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Supplemental Material For 

Non-parametric Statistical Characterization of Electrical 

Characteristics in Nanoscale Conductive Filament Devices 
 

ABSTRACT This document serves as supplementary material for the paper "Non-Parametric Statistical Characterization of 

Electrical Characteristics in Nanoscale Conductive Filament Devices." It details experimental data for Ag, Ni, and Co 

conductive filament devices as well as VCM devices, which are not covered in the main text. The analysis includes 

calculations of the 50th percentile and its confidence intervals, quartiles, and IQR for these devices, alongside the Cu 

conductive filament devices discussed in the main text. Finally, it calculates some parameters for flash memory devices to 

support the comparative analysis between the two technologies outlined in the main text. 

 

1. Introduction 

This material provides supporting information for the 

calculations and discussions presented in the main text. Due 

to space constraints and to ensure a coherent narrative in the 

main text, only the dataset for Cu conductive filament 

devices is presented there. This supplemental document 

provides the corresponding data for Ag, Co, and Ni 

conductive filament devices, as well as for the valence 

change mechanism (VCM) devices discussed. After 

describing the non-parametric statistical methods employed, 

we report the 50th percentile confidence intervals, quartiles, 

and interquartile ranges (IQR) for all device types. Finally, 

we establish benchmark values for the Flash memory 

devices discussed in the main text.  

2. Experimental data for Ag, Ni, and Co conductive 

filament devices and VCM devices 

This section contains Tables S1–S3 as follows: Ag 

conductive filament device data (Table S1), Ni and Co 

conductive filament device data (Table S2), and VCM 

device data (Table S3). All parameter definitions are 

consistent with those in the main text and are not repeated 

here. 

 

 

Table S1. Characteristics of the Ag conductive filament devices 

Structure and  

switching layer  

MW 

/RLRS 

VF(V) 

/VRead 

VSet(V) 

/ISetmax 

VReset(V) 

/IResetmax 

Write 

pulse 

Erase 

pulse 

Retention(s) 

Endurance 

（cycles）  

Year 

/Ref. 

B:Ag/Ge0.3Se0.7/Ti/Pt 

 (Ag):50nm/NS 

105 

/1kΩ 

0.35 

/NS 

0.22V 

/1nA 

－0.06 

/1nA 
100μA 100μA NS /NS 

2007 

/[1] 

B:Ag/ZnO:Mn/Pt 

 (Ag):30nm/NS 

108 

/0.03 kΩ 

NO 

/0.1V 

0.6 

/5mA  

‒0.22 

/5mA 

3V5mA 

5ns 

‒3V5mA 

5ns 
107/100 

2009 

/[2] 

B:Ag/SiO2/Pt 

 (Ag):7nm/NS 

103 

/1 kΩ 

0.8 

/0.1V 

0.25 

/0.15mA  

－0.08 

/0.15mA  
/ / 

103 

/500 

2012 

/[3] 
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B:Ag/SiO2/Ta2O5/Pt 

 (Ag):6.5nm/NS 

103 

/1 kΩ 

NO 

/0.1V 

0.14~ 

0.24 

/0.15mA  

－0.06 

~ ‒0.14 

/0.15mA  

1.2V 

1ms 

‒1V 

1ms 

105 /103 

 

2012 

/[3] 

B:Ag/Ta2O5/Pt 

 (Ag):15nm/NS 

100 

/1 kΩ 

0.5 

/0.1 

0.2 

/0.15mA  

‒0.1 

/0.15mA  
/ / NS/500 

2020 

/[3] 

B:Ag/SiO2/ITO 

 (Ag):60nm/NS 

100 

/0.1 kΩ 

NO 

/0.1V 

3 

/1mA  

‒2 

/1mA 

5V200μA 

100ns 

‒10 V 

250μA 

100ns 

2×103 

/500 

2014 

/[4]  

B:Pt/ AgxTe1‒x/Al2O3/Si 

 (Ag):20nm/ 5bits 

1.8×103/0

.4 kΩ 

2 

/0.1V 

~1 

/1mA  

‒0.5 

/2mA  
/ / NS/500 

2015 

/[5] 

B:TiN/Ag/CuO/TiN 

 (Ag)：25nm/4bits 

127 

/0.5 kΩ 

NS 

/0.1V 

0.96 

/1mA 

‒1.5 

/1mA  

3V1mA 

100μs 

‒2V1mA  

100μs 
NS/105 

2015 

/[6] 

B:Ag/a-ZnO/Pt 

 (Ag):100nm/NS 

107 

/1 kΩ 

NO 

/0.1V 

0.15~ 

0.45 

/0.5m A 

‒0.23 

/0.8m A  

3V 20ns 

1mA 

‒3V 300ns 

1 mA 
107/100 

2016 

/[7]] 

B:Ag/NiOx/TiO2/FTO 

(Ag+Ni):100nm/NS 

103 

/0.8 kΩ 

NS 

/0.2V 

2 

/10mA  

‒1.8 

/12mA  
/ / 104/100 

2017 

/[8] 

B:Ag/SiO2/TiN 

 (Ag):36nm/NS 

10 

/1 kΩ 

‒5.5V 

/0.1V 

‒1.1 

/~7mA 

~0.75 

/~7mA  
/ / 

104(358K) 

/100 

2018 

/[9] 

B:Ag/ZrO2/WS2/Pt 

 (Ag):100nm/NS 

106 

/0.1 kΩ 

0.5V 

/NS 

0.16 

/0.5mA  

‒0.06 

/‒0.2mA  

0.8V 100ns 

3mA 

‒2.5V 

100ns 

1.5mA 

104(363K) 

/109 

2018 

/[10] 

