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Supplementary Note 1 

 

Charge transport at the electrode/switching layer interface 

To analyze the charge transport and electrical characteristics at the metal/oxide interface (Fig. 2, 

e,f), the overall current density flow in the system is considered as the sum of thermionic-emission 

current density and the ionic current density 

 
𝑗 =  𝑗𝑇𝐸 +  𝑗𝐼𝑂𝑁 (S1) 

 

The Schottky-emission current density is expressed as 

 

𝑗𝑇𝐸 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
) − 1] (S2) 

 

where 𝑗𝑆 = 𝐴∗𝛵2exp (−
𝑒𝜙𝛣

𝑘𝑇
)  is the saturation current density, 𝐴∗  is the effective Richardson 

constant, 𝛵 is the absolute temperature, 𝑒 is the elementary charge, 𝜙Β is the barrier height, 𝑘 is 

the Boltzmann constant, ∆𝜑 is the applied voltage. 

 

The ionic-redox current density is expressed using the Butler-Volmer equation 

 

𝑗𝐼𝑂𝑁 = 𝑗0 [exp (
𝛼𝑎𝑧𝑒∆𝜑

𝑘𝑇
) − exp (−

𝛼𝑐𝑧𝑒∆𝜑

𝑘𝑇
)] (S3) 

 

where 𝑗0 = 𝑧𝑒𝑘0𝑐0 exp (−
∆𝐺𝑎

𝑘𝑇
) is the exchange current density, 𝑧 is the charge number,  𝑘0 is the 

rate constant, 𝑐0 is the concentration of ions at equilibrium, ∆𝐺𝑎 is the free energy of activation, 

𝛼𝑎 is the anodic transfer coefficient, 𝛼𝑐 = 1 − 𝛼𝑎 is the cathodic transfer coefficient, ∆𝜑 is the 

electron−transfer overpotential. 

 

Assume the charge number 𝑧 = 2, anodic and cathodic transfer coefficient is identical, i.e., 𝛼𝑎= 𝛼𝑐 

= 0.5, then the overall current density  

 

𝑗 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
) − 1] + 𝑗0 [exp (

𝑒∆𝜑

𝑘𝑇
) − exp (−

𝑒∆𝜑

𝑘𝑇
)]  

 

= 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
)] − 𝑗𝑆 + 𝑗0 [2 sinh (

𝑒∆𝜑

𝑘𝑇
)] (S4) 

 

Now we consider if the Schottky barrier height 𝑒𝜙𝛣  in the system is sufficiently high, 

[exp (−
𝑒𝜙𝛣

𝑘𝑇
)]  ≈ 0, saturation current 𝑗𝑆 = 𝐴∗𝛵2exp (−

𝑒𝜙𝛣

𝑘𝑇
) ≈ 0 (in the case that the reverse 

bias current is not affected by image-force barrier lowering), Equation (S4) is modified as 

 

 𝑗 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
)] + 𝑗0 [2 sinh (

𝑒∆𝜑

𝑘𝑇
)] (S5) 
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(i) When the system is positively biased, ∆𝜑 > 0, consider the applied voltage is much higher than 

the thermal voltage: ∆𝜑 ≫
𝑘𝑇

𝑒
 , we have 

𝑒∆𝜑

𝑘𝑇
≫ 1, thus [2sinh (

𝑒∆𝜑

𝑘𝑇
)] ≈ exp (

𝑒∆𝜑

𝑘𝑇
), Equation S5 

can be modified as  

 

𝑗 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
)] + 𝑗0 [exp (

𝑒∆𝜑

𝑘𝑇
)] (S6) 

 

𝑗 can be further written as 

 

𝑗 =  𝐴∗𝛵2 [exp (
∆𝜑 − 𝜙𝛣

𝑘𝑇
𝑒)] + 2𝑒𝑘𝑐 [exp (

𝑒∆𝜑 − ∆𝐺𝑎

𝑘𝑇
)] (S7) 

 

We attribute this condition to the region I in Fig. 2e. The energy diagram is presented in Fig. 2a. 

