)/TaOx (67nm)/Pt 
memristor. We have varied the thicknesses of both IGZO and TaOx layer. First, the 
thickness of IGZO was increased from 16 nm to 32 and 50 nm. As revealed shown in 
Figure Rx(a), the currents at both positive and negative voltage shift to higher values, 
which makes the rectification ratio lower. In addition, the inexplicit current hysteresis 
loop of the 50 nm-IGZO device implies insignificant resistive switching behavior. For 
the TaOx layer, as the thickness increases to 132 nm, the I-V curve shifts right and 
implies the voltage required to switch on the device is elevated. On the other hand, the 
On/Off and rectification ratio shrink as the TaOx thickness decreases. Accordingly, we 
select the optimal thickness of 16 nm-IGZO and 67-nm TaOx as our memristive device 
parameters.
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Figure S5. The applied voltage was linearly increased from 0 V to 3 V and the nonlinear current 
response of the Ta/IGZO/TaOx/Pt device to the applied voltage was measured. It was also 
observed that the device remained in its off state when the applied voltage was below ~2 V.
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Figure S6. (a) UPS spectrum of TaOx film. The Eonset and Ecutoff of TaOx are evaluated to 3.77 
eV and 17.67 eV, respectively. (b) UPS spectrum of IGZO film. The Eonset and Ecutoff of IGZO 
are evaluated to 3.45 eV and 17.10 eV, respectively.

The work function values are extracted from the UPS analyses using the expression given 
below.
𝜙(𝑒𝑉) = ℎ𝜐 ‒ 𝐸𝑐𝑢𝑡𝑜𝑓𝑓

𝐸𝑉 (𝑒𝑉) = ℎ𝜐 ‒ (𝐸𝑐𝑢𝑡𝑜𝑓𝑓 ‒ 𝐸𝑜𝑛𝑠𝑒𝑡)

Where,  is the work function,  is the incident photon energy (21.2 eV),  is the ∅ ℎ𝜐 𝐸𝑐𝑢𝑡𝑜𝑓𝑓

maximum energy which can excite the electrons,  is the Fermi energy in the spectrum (0 eV), 𝐸𝐹

 is the position of valance band, and is the Fermi edge position which denotes the onset 𝐸𝑉 𝐸𝑜𝑛𝑠𝑒𝑡 

of second electron emission. According to the UPS data of TaOx and IGZO film shown in 
Figure S4, the obtained work function of TaOx and IGZO is 3.53 eV and 4.10 eV, respectively.



9

Figure S7. The Tauc’s plot corresponding to ( )2 as a function of photon energy for the 𝛼ℎ𝜐

determination of the bandgap of TaOx and IGZO, respectively.

Band gap values of TaOx and IGZO are calculated from the Tauc plots obtained from UV-Vis 
transmission data, as shown in Fig. S5. The band gap value of TaOx and IGZO are 4.48 eV and 
3.85 eV, respectively.
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Figure S8. Energy band diagrams of TaOx and IGZO (a) before contact and (b) after contact.

Combined with the work function values of the bottom electrode Pt (5.4 eV)8 and the top 
electrode Ta (4 eV)9 as well as the energy band diagrams of IGZO and TaOx, the memristor 
band diagram was obtained by aligning all the fermi levels. 
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Figure S9. The top subfigures depict different voltage waveforms (black curves) and the 
dynamic change of the state variable (orange curves) under different pulse interval. In the 
bottom subfigures, the measured current responses are represented by the red curve for a pulse 
interval of 0.5 ms, the purple curve for a pulse interval of 1 ms, and the pink curve for a pulse 
interval of 3 ms. The simulated current response is illustrated by the blue curves.
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Figure S10. The top subfigures depict the voltage waveforms applied in each experiment, 
indicated by the black curves, along with the dynamic change of the state variable represented 
by the orange curves, under different pulse conditions. The bottom subfigures depict the 
measured current responses (red curves) and the fitted current responses (blue curves) 
corresponding to the applied voltage. To validate the accuracy of the memristor model, two 
voltage pulse waveforms were employed. (a) The decreasing number of applied pulses. (b) The 
increasing number of applied pulses.
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Table S2. Parameters used in simulation for the IGZO/TaOx-based memristor device.
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