B:Ag/HfOx:N(2sccm)/Pt 

 (Ag):50nm/NS 

5×108 

/1 kΩ 

NS/ 

0.1V  

0.2 

/0.1mA 

~0.07 

/40μA  

2V 50μs 

0.1mA 

‒0.25V 5μs 

10μA 
NS/106 

2019 

/[11] 

B:Ag/SiO2/Pt 

 (Ag):20nm/NS 

2.68×104 

/209 Ω 

2.35 

/NS 

0.86 

/1mA  

－0.67 

/3mA  
/ / NS/100 

2019 

/[12] 

B:Ag/Ge3.5Sb1.0Te5.5/TiN 

(Ag):200nm/2bits 

500 

/0.1 kΩ 

1V 

/0.1V 

0.5 

/0.1mA  

0.1V 

/0.03mA  
/ / 104/100 

2019 

/[13] 

B:Ag/a-BN/Pt 

 (Ag):5.5nm/NS 

15 

/0.4 kΩ 

NS 

/0.2V 

0.4 

/1mA 

‒0.45 

/1mA 

1V1mA 

50μs 

‒1.9V1mA 

50μs 
104/104 

2019 

/[14] 

B:Ag/a-BN/Pt 

(Ag):21.5nm/NS 

2×104 

/667Ω 

2.8 

/0.2V 

0.6 

/1mA 

‒0.4 

/1mA 

1V1mA 

500μs 

‒4.5V1mA 

500μs 
104/104 

2019 

/[14] 

B:Ag/SiO2:Ag/TiO2 /p++ 

Si;(Ag):105.8nm/NS 

60/  

0.167 kΩ 

NS 

/0.5V 

1.8 

/5mA  

‒3.5 

/5mA  
/ / 105/103 

2020 

/[15] 

B:Ag/DMcT-cc/TiO2NP/ 

FTO;(Ag):359nm/NS 

104 

/0.25 kΩ 

NS 

/0.1V 

‒1 

/10mA  

1 

/0.7mA  
/ / 

2×104 

/NS 

2020 

/[16] 

B:Ag/SnO2/Pt 

 (Ag):20nm/NS 

103 

/0.1 kΩ 

NS/0.1 

V1μs 

0.15 

/5mA  

‒0.25 

/5mA  

1V50μs 

5mA 

‒1V 50μs 

5mA  

2×104 

/104 

2020 

/[17] 

B: Ag/ SnO2/IGZO/Pt 

(Ag):20nm/NS 

103 

/17Ω 

NS 

/0.05V 

0.06 

/5mA  

－0.1 

/5mA 

0.6V 5mA  

50μs 

‒0.6V 5mA  

50μs 

2×104 

/105 

2020 

/[17] 
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U:Ag/IGZO/ SnO2 /Pt 

(Ag):20nm/NS 

103 

/50Ω 

NS 

/0.25V 

±1.5V 

/5mA  

±0.75V 

/5mA  

±2V 

50μs5mA 

±1V 

50μs5mA 

2×104 

/105 

2020 

/[17] 

B:Al/Ag/Al2O3/TiN 

 (Ag):20nm/NS 

6~8 

/1 kΩ 

3.6 

/0.1 

1.5 

/ 5mA 

‒0.4 

/ 1mA  
/ / 

3×103 

/103 

2020 

/[18] 

B:Al/Ag/Al2O3/TiN 

 (Ag):5nm/NS 

108 

/1~3 kΩ 

1.75 

/0.1 

0.8 

/5mA  

‒0..4 

/1mA  

1.5V 500μs 

1mA 

‒0.12 V 

500μs 5mA 

3×103 

/103 

2020 

/[18] 

B:Ag/MXene/SiO2/Pt 

 (Ag):130nm/NS 

103/ 

0.3 kΩ 

>0.2 

/0.01V 

0.2 

/1mA  

‒0.2 

/1mA  
/ / 

104 

/100 

2020 

/[19] 

B:Ag/NiO/ITO/PET 

（Ag）:30nm/5bits 

100 

/0.5 kΩ 

NO 

/0.1V 

0.75 

/1mA  

‒1.23 

/0.1mA  
/ / 

105 

/100 

2021 

/[20] 

B:Ag/HfO2/Pt 

 (Ag):4nm/NS 

100 

/1 kΩ 

0.72/ 

0.05V 

0.15 

/1mA  

‒0.15 

/1mA  

2.5V 5μs 

0.2mA 

‒1V 5μs 

0.2mA 

~105(423K) 

/108 

 

2021 

/[21] 

U:Ag/GeSe/Pt 

 (Ag):47nm/4bits 

1150 

/33Ω 

NO 

/0.1V 

±0.97 

/20mA 

±0.67 

/20mA  
/ / 

105/ 

104 

2022 

/[22] 

B:Ag/GeSe/Pt 

 (Ag): 6nm/6bits 

3.9 

/25Ω 

NO/ 

0.05V 

0.5V 

/20mA 

－0.4V 

/20mA  

0.5V 

30 μs 

－0.5V  

30μs 

5×104 

(358K)/ 104 

2022 

/[22] 

B:Ag/CuxO/SiOx/n-Si 

(Ag): 18nm/NS 

107 

/1.67 kΩ 

2.5 

/1V 

2.0 

/10mA 

‒3.0 

/10mA  
/ / 

2×104 

/1.2×104 

2022 

/[23] 

B:Ag/GeS/Pt 

 (Ag)：15nm/NS 

2×107/ 

0.266 kΩ 

~0.6 

/0.05V 

0.24 

/1mA  

‒0.66 

/1mA  
/ / 

5×104/ 

104 

2023 

/[24] 