The current density is the sum of Schottky-emission current density (forward-biased) and ionic 

current density.   

 

(ii) When the system is under reversed biased, ∆𝜑 < 0, consider the absolute value of applied 

voltage is high and much higher than the thermal energy, then −
𝑒∆𝜑

𝑘𝑇
≫ 1, thus [2sinh (

𝑒∆𝜑

𝑘𝑇
)] ≈

−exp (−
𝑒∆𝜑

𝑘𝑇
), Equation S5 is modified as 

 

 𝑗 = −𝑗0exp (−
𝑒∆𝜑

𝑘𝑇
) (S8) 

 

𝑗 can be further written as 

 

 𝑗 = −2𝑒𝑘𝑐 exp (
−𝑒∆𝜑 − ∆𝐺𝑎

𝑘𝑇
) (S8) 

 

We attribute this condition to region II in Fig. 2e. The energy diagram is presented in Fig. 2b. The 

current density is dominated by ionic current density.   

 

Now we consider if the Schottky barrier height 𝑒𝜙𝛣 in the redox system is low, compared to cases 

i) and ii), but cannot be approximated as zero. Saturation currents 𝑗𝑆 cannot be neglected, Equation 

S4 is kept as 

 

𝑗 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
) − 1] + 𝑗0 [exp (

𝑒∆𝜑

𝑘𝑇
) − exp (−

𝑒∆𝜑

𝑘𝑇
)] (S9) 

 

(iii) When the system is positively biased, ∆𝜑 > 0, consider the applied voltage is much higher 

than the thermal voltage: ∆𝜑 ≫
𝑘𝑇

𝑒
 , similar to (i), 

𝑒∆𝜑

𝑘𝑇
≫ 1, [2sinh (

𝑒∆𝜑

𝑘𝑇
)] ≈ exp (

𝑒∆𝜑

𝑘𝑇
), 

 

Equation S9 is modified as 
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𝑗 =  𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
) − 1] + 𝑗0 [exp (

𝑒∆𝜑

𝑘𝑇
)] (S10) 

 

𝑗 can be further written as 

 

𝑗 =  𝐴∗𝛵2 [exp (
∆𝜑 − 𝜙𝛣

𝑘𝑇
𝑒) − exp (−

𝑒𝜙𝛣

𝑘𝑇
)] + 2𝑒𝑘𝑐 [exp (

𝑒∆𝜑 − ∆𝐺𝑎

𝑘𝑇
)] (S11) 

 

We attribute this condition to region III in Fig. 2f. The energy diagram is presented in Fig. 2c. The 

current density is the sum of Schottky-emission current density (forward-biased) and ionic current 

density. In addition, owing to the low energy barrier, the overall current density in this condition 

is higher than that in condition (i).   

 

(iv) When the system is under reversed biased, ∆𝜑 < 0, consider the absolute value of applied 

voltage is high and much higher than the thermal energy, similar to (ii), we have [exp (
𝑒∆𝜑

𝑘𝑇
)] ≈ 0 

and −
𝑒∆𝜑

𝑘𝑇
≫ 1, [2sinh (

𝑒∆𝜑

𝑘𝑇
)] ≈ −exp (−

𝑒∆𝜑

𝑘𝑇
), Equation S9 is modified as  

 

𝑗 = 𝑗𝑆 [exp (
𝑒∆𝜑

𝑘𝑇
) − 1] − 𝑗0 [−exp (−

𝑒∆𝜑

𝑘𝑇
)] (S12) 

 

𝑗 can be further written as 

 

𝑗 =  𝐴∗𝛵2 [exp (
∆𝜑 − 𝜙𝛣

𝑘𝑇
𝑒) − exp (−

𝑒𝜙𝛣

𝑘𝑇
)] − 2𝑒𝑘𝑐 [exp (

−𝑒∆𝜑 − ∆𝐺𝑎

𝑘𝑇
)] (S13) 

 

We attribute this condition to region IV in Fig. 2f. The energy diagram is presented in Fig. 2d. The 

current density is the sum of Schottky-emission current density (reversely biased) and ionic current 

density. Owing to the low energy barrier, the saturation currents are high in this case, the overall 

current density are higher than that in condition (ii).  
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Supplementary Note 2 

 

The effect on neural network performances under different line resistance and cell ratio. 