B:Ag/IGZO/Pt 

 (Ag)：20nm/NS 

8×103/ 

10.5Ω 

1.6 

/0.05V 

1.0 

/5mA 

‒0.8 

/5mA 
/ / 

2×104/ 

104 

2023 

/[24] 

B:Ag/IGZO/GeS/Pt 

 (Ag)：20nm/NS 

106/ 

6.8Ω 

0.6 

/0.05V 

0.32 

/10mA  

‒0.54 

/50mA  

1V 

400ns 

‒2V 

400ns 

105 

(355K) /107 

2023 

/[24] 

B:Ag/Ta/Ag/AIN/Pt 

 (Ag):10nm/NS 

10 

/0.4 kΩ 

NS 

/0.2V 

0.8 

/1mA 

‒1 

/1mA  
/ / 

104/ 

100 

2023 

[25] 

B:Ag/Ta2O3/Au 

 (Ag):50nm/NS 

106 

/0.3 kΩ 

1.78 

/0.1V 

0.59 

/1mA  

‒0.58 

/10mA  
/ / 

103/ 

200 

2023 

/[26] 

B:Ag/Ta2O3/Al2O3/Au 

(Ag+Vo): 60nm/NS 

106 

/0.1 kΩ 

7 

/0.1V 

0.83 

/1mA 

‒0.64 

/1mA 
/ / 

104/ 

700 

2023 

/[26] 

B:Ag/VOx/Pt 

 (Ag):35nm/NS 

100 

/0.1 kΩ 

NO 

/0.05V 

0.23V 

/1mA  

‒0.07 

/0.5mA  

1.5V 1mA 

10 μs  

‒2V 1mA 

10 μs 

4×104/ 

8000 

2024 

/[27] 

B:Ag/SiO2/TiN 

 (Ag):20nm/NS 

400 

/0.5 kΩ 

NS 

/NS 

1.1V 

/100μA  

‒0.1V 

/100μA  

2.5V 

500ns 
/ 

3.6×105 

/50 

2024 

/[28] 

B:Ag/ ZrO2/ITO 

 (Ag):25nm/NS 

106 

/~2 kΩ 

4.7 

/0.2 

0.71 

/0.1mA  

‒0.991 

/0.3mA  
/ / / 

2024 

/[29] 

B:Ag/GeSe/ZrO2/ITO 

 (Ag):50nm 

107 

/3 kΩ 

2.5 

/0.2 

0.54 

/0.1mA  

‒0.47 

/0.1mA  
/ / 104/100 

2024 

/[29] 

B:Ag/NiO/ZrO2/ITO 

 (Ag):150nm/NS 

103 

/0.1 kΩ 

NS 

/0.1V 

2 

/1mA 

~‒0.4 

/5mA  
/ / 

3×104/ 

600 

2024 

/[30] 
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Table S2. Characteristics of the Ni and Co conductive filament devices 

Structure and  

switching layer 

MW 

/RLRS 

VF(V) 

/VRead 

VSet(V) 

/ISetmax 

VReset(V) 

/IResetmax 

Write 

pulse 

Erase 

pulse 

Retention(s) 

/Endurance 

(cycles)  

Year 

/Ref. 

U:Ni/HfOx/AlOy/SiOx 

/p+Si, (Ni):6.5nm/3bits 

105 

/0.9 kΩ 

3 

/0.2V 

>1.4 

/0.1mA  

>0.6 

/1mA  

>1.4V 

0.1mA 

10ns 

>0.6V 

1mA 

 30ns 

106 

/106 

2011 

/[31] 

U:Ni/a-HfOx /SiOx/n+Si 

 (Ni):4.4nm 

104 

/0.4 kΩ 

3 

/NS 

2.1 

/0.1mA 

1.1 

/0.8mA 

3.8V, 3.8/ 

0.5=7.6mA 

50ns 

2.8V 

 50ns 

105(423K) 

/105 

2011 

/[32] 

U: Ni/HfOx/p+Si 

 (Ni):3nm 

103 

/<10 kΩ 

NS 

/0.2V 

1. 5~2.4 

/0.1mA  

1.5~1.9 

/1mA  

1.5V 

0.1mA 

50ns  

2.1V 

1mA 

 50ns 

105(393K) 

/103 

2011 

/[33] 

B:Ni/TaOx/Ta/TaOx/NiSi 

(Ni):22nm 

102 

/0.1kΩ 

4.42 

/NS 

3 

/10mA 

‒0.7 

/10mA 
/ / 

NS 

/200 

2012 

/[34] 

B: Ni/HfO2/Pt 

 (Ni):20nm 

8.2×108/

196.86Ω 

NO 

/0.1V 

5.12 

/NS 

‒1.19 

/NS  
/ / 

103 

/ NS 

2012 

/[35] 

U: Ni/HfOx/n+Si 

 (Ni):4nm 

103 

/2 kΩ 

3 

/0.5V 

2.4 

/0.1mA  

1.6 

/1mA 
/ / 

105(423K) 

/103 

2013 

/[36] 

B: Ni/ZrO2/Pt 

 (Ni):40nm 

>!06 

/0.1 kΩ 

9 

/0.1V 

2 

/10μA 

‒0.7 

/10mA  
/ / / 

2013 

/[37] 

B: Ni/ZnO/Pt 

 (Ni):90nm 

8.5/ 

0.018 

kΩ 

7.2 

/0.1V 

0.9 

/NS 

‒0.7 

/NS 
/ / / 

2014 

/[38] 

B: Ni/ZnO/Ni 

 (Ni):90nm 

13 

/0.02 kΩ 

7.1 

/0.1V 

1.1 

/30mA 

‒0.6 

/NS 
/ / 104/20 

2014 

/[38] 

U: Ni/HfO2/n+Si 

 (Ni):20nm 

104 

/~8 kΩ 

NS 

/0.8V 

3V 

/0.1mA  

0.8 

/1mA 
/ / 

NS 

/2000 

2014 

/[39] 

B:Au/Ni/NH3treated 

TaOx/NiSi 

(Ni):20nm 

104 

/0.01 kΩ 

Yes 

/0.1V 

4.18 

/10mA 

‒0.82 

/10mA  
/ / 

2×104 

/100 

2015 

/[40] 

B: Ni/Ta2O5/Si 

 (Ni):13nm 

103/ 

0.167 

kΩ 

6.2 

/0.5 

5.1V 

/NS 

‒2.8V 

/NS  

9V 0.2ms 

12.5mA/ 

‒8V 0.2ms 

10mA 

105(360K) 

/103 

2015 

/[41] 

U: Ni/a-HfO2/Pt 

 (Ni):4nm 

NS/ 

0.066 

kΩ 

NS 

/0.1V 

0.55 

/4mA 

‒0.5 

/4mA 
/ / 

NS 

/NS 

2015 

/[42] 

U: Ni/ HfO2/Pt 

 (Ni):10nm 

100 

/1 kΩ 

Yes 

/0.1V 

1.9 

/0.1mA  

1.3 

/1mA 
/ / 

NS 

/60 

2015 

/[43] 

B: Ni/HfOx/Pt 

 (Ni):3.3nm 

8/0.3~ 

0.4 kΩ 

0.7 

/0.1V 

1 

/1mA 

‒0.5 

/1.6mA  
/ / 

NS 

/60 

2015 

/[44] 
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B:Ag/NiOx/TiO2/FTO 

 (Ag+Ni):100nm 

103 

/0.8 kΩ 

NS 

/0.2V 

2 

/10mA 

‒1.8 

/12mA  
/ / 

104 

/100 

2017 

/[8] 

B:Au/Ni/TaON-N21.5 

/NiSi, (Ni):20nm 

104 

/0.04 kΩ 

Yes 

/1V 

1.6~4 

/10mA 

‒0.9~ ‒

1.5/10m

A 

/ / 
5×104 

/NS 

2018 

/[3] 

B: Pt/Cr/Ni/MgO/Ni 

 (Ni):10nm 

>100 

/50Ω 

NO 

/0.1V 

1.0 

/12mA 

‒0.6 

/12mA  
/ / 

104 

/100 

2019 

/[45] 

B: Ni/SiO2/Pt 

 (Ni):30nm 

>103 

/0.1 kΩ 

NO 

/‒0.2V 

>3 

/50μA 

‒0.5 

/20mA  

3V 2μs 

10mA 

2V 5μs 

10.5mA 

2500 

/50 

2021 

/[46] 

B:Co/NiO/Pt 

 (Co):55nm 

102~103 

/0.1 kΩ 

NS 

/NS 

1.2 

/10mA 

‒1 

/10mA  
/ / 

NS 

/100 

2014 

/[47] 

U: Co/NiO/Pt 

 (Co):55nm 

102~103 

/0.1 kΩ 

NS 

/NS 

‒1.5 

/10mA  

‒0.8 

/20mA 
/ / 

NS 

/100 

2014 

/[47] 

B: Co/a-HfO2/Pt 

 (Co):4nm 

NS 

/NS 

NS 

/NS 

2.3 

/0.1mA  

‒1.4 

/1mA  

6V25ns 

/NS 
/ 

NS 

/NS 

2017 

/[48] 

B: Co/HfO2/Pt 

 (Co):30nm 

103 

/0.4 kΩ 

NS 

/0.1V 

1 

/0.1mA  

‒0.5V 

/1mA  
/ / NS/103 

2017 

/[49] 

B: Co/Al2O3/TiN 

 (Co):3nm 

3×103 

/20 kΩ 

3.8 

/NS 

2 

/ 50μA 

‒1 

/50μA 

3.5V 

50μA 

100ns 

‒1.3V 

50μA 

5μs 

3600 

(458K)/104 

2019 

/[50] 

B: Co/Ta/GeSe/TiN 

 (Co):23nm 

~103 

/100 kΩ 

2.5 

/0.1 

3.5  

/NS 

‒2 

/NS 
/ / 

3600 

(458K)/103 

2019 

/[50] 

B: Co/LaSiO/TiN 

 (Co):5nm 

200 

/20 kΩ 

Yes 

/NS 

1.5 

/0.1mA 

‒0.5 

/0.1mA  

3.5V  

50μA 

100ns 

‒1.5V 

50μA 

 100ns 

3600 

(458K)/107 

2020 

/[51] 

B: Pt/Ta2O5/Co70Cu30 

 (Co):7nm 

20/ 

0.6 kΩ 

2 

/0.2V 

0.7 

/1mA 

‒0.5 

/1mA 

1.5V 70ns 

2.5mA 

‒1.6 V 

480ns 

3mA 

NS 

/100 

2023 

/[52] 

B: Pt/Ta2O5/Co 

 (Co):7nm 

102 

/0.7 kΩ 

2.3 

/0.2V 

1.5 

/1mA 

‒0.3 

/1mA  

1.5V 130ns 

2.5mA 

－1.6V 

920ns 

2.5mA 

NS 

/100 

2023 

/[52] 

B:W/Co/SiOx/TiN 

 (Co):10nm 

100 

/50K 

5 

/NS 

2 

/10μA 

‒2 

/10μA  

8V 100ns 

12.5mA 
NS 

105 

/109 

2023 

/[53] 

B: Co/HfSiO/W 

(Co):3nm 

103 

/10 kΩ 

5 

/‒0.1 

2.5 

/0.05mA  

‒0.5 

/0.2mA  
/ / 

NS 

/105 

2024 

/[54] 