 

During the binary programming method, the line resistances need to be considered in testing the 

neural network performance. Considering the square line resistance as 𝑅𝑙𝑖𝑛𝑒, the 𝑟𝑎𝑡𝑖𝑜 is set as 

width/length, for one device in the (i,j) position of the memristor array, the overall line resistance 

𝑅𝑎𝑙𝑙_𝑙𝑖𝑛𝑒 will be  

𝑅𝑎𝑙𝑙_𝑙𝑖𝑛𝑒 = 𝑗 × 𝑅𝑙𝑖𝑛𝑒 × 𝑟𝑎𝑡𝑖𝑜 + 2𝑖 × 𝑅𝑙𝑖𝑛𝑒 ×
1

𝑟𝑎𝑡𝑖𝑜
 

Where 2𝑖  is induced by the differential cell design. After the pulse programming, the device 

conductance is 𝐺, when considering the line resistance effect, the actual inference weights will be 

𝐺𝑎𝑐𝑡𝑢𝑎𝑙 =
1

1
𝐺 + 𝑅𝑎𝑙𝑙_𝑙𝑖𝑛𝑒

= 𝐺
1

1 + 𝐺 × 𝑅𝑎𝑙𝑙_𝑙𝑖𝑛𝑒
 

The final results are presented in Supplementary Fig. 36, which provides the design guidance for 

picking the proper line resistance and cell ratio. For example, in the TSMC 180 nm process node, 

the line resistance of M1-M5 is 0.08 Ω/square, cell ratio is supposed to be 2.0 to reduce the effect 

as much as possible.  

 

 

The effect on neural network performances under different fail ratios.  

 

The electrical properties of ohmic memristors are superior to that of conventional VCMs, 

especially in the endurance aspect. The continual learning application requires more frequent 

updates of device conductance, so the endurance property is more critical. To demonstrate the 

effect of device failure on the final accuracies, we assume that the devices are stuck at LRS 

(Supplementary Fig. 8), and the possibility of both two devices failing simultaneously is so small 

to be ignored. The cell weight will be fixed at ±1 or 0 when one of the devices is stuck at LRS, the 

possibility for weight values of +1, -1 and 0 are 25%, 25% and 50%, respectively. The number of 

failed devices will accumulate and increase during the continual training, and the failed device 

position will be kept constantly.  
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Supplementary Table 1: Intrinsic energy barrier height at metal/Ta2O5 interface 

 

Metal Work function (eV) Metal-Ta2O5 barrier height 𝒆𝝓𝚩 (eV) 

Pt 5.65 2.45 eV 

Cu 4.65 1.45 eV 

Hf 3.90 0.70 eV 

Ta 4.25 1.05 eV 

Zr 4.05 0.85 eV 

 

 

 

 

 

 

 
Supplementary Fig. 1. Electrical properties of a conventional VCM device. Exemplary 

forming (a) and resistive switching characteristics (b,c) of a conventional VCM: Pt/Ta2O5/Ta/Pt 

device. d, Endurance test of 5 devices (50 cycles each) showing the high resistive state (HRS) 

resistance (RHRS) and low resistive state (LRS) resistance (RLRS) values as a function of switching 

cycles. The RHRS/RLRS is ~10 and shows no distinct degradation after five thousand switching 

cycles in different devices (e,f). The resistances at HRS and LRS were read by −200 mV/20 ms 

voltage pulses. SET pulse: -1 V/20 ms, RESET pulse 1.8 V/40 ms. The voltage amplitudes and 

stress time are selected to achieve optimal device performance, i.e., high HRS and LRS resistance 

ratio with high cycle-to-cycle uniformity and high endurance.  
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Supplementary Fig. 2. Electrical stability of ohmic memristive device without capping layers. 

a, One hundred and fifty consecutive I-V curves from a Hf/Ta2O5/Ta device. A clear degradation 

in cycle-to-cycle uniformity was observed with increasing switching cycles. b, Constant voltage 

stress measurement shows the instability of low resistive state current (ILRS). The ILRS was recorded 

by applying a constant −200 mV voltage after the SET process. With increasing resistive switching 

cycles a, or longer read voltage stress time b, the current at LRS is decreasing, indicating the 

increasing series resistance resulting from the metal electrodes passivation. These reliability 

problems were also found in all other ohmic memristive devices without or using thin capping 

layers (APL Mater. 6, 046106, 2018; Adv. Electron. Mater. 5, 1800933, 2019).  
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Supplementary Fig. 3. Resistive switching in ohmic memristive device with IrO2/Pt capping 

layers. a, Forming process and the subsequent I-V curves. The device was formed (SET) into LRS 

by applying negative voltage to top electrode (Hf). b, Device operation started with applying 

positive voltage to Hf electrode (First sweep). The current decreased in the backward sweep, 

showing no reliable forming was achieved. A successful forming was reached in the second 

negative voltage sweep. The results show that forming of the devices was successful only for the 

negative polarization (towards top Hf electrode). In this way the cells were SET into LRS and the 

RESET process occurs at positive voltages. c, Exemplary I-V curves of the memristive devices 
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after forming process. The I-V curves are comparable to those in conventional: Pt/Ta2O5/Ta/Pt 

VCM device (Supplementary Fig. 1b,c). d, Cumulative probability of resistances at high resistive 

state and low resistance state (read at 0.2 V) from one hundred I-V curves (shown in Fig. 1d). The 

use of capping layers prevents the passivation of the ohmic electrodes and leads to improved 

cycling uniformity and electrical stability. e, Typical c8w resistive switching (shown in 

semilogarithmic scale) observed in ohmic memristive device (see also Fig. 1d). f, 8w switching 

polarity observed at high voltage and current ranges. The transition from c8w to 8w switching 

mode was reached if highly voltage was applied to already formed system. The transition can occur 

after the first RESET, but can be reached at any cycle of c8w switching after applying high sweep 

voltages. The c8w to 8w transition is irreversible, and it means device failure. Note that using high 

voltage or high currents (>10 mA) should be avoided in practical applications, since high 

voltage/current operation can cause increasing defects in the metal oxide. Here, we show the 8w 

switching to study the possible failure mechanism.      

 

 

 

 

 

 

 

 

 
Supplementary Fig. 4. Retention characterization of the ohmic memristive device for over two 

days. 

 

 

  



 

 

10 

 

 

 

 

  
 

Supplementary Fig. 5. Endurance test. a, The upper panel shows the applied pulse waveform. 

Each switching cycle contains sequenced READ (HRS)→SET→READ (LRS)→RESET→READ 

(HRS) operation. The lower panel shows the recorded current signals under the applied pulse 

voltage stress (VREAD: –0.2 V/6 ms, VSET: –1.2 V/30 ms, VRESET: 3.2 V/2 ms). b, A zoomed-in view 

of the endurance plot (Fig. 1e) from switching cycle 9×105 to 106.      
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Supplementary Fig. 6. The differential conductance distribution for different devices with 1000 

endurance cycles. 
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Supplementary Fig. 7. Additional data showing low device-to-device variability of ohmic 

memristive devices. 

 

 

 

 

 
 

Supplementary Fig. 8. Comparison of electrical characteristics. a, I-V characteristics of a 

Ta/Ta2O5/Pt and b, Hf/Ta2O5/Pt valence change memory. The red curve, which is the 17th IV 

sweep (a) and 21st IV sweep (b), respectively, shows a typical device failure at the RESET voltage 

sweep. The sudden increase of the current implies the massive generation of oxygen defects at the 

Ta2O5 layer, making the device stuck at LRS. The high voltage drop across the Schottky-like 

interface can lead to RESET failure due to the excessive generation of oxygen vacancies. This is 

also ascribed in part by the low (negative) oxygen vacancy formation energy in Ta2O5 layer. For 

the ohmic memristive devices, no reset failure was observed during the I−V sweeps (under the 

same operation parameters) and pulse measurements (Fig. 1d,e), indicating an improvement in 

device reliability in the ohmic memristive system.  
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Supplementary Fig. 9. Comparison of endurance, HRS and LRS resistance ratio, overall device 

current levels with reported VCM devices.  
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Supplementary Fig. 10. DC IV curves showing multi-bit switching in ohmic memristive devices. 