B: Co/HfSiO/W 

(Co):5nm 

103 

/10kΩ 

6.5 

/‒0.1 

3.2 

/0.05mA  

‒0.5 

/0.2mA  

3.8V 

50μA 

200ns 

‒1.5V 

50μA 

 8μs 

NS 

/105 

2024 

/[54] 

B:Co/HfSiO/LaSiO/W 

 (Co):6~8nm 

100 

/6 kΩ 

NS 

/NS 

NS 

/NS 

NS 

/NS 

4.2V 

50μA 

8μs 

‒1.6V 

50μA 

12μs 

NS 

/105 

2024 

/[54] 
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B:Co/LaSiO /HfSiO/W 

(Co):6~8nm 

103 

/6 kΩ 

NS 

/NS 

NS 

NS 

NS 

/NS 

3.7V 

50μA 

400ns 

‒0.8V 

50μA 

3μs 

NS 

/105 

2024 

/[54] 

*The number of multilevel samples for Ni and Co filament devices is too small to be included in the statistics. 

 

Table S3. Characteristics of the VCM devices 

Structure and  

switching layer 

MW 

/RLRS 

VF(V) 

/VRead 

VSet(V) 

/ISetmax 

VReset(V) 

/IResetmax 

Write 

pulse 

Erase 

pulse 

Retention(s) 

/Endurance 

(cycles)  

Year 

/Ref. 

U: Pt/ZnO/Pt 

 (Vo):100nm /NS 

104 

/16Ω 

3.3 

/0.1V 

‒2 

/0.05A 

‒1 

/0.03A  
/ / NS/>102 

2008 

/[55] 

U: Al/AlxOy/Al 

 (Vo):10nm /NS 

≥104 

/33Ω 

～3.5 

/0.1V 

2.3 

/20mA 

0.4 

/1μA 
/ / 

104(358K)/ 

~104 

2008 

/[56] 

B:Tin/ZnO/Pt 

 (Vo):30nm/NS 

25 

/0.2 kΩ 

NO 

/0.5V 

50ns 

1.2 

/6mA 

‒0.6 

/6mA 

4V4.5mA 

10ns 

‒4V4.5mA 

40ns 

NS 

/ NS 

2008 

/[57] 

B: Ti/MnO2/Pt 

 (Vo):80nm/NS  

50 

/20Ω 

NS 

/0.2V 

0.7 

/5mA 

‒1.1  

/5mA 

1.5V5mA 

10ms 

‒1.5V5mA 

10ms 

>104(358K) 

/>105 

2009 

/[58] 

B: Ta/TaOx/Pt 

 (Vo) ~12nm/NS 

~10/ 

~0.12 

kΩ 

0.875 

/NS 

0.6 

/0.1mA  

‒0.6 

/0.1mA  

1.9V 

1μs 

‒2.2V 

1μs 
~107/109 

2010 

/[59] 

B: Au/ZnO/ITO 

 (Vo):20nm/5bits 

330 

/60Ω 

NS 

/0.55V 

‒2 

/20mA 

1.5 

/35mA  
/ / 

104/ 

120 

2011 

/[60] 

B: Pt/ZnO/Pt 

 (Vo):25nm/NS 

250 

/0.2 kΩ 

4.0 

/0.1V 

1.20 

/3mA 

‒0.5 

/3mA 

1.2V3mA 

1ms 

‒0.9V3mA 

1ms 

106 

/106 

2012 

/[61] 

B:Ta/TaOx/TiO2/Ti 

 (Vo):20nm/4bits 

20 

/100 kΩ 

NO/‒ 

2V1μs 

5 

/10nA 

‒4~‒6 

/70μA 

6V60μA 

50ns 

‒5.5V60μA 

50ns 

>104 

/>1012 

2013 

/[62] 

B: Ni/HfOx/n+Ge 

 (Vo):4nm/NS 

104 

/2 kΩ 

3.5 

/0.5 

2.5 

/0.1mA  

‒1.5 

/3mA 
/ / 104/120 

2013 

/[63] 

B: Al/Ta2O5/Pt 

 (Vo):25nm/NS 

50 

/0.8 kΩ 

NS 

/NS 

0.8 

/1mA 

‒1.1 

/2mA 
/ / NS/100 

2013 

/[64] 

B: Ti/Ta2O5/Pt 

 (Vo):25nm/NS 

200 

/0.5 kΩ 

NS 

/NS 

1.0 

/1mA 

‒1.2 

/4mA 
/ / NS/100 

2013 

/[64] 

B: Zr/Ta2O5/Pt 

 (Vo):25nm/NS 

140 

/0.5 kΩ 

NS 

/NS 

3.2 

/1mA 

‒2.4 

/10mA  
/ / NS/100 

2013 

/[64] 

B: TiN/HfO2/Pt 

 (Vo):24.7nm/NS 

106 

/1 kΩ 

NO 

/0.5V 

6 

/50μA 

‒3.5~ ‒

4/30μA  
200ns 

‒2.4 V 

500ns 

0.24m A 

104(398K) 

 /NS 

2014 

/[65] 

B: Pt/AlOδ/Ta2O5‒x/TaOy 

/Pt, (Vo):56nm/4bits 

103 

/1 kΩ 

‒1.8 

/0.1V 

‒1.2 

/1mA 

1.9 

/3mA 

‒1.9V 1mA 

100ns 

2.3V 3mA 

100ns 

104(398K)  

/1010 

2014 

/[66] 
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U: Au/ZnOxS1‒x/Al 

LZnOxS1‒x(Vo):40nm/NS 

106 

/~30Ω 

Yes 

/0.2V 

2.5 

/1mA 

0.5 

/30mA  
/ / 104/100 

2014 

/[67] 