 

 

 

 
 

Supplementary Fig. 11. Flowchart of the write-verify programming algorithm. It mainly 

includes two modules as SET and RESET, both work in negative feedback principle. 
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Supplementary Fig. 12. Examples of the device conductance variation under the write-verify 

scheme.  
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Supplementary Fig. 13. Stability of analogue switching. Retention of multiple LRS conductance 

levels at µS range (a) and mS range (b) with 0.1 V read bias, all conductance states show no 

distinguishable degradation for more than 100 s.  
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Supplementary Fig. 14. Cross-sectional TEM and energy-dispersive X-ray spectroscopy 

characterization. a, Schematic of the crossbar intersection and the direction for focus ion beam 

treatment. b, TEM lamella prepared by focus ion beam. Scale bar, 2 m. c, High-angle annular 

dark-field TEM image showing the stack information. Scale bar, 50 nm. d, EDS spectra of each 

layer. The element species are indicated in the upper right of each panel. Scale bar, 50 nm.  
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Supplementary Fig. 15. X-ray photoelectron spectroscopy (XPS) depth profiling. a, 

Schematic illustration of XPS depth profiling performed on the Hf/Ta2O5/Ta device. By using 

monatomic Ar+ as a sputtering source it allows to obtain vertical chemical profiles of the 

memristive device. The results reveal the presence of metallic Hf component (b), stoichiometric 

Ta2O5 (c) and different compositions (d), and metallic Ta component (e). We also performed XPS 

depth profiling on Ta/Ta2O5/Ta, Zr/Ta2O5/Ta samples, all results reveal the metallic phase of the 

top electrode and bottom electrode. 
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Supplementary Fig. 16. Diode-like electrical properties. a, Cyclic voltammograms Pt/Ta2O5/Ta 

and c, Cu/Ta2O5/Ta devices. b and d show the CVs on a logarithmic scale. The insets show high-

revolution CV sweeps. 
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Supplementary Fig. 17. Cyclic voltammograms in Ta vs. Hf ohmic memristive systems. a, 

CVs when the electrical potentials were applied to Ta electrodes. b, CV presented in 

semilogarithmic scale. Here, the oxidation current density peaks are more pronounced, compared 

to Hf vs. Ta, Ta vs, Ta and Zr vs. Ta (see Fig. 2f and Supplementary Fig. 18).   
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Supplementary Fig. 18. Cyclic voltammograms in ohmic memristive systems. a,b, 

Hf/Ta2O5/Ta. c,d,: Ta/Ta2O5/Ta. e,f,: Zr/Ta2O5/Ta. The CVs are presented in linear scale in a, b and 

c. In panels b, d and f the CVs are presented in semilogarithmic scale.   



 

 

22 

 

 

 

Supplementary Table 2: Standard electrode potentials. This table summarizes the standard 

electrode potentials E°  (with respect to standard hydrogen electrode) of redox systems. The 

standard electrode potentials are taken from Ref.22. 

 

Half-cell reaction E°/V 

Pt2+/Pt [Pt(OH)2 + 2e– ⇌ Pt + 2OH–] 0.14 

Pt4+/Pt [PtO2 + 4H+ + 4e– ⇌ Pt+ 2H2O] 1.00 

Pt4+/Pt2+ [PtO2 + 2H+ + 2e– ⇌ PtO+ H2O] 1.01 

Pt2+/Pt [Pt2+
 + 2e– ⇌ Pt] 1.18 

Pt2+/Pt [PtOH+
 + H+ + 2e– ⇌ Pt + H2O] 1.2 

Pt6+/Pt4+ [PtO3 + 4H+ + 2e– ⇌ Pt(OH)2
2+ + H2O] 1.5 

Pt6+/Pt4+ [PtO3 + 2H+ + 2e– ⇌ PtO2+ H2O] 1.7 

Cu+/Cu [Cu2O + H2O + 2e– ⇌ 2Cu + 2OH–] –0.360 

Cu2+/Cu [Cu(OH)2 + 2e– ⇌ Cu + 2OH–] –0.222 

Cu2+/Cu+ [2Cu(OH)2 + 2e– ⇌ Cu2O+ 2OH–
 + H2O] –0.080 

Cu2+/Cu+ [Cu2+
 + e– ⇌ Cu+] 0.153 

Cu2+/Cu [Cu2+
 + 2e– ⇌ Cu] 0.3419 

Cu+/Cu [Cu+
 + e– ⇌ Cu] 0.521 

Cu3+/Cu2+ [Cu2O3 + 6H+ + 2e– ⇌ 2Cu2+ + 3H2O] 2.0 

Cu3+/Cu2+ [Cu3+
 + e– ⇌ Cu2+] 2.4 

Hf4+/Hf [Hf4+ + 4e– ⇌ Hf] –1.55  

Hf4+/Hf [HfO2
 + 4H+ + 4e– ⇌ Hf + 2H2O] –1.505  

Hf4+/Hf [HfO2+ + 2H+ + 4e– ⇌ Hf + H2O] –1.724  

Hf4+/Hf [HfO(OH)2
 + H2O + 4e– ⇌ Hf + 4OH–] –2.50 

Ta3+/Ta [Ta3+ + 3e– ⇌ Ta] –0.6 

Ta5+/Ta [Ta2O5 + 10H+ + 10e– ⇌ 2Ta + 5H2O] – 0.75 

Zr4+/Zr [Zr4+ + 4e– ⇌ Zr] –1.45 

Zr4+/Zr [ZrO2 + 4H+ + 4e– ⇌ Zr + 2H2O] –1.553 

Zr4+/Zr [ZrO(OH)2 + H2O + 4e– ⇌  Zr + 4OH–] –2.36 
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Supplementary Fig. 19. Temperature-dependent electrical characteristics in ohmic 

memristive devices. a, LRS currents show linear dependence on the voltage under various 

temperatures. b, HRS currents show linear dependence on the voltage under various temperatures. 

c, Fitting of HRS current using Schottky-emission model, the nonlinear curves indicate the current 

transport does not follow Schottky-emission mechanism. The voltage sweep range is between -50 

mV to 50 mV, same as that in panels a and b.  
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Supplementary Fig. 20. Additional TEM image showing the filament formation. a, Formation 

of the Ta conduction channel at the cathode (Hf) interface. The conduction channel grows toward 

the anode (Ta) under the applied electrical potential. Scale bar, 4 nm. b, Formation of the O-

deficient (Ta-rich) clusters when the top Hf electrode was positively biased. The ohmic electrode 

Hf scavenges oxygen (O2−) from the oxide and the IrO2 layer (see Fig. 3k and Supplementary Fig. 

23), generating oxygen vacancies at the cathode (Ta) interface. Scale bar, 2 nm. 
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Supplementary Fig. 21. SET kinetics measurement. This figure shows temporal current 

response under applied pulse voltage. The tSET (width of the black arrow) is defined as the time 

difference between the half of the SET pulse rising edge and the half of the SET current rising 

edge.  

 

 

 

 

 

 
 

Supplementary Fig. 22. Resistive switching in Cu/Ta2O5/Ta based memristive device. a, 

Typical ECM-type resistive switching when using Cu as active electrode. The forming and SET 

operations were realized by applying positive voltages to Cu electrode. Inset: forming I-V curve 

b, ECM-type resistive switching observed when a negative voltage was applied to Cu (positive to 

Ta) in forming and SET operations. Inset: forming I-V curve.  
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Supplementary Table 3: Comparison of working mechanisms between ECM, VCM and 

ohmic (FCM) memristive devices. (Abbreviation: AE, active electrode; IE, inert electrode; OE, 

ohmic electrode; SE, Schottky electrode) 