B: W/Ta/TaOx/Pt 

 (Vo): 7nm/3bits 

~102 

/2.5 kΩ 

1/ 

0.2 V 

0.5～0.8 

/30μA 

‒0.5 

/200μA  
/ / 

>104(358K) 

/>108 

2015 

/[68] 

B:Ti/ HfO2/O2-HfO2 

/TiN, (Vo):10nm/NS 

103 

/1.5 kΩ 

5.5 

/0.3V 

1 

/0.5mA 

‒1 

/0.5mA  

3.5V  

0.5mA30ns 

‒3V 0.5mA 

30ns 

104(398K) 

/1010 

2015 

/[69] 

B:Ti/TiO2Np/Ta2O5/Au 

 (Vo):30nm/NS 

36 

/17Ω 

NO 

/0.5V 

0.7 

/100mA  

‒0.7 

/100mA  
/ / NS/40 

2015 

[70] 

B: Al/Al10%ZnO/Mo 

 (Vo):20nm/NS 

100 

/0.15~ 

0.3kΩ 

NS 

/0.1V 

1.0 

/10mA 

‒0.5 

/0.5mA  

2V ~300μs 

~5mA 

‒2V 0.7μs 

~0.1mA 

104 

/100 

2015 

/[71] 

B: ITO/a-TiOx/AgNPs 

/TiOx/a-AlTiOx/FTO 

 (Vo): 24nm/NS 

300 

/16 kΩ 

NO 

/‒0.1V 

-0.36± 

0.11 

/20μA  

0.14± 

0.07 

/5μA 

/ / 
104 

/>100 

2016 

/[72] 

B: W/Ti/TiOx/MgO/Ru 

TiOx:3nm 

 (Vo):20+3nm 

21 

/2 kΩ 

NO 

/0.3V 

0.87 

/1mA 

‒0.9 

/1mA 

1.4V 

30ns 

‒1.8V 

60ns 

3.5×103 

/109 

2016 

/[73] 

B: TiN/Ti/TiO2-x/Pt NCs/ 

TiO2-x /Au, 

(Vo):45nm/3bits 

~105 

/10 kΩ 

NO/ 

1V10m

s 

2 

/0.2mA 

‒1.5 

/0.2mA  

4V 0.2mA 

100ns 

‒2.5V 

0.2mA 

100ns 

105 

/105 

2016 

/[74] 

B: Pt/TaOx/Ta 

 (Vo):~35nm/3bits 

20 

/2 kΩ 

NO 

/NS 

1 

/1mA 

‒1 

/1mA 

1.3V 

200ns 

‒1.6V 

500ns 

~106(423K) 

/108 

2016 

/[75] 

B: Al/WO3/Pt 

 (Vo):170nm/NS 

30 

/50Ω 

~3.2 

/0.1V 

1 

/30mA 

‒1 

/30mA  

1.3V 100ns 

6mA 

‒2V 140ns 

6mA 

3×104 

/200 

2016 

/[76] 

B: Cu/WO3/Pt 

 (Vo):170nm/NS 

10 

/0.5 kΩ 

~3.7 

/0.1V 

0.8 

/3mA 

‒1.3 

/3mA 

2V 150ns 

0.32mA 

‒2 V 400ns 

0.32mA 

3×104 

/150 

2016 

/[76] 

B: Pt/WO3/Pt 

 (Vo):170nm/NS 

7 

/14.3Ω 

~7 

/0.1V 

1.7 

/10mA  

‒2.2 

/10mA  

2.5V 400ns 

7mA 

‒2V 550ns 

7mA 

3×104 

/200 

2016 

/[76] 

B :Pt/Ta2O5/Ta/Pt 

 (Vo):7nm/NS 

40 

/0.4 kΩ 

1.84 

/0.1V 

0.5 

/1mA 

‒0.5 

/1mA 

1.2V 45ns 

1.3mA  

‒2 V 100ns 

1mA 

NS 

/ NS 

2016 

/[77] 

B: Pt/Ta2O5/W/Pt 

 (Vo):7nm/NS 

550 

/0.4 kΩ 

2.21 

/0.1V 

0.7 

/1mA 

‒0.7 

/1mA 

1.4V 1.5mA 

100ns 

‒2V 1mA 

100ns 

NS 

/NS 

2016 

/[ 77] 

B: Pt/W/TaOx/Pt 

 (Vo):7nm/3bits 

103 

/0.4 kΩ 

1.7 

/0.1V 

1.0 

/1mA 

‒1 

/1mA 
NS 

‒1.6 V 

1μs 

104(398K) 

 /106 

2016 

/[78] 

B: Pt/Ta/TaOx/Pt 

 (Vo):7nm/NS 

102 

/0.4 kΩ 

1.9 

/0.1V 

0.75 

/1mA 

‒1 

/1mA 
NS 

‒1.6 V 

1μs 

104(398K)  

/106 

2016 

/[78] 

B: Au/Al-ZnO/FTO 

 (Vo):300nm/NS 

100 

/0.1 kΩ 

6.5 

/NS 

2.7 

/10mA 

‒2.5 

/10mA  
/ / 103/100 

2016 

/[79] 

B: Ti/HfAlOx/Pt 

 (Vo)：6.5nm/NS 

100 

/0.75 kΩ 

3.75 

/0.5V 

1.3 

/1.7mA  

‒1.8 

/1.7mA  
/ / 7200/105 

2017 

/[80] 
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B: Ti/Al2O3/Pt 

(Vo)：6.5nm/NS 

20 

/0.7 kΩ 

3.85 

/0.5V 

1.3 

/5mA 

－1.3 

/3.2mA  
/ / 7200/104 

2017 

/[80] 