Device 

type 
Structure 

Mobile 

specie(s) 

Filament 

type 
Resistance change LRS HRS 

ECM 

AE/Oxide/IE 

 

(e.g. Cu/SiO2/Pt 

Metal cation  Metallic  
Metallic filament  

formation/dissolution  

Metallic 

filament 

Filament dissolved 

completely 

VCM 

OE/Oxide/SE 

 

(e.g.Ta/Ta2O5/Pt) 

Oxygen 

anion 

(oxygen 

vacancies)  

Reduced 

oxide 

 

Consists 

of Plug 

and Disc 

Shift of oxygen 

vacancies in/out of the 

Disc and related 

Schottky barrier 

height change 

Reduced 

interfacial 

barrier height 

Increased interfacial 

barrier height 

FCM 
OE/Oxide/OE 

(Ta/Ta2O5/Hf) 

Metal 

cation, 

oxygen 

anion 

Reduced 

oxide 

Change of filament 

conductivity due 

oxidation and length 

change and thus, the 

resistance 

Filament of 

reduced oxide 

Filament (partially) 

oxidized and with 

reduced length 

 



 

 

27 

 

 

 

 
 

Supplementary Fig. 23. Additional cross-sectional TEM images and EDS profiling. The 

presented TEM images show the formation of O-deficient clusters at the Ta/Ta2O5 interface. The 

EDS line scan results shown on the right depict the concentration of the Ta and O elements. It can 

be seen that the cluster regions exhibit a substantial decrease of the O concentration. Scale bars, 

10 nm.   
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Supplementary Fig. 24. Multiple oxygen-deficient filaments within the oxide layer. Scale bar, 

10 nm. 
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Supplementary Fig. 25. Three different tasks (MNIST23, F-MNIST24, K-MNIST25) for testing 

the neural-networks continual learning capacity. 
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Supplementary Fig. 26. Weights mapping for part of the hidden layer, including the float-

point and binary-value format.  
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Supplementary Fig. 27. Calculation process for the metaplasticity-inspired neural network. 

a, Schematic of the forward and backward procedure in the neural network computation process, 

where the binary-value weights are adopted for inference and the analog-value hidden weights are 

updated with a nonlinear function and gradients. b, The nonlinear function fmeta whose variables 

include hyperparameters m and analog-value weights Wh. fmeta can be written as: 𝒇𝒎𝒆𝒕𝒂 = 𝟏 −
𝐭𝐚𝐧𝐡(𝒎 × 𝑾𝒉) 
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Supplementary Fig. 28. Hardware architecture for implementing metaplasticity-inspired 

continual learning and digital baseline performances of the continual learning. a, The fully-

connected neural network structure was kept as 784-500-200-10, in which the numbers of neurons 

in the two hidden layers were set as 500 and 200, respectively, due to the size of datasets, the 

numbers of neurons in the input layer and output layer were fixed at 784 and 10, respectively. 

There are two kinds of memristor arrays, which are both based on the novel ohmic memristors. To 

represent the positive and negative weight values, the differential structure is employed, in which 

two devices correspond to one weight in the neural network. Considering the time-consuming 

programming procedures of analog weights, the hidden buffer module is set for storing the value 

of the hidden weights temporarily, once the training processes for the new tasks are finished, the 

analog weight module will get programmed from the hidden weight buffer. b, Network 

performances with the digital float-point weights used for training, in which all the weights are 

implemented at the software and other neural parameters are kept the same with the following 

simulated hardware-implemented neural network. 
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Supplementary Fig. 29. The quantized details between the devices’ conductances and neural 

network’s weight values. For taking the measured devices’ weights into the neural network 

model, the real weights samples from N(273.8µS,(39.88µS)2), which is the statistics in 

Supplementary Fig. 6. The hidden weights samples from U(Wmin, Wmax), the uniform distribution 

is controlled by the feedback programming method. Both for the real weights and hidden weights, 

the linear scale factor λ is adopted to better map the real device conductance into model weights, 

and the linear mapping of hardware parameters can ensure no difference in the final neural network 

results.  
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Supplementary Fig. 30 Network performance for different quantized bits precision within 

the same quantized bounds. a, The quantized bound was chosen at 1.5. b, The final weights 

distribution of the output layer (500 × 200) for the 2-bit and 3-bit precision.  
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Supplementary Fig. 31. Network performances for different quantized bounds at the same 

quantized bits. a, The quantized bits were chosen at 3. b, The final weights distribution of the 

hidden layer (500200) for the quantized bound of 0.1, 2.0 and 4.0, respectively.  
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Supplementary Fig. 32. The schematic of impact on cell updating when device is stuck at 

LRS. In the conventional VCMs, such as Ta/Ta2O5/Pt and Hf/Ta2O5/Pt, the device would be stuck 

at LRS after frequent  programming operations, then the cell weight will be fixed at ±1 or 0. With 

the interface engineering,  the ohmic memristor can better overcome this issue and is suitable for 

the continual learning application which requires more frequent network training and weights 

updating.  
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Supplementary Fig. 33. The schematic of impact on cell updating when device is stuck at 

LRS. Neural network performances for different epochs in training each task under the same 

failure ratio at 0.2%. 
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Supplementary Fig. 34. Comparison of neural networks performance. The schematic of 

impact on cell updating when device is stuck at LRS. The LRS and HRS distribution of 

conventional VCM (a) and ohmic memristor (b), in which the ROFF/RON ratio of ohmic memristor 

is larger than that of conventional VCM. c. The schematic of the overlap among multi-level 

conductance states in conventional VCM and ohmic memristor devices. d,e, Neural network 

performances for the conventional VCM and ohmic memristor under the same programming 

errors. f, The comparison of the final accuracies of different tasks for the conventional VCM and 

ohmic memristor. 
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Supplementary Fig. 35. The schematic of the parallel programming method for devices’ 

binary switching. To accelerate the binary programming, we employ the parallel programming 

method, in which a train of designed pulses are input from SL while the corresponding BL is set 

at a certain level and WL is set at VDD, the different polarity of voltage drop on each memristor 

cell will enable the device to set or reset. The parallel programming method ensures that device 

states only depend on the current waveforms and have no relation with previous states.  
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Supplementary Fig. 36. The effect of different line resistances and cell ratios on neural 

network performances. a, The schematic for programming binary weights and analog weights, 

in which the feedback write-verify method is implemented in analog programming, the final 

analog weight values include the line resistance, while the binary weight switching without 

feedback needs to be considered the effect of line resistances. b, The final accuracies of three tasks 

under different line resistances and cell ratios.   
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Supplementary Fig. 37. The final weight distributions of the hidden layer (500200) for the 

different programming errors at the standard variation of 0.01(a), 0.05(b), 0.10(c) and 0.15(d), 

respectively. 
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Supplementary Table 4: Summary of electrode and metal oxide deposition parameters. All 

deposition processes were conducted at room temperatures.  

 

RF Magnetron Sputtering (Cluster Tool 1000) 

Target (material) 
Sputter power  

(W) 

Pressure 

(bar) 

Ar flux 

(sccm) 

O2 flux 

(sccm) 

Rate 

(nm min−1) 

Hf 60 5 15 – ~20 

HfO2 13 10 15 – ~0.95 

Ir (IrO2) 30 3 20 2 ~18.3 

Pt 80 5 15 – ~30  

Ta 25 4 15 – ~5.5 

Ta (Ta2O5) 100 40 12 8 ~1.8 

Zr 60 5 15 – ~15 

 

DC Magnetron Sputtering (CS 500ES) 

Target (material) 
Sputter power  

(W) 

Pressure 

(bar) 

Ar flux 

(sccm) 

N2 flux 

(sccm) 

Rate 

(nm min−1) 

Pt 200 5.5 30 – ~69 

Ti (TiN) 200 1.1 27 3 ~7.4 

 

Electron beam evaporation (CS 500ES) 

Target Voltage (kV) Current (A) Pressure (bar) Rate (nm s−1) 

Cu ~8.43 ~0.2 1.2 0.01 
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