B:Al/Mn1%:NiO/ITO 

(Vo):120nm/NS 

106 

/0.1 kΩ 

4.5 

/1V 

3.1 

/1mA 

‒2.5 

/1mA 
/ / 104/100 

2017 

 / [81] 

B: Ag/NiO/Pt 

 (Vo):50nm/NS 

102 

/0.3 kΩ 

1.25 

/0.1V 

0.5 

/1mA 

‒0.5 

/1mA 
/ / 105/100 

2018 

/[82] 

B: Ti/HfO2/TiN 

 (Vo):10nm/NS 

10 

/10 kΩ 

2.9 

/0.1V 

0.5V 

/15μA  

~ ‒0.4 

/3μA  

1V 10μA 

2μs 

‒1.2V  

500μs 

104(380K)  

/107 

2018 

/[83] 

B: ITO/a-TiO2/Pt 

 (Vo):7.5nm/NS 

200/ 

30~40Ω 

4.15 

/0.1V 

0.6 

/10mA 

‒0.5 

/10mA  
/ / 104/100 

2018 

/[84] 

B: ITO/Zn2TiO4/Pt 

 (Vo):67.69nm/2bits 

~102 

/0.4 kΩ 

～0.65 

/0.1V 

0.6 

/1mA 

‒0.6 

/5mA 
/ / 104/>500 

2018 

/[85] 

B: Ag/MnO/Ta2O5/Pt 

 (Vo):60nm/NS 

106 

/3 kΩ 

NO 

/0.2V 

0.8 

/0.2mA  

‒1.1 

/0.2mA  
/ / 104/100 

2018 

/[86] 

B:Pd/HfOx/Au NCs/ 

HfOx/TiN/NS 

 (Vo):16nm 

~103 

/2 kΩ 

5.25/ 

0.2V 

1.2 

/200μA  

‒1.05 

/200μA  

2.2V 100ns 

4mA 

‒2.2 V 

150ns 

4mA 

>104(358K) 

/108 

2018 

/[87] 

B: Pd/HfOx /TiN  

 (Vo):16nm/NS 

~103 

/2 kΩ 

9.8/0.2

V1μs 

1.8 

/200μA  

‒1.55 

/1mA 

3V 1.5μs 

6mA 

‒3V 1.5μs 

6mA 

>104(358K) 

/106 

2018 

/[87] 

B:TaN/CeO2－x/TiO2/Pt 

(Vo):15nm 

25 

/0.4 kΩ 

1.5 

/0.2V 

1~1.4 

/1mA 

‒0.7 

/1mA 
/ / 104/103 

2019 

/[88] 

B: TaN/ CeO2－x /Pt 

(Vo):5nm/NS 

30 

/0.7 kΩ 

2.5 

/0.2V 

0.5 

/10mA 

－2 

/60mA  
/ / 

2×103 

/300 

2019 

/[88] 

B:TiN/(HfO2/ZrO2)×2/Pt 

 (Vo):16nm/NS 

7-8 

/100 kΩ 

－8.7 

/0.5V 

－0.9 

/0.1mA  

1.4 

/0.1mA  

3V 0.1s 

75μA 

‒3V 0.1s 

75 μA 

105 

/100 

2020 

/[89] 

B: Pt/GA2O3/ZnO/Pt 

 (Vo):10.5nm/NS 

40 

/0.3 kΩ 

4 

/0.1V 

2~2.5 

/0.5mA  

‒0.5 

/1mA 
/ / 104/100 

2020 

/[90] 

B: Pt/Ta/TaOx/Pt 

 (Vo):10nm/NS 

20 

/2 kΩ 

2.6 

/0.1V 

0.7 

/0.5mA  

‒1 

/0.5mA  
/ / 

105(358K) 

/4.5×108 

2021 

/[91] 

B: Pt/Ta/TaOx:Zr/Pt 

 (Vo):10nm/NS 

>20 

/2 kΩ 

1.5 

/0.1V 

0.7 

/0.5mA  

‒0.6 

/0.5mA  
/ / 

107(358K) 

/2.9×1010 

2021 

/[91] 

B: Pt/Ta/ZrO2/Pt 

 (Vo):5nm/NS 

>10 

/0.2 kΩ 

NS 

/0.2V 

0.9 

/0.34mA  

‒0.8 

/0.3mA  
/ / 

NS 

/8×105 

2021 

/[ 92] 

B: Pt/HfOx/Polydopamine 

/Ag NPs/Ti, (Vo or weak 

metal) :5nm/NS 

100 

/0.2 kΩ 

Yes 

/0.1V 

0.5 

/1mA 

‒0.7 

/1mA 

0.9V 

70ns 

‒1.3V 

70ns 

104(358K) 

 /103 

2021 

/[93] 

B: Ti/HfOx/Cu/HfOx/Pt 

(Vo+Cu):20nm/NS 

~33 

/50Ω 

0.43 

/0.05V 

0.16 

/10mA 

‒0.14 

/7mA 

0.17V 

82ns 
/ 104/200 

2021 

/[94] 

B: Ta/Ta2O5/ZrO2/Pt 

 (Vo):12nm/5bits 

100 

/0.2 kΩ 

2.6/0.2 

V10μs 

0.99 

/1mA 

‒0.64 

/1mA 

1.5V 1mA 

10μs 

‒2V 1mA 

10μs 
104/105 

2021 

/[95] 
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B: Ta/ ZrO2/Pt 

 (Vo):10nm/NS 

103 

/0.2 kΩ 

3.2 

/0.2 

0.82 

/1mA 

‒0.67 

/1mA 
/ / NS/100 

2021 

/[95] 

B: W/TiO2/HfO2/TaN 

 (Vo):10nm/NS 

10 

/3.3 kΩ 

5 

/0.2V 

0.6 

/100μA  

‒0.6 

/100μA  

1V 

10μs 

‒1V 

10μs 

104(398K) 

 /107 

2022 

/[96] 

B:Au/HfO2/Al-ZnO/HfO2 

/ITO, (Vo):100nm/5bits 

104 

/0.3 kΩ 

4.4 

/0.45V 

0.65 

/1mA  

‒1.34 

/1mA 
/ / 

104(353K) 

 /102 

2022 

/[97] 

B: ITO/WOx/ITO 

 (Vo):15nm/NS 

6 

/1 kΩ 

－5/ ‒

0.2V 

－1.9 

/0.2mA  

2 

/0.2mA  

1.5V 

10μs 

2V 

10μs 
104/300 

2022 

/[98] 

B: Pt-Aumin/NbOx/W 

 (Vo):106nm/NS 

1200/ 

~0.06 

kΩ 

Yes 

/NS 

1.3 

/5mA 

‒0.59 

/5mA 
/ / NS/350 

2024 

/[99] 

B: Au/ZrO2/ITO 

 (Vo):25nm/NS 

100 

/3 kΩ 

4.8 

/0.2V 

1.66 

/0.5mA  

‒1.55 

/0.5mA  
/ / 103/500 

2024 

/[29] 

B: Ag/TiOxNy/Ga2O3/Pt 

 (Ag+Vo):33.97nm/7bits 

106 

/0.2 kΩ 

NO 

/0.05V 

0.17 

/1mA 

‒0.057 

/0.2mA  
/ / 104/50 

2024 

/[100] 

3.Quartile and IQR analysis 

Using the data from Table 1 in the main text and 

Tables S1-S3 in this supplement material, We 

calculated the 95% confidence intervals for the 

50th percentile and IQR of all parameters across 

the five device types, which are listed in Tables 

S4 and S5, respectively.   
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Table S4 50th Percentiles and Confidence Intervals of the Parameters 

Name 
Ag CFD Cu CFD Ni CFD Co CFD VCM device 

50th CI* 50th CI 50th CI 50th CI 50th CI 

RLRS (kΩ) 0.4 [0.10, 0.50] 2.15 [1.50, 5.00] 0.167 [0.066, 0.8] 6 [0.6, 20] 0.40 [0.23, 0.75] 

L(nm) 25 [20, 50] 12 [9, 20] 20 [6.5, 22] 7 [6, 30] 20 [13.5, 25] 

MW 1075 [103, 6.34×104] 103 [102, 105] 103 [102, 104] 550 [102, 103] 100 [45, 200] 

VF (V) 1.675 [0.72, 2.25] 3.50 [2.50, 4.00] 4.42 [3.00, 7.20] 3.8 [2.30, 5.00] 3.40 [2.55, 4.00] 

VSet (V) 0.675 [0.50, 0.91] 1.00 [0.80, 1.30] 2.00 [1.40, 3.00] 1.75 [1.35, 2.40] 1.00 [0.80, 1.20] 

|VReset| (V) 0.485 [0.40, 0.665] 0.64 [0.50, 1.00] 0.80 [0.60, 1.20] 0.65 [0.50, 1.20] 1.00 [0.70, 1.10] 

PSmean (μW/bit) 

54.21 [28.868, 128.30] 17.641 [8.660, 

57.735] 

102.640 [13.472,  

1539.600] 

10.264 [6.415,  

96.225] 

54.528 [32.075,  

76.980] 

PRmean (μW/bit) 
128.94 [67.098, 384.90] 19.25 [10.59, 

115.47] 

1347.72 [250.19, 1924.5] 57.74 [9.63, 269.43] 180.90 [109.70, 389.71] 

VRead (V) 0.10 [0.10, 0.10] 0.20 [0.1, 0.2] 0.10 [0.1, 0.2] 0.10 [0.1, 0.2] 0.20 [0.1, 0.2] 

PLread (μW/bit) 54.99 [20, 100] 12.5 [4.76, 40.00] 125 [50.00, 500.00] 13.0 [0.55, 61.91] 50.0 [25,125] 

PHread (μW/bit) 

3.19×10‒2 [2.17×10‒3, , 

1.47×10‒1] 

1.84×10‒2 [1.18 ×10‒3, 

5.50× 10‒2] 

0.113 [8×10‒3, 2.00] 0.013 [5.5×10‒4, 1.95] 0.25 [0.13, 1.21] 

VWrite (V) 1.500 [1.00, 2.50] 2.50 [1.50, 3.50] 3.00 [1.40, 9.00] 3.70 [1.5, 6.0] 1.70 [1.40, 2.20] 

tWrite (μs) 50.000 [5.00, 400] 0.175 [0.10, 0.22] 0.05 [0.02, 200] 0.1 [0.07, 0.40] 0.20 [0.01, 10.00] 

PWrite (μW/bit) 

195.000 [100.000, 

400.000] 

132.500  [34.500, 

312.500] 

1.508×103 [14.500, 

7.125×104] 

21.000 [18.5, 375] 200.00 [118.00, 780.00] 

|VErase| (V) 1.95 [1.00, 2.50] 2.50 [1.50, 3.00] 2.10 [0.60, 8.00] 1.50 [1.30, 1.60] 2.00 [1.80, 2.20] 

tErase (μs) 50.00 [5.00, 225] 0.10 [0.10, 0.31] 0.05 [0.03, 200] 3.00 [0.48, 8.00] 0.55 [0.14, 10] 

PErase (μW/bit) 

1000.0 [650.0，12583.3] 26.667 [80, 2250] 3.850× 103 [450,1.68×104] 25.833 [19.167, 

1.466×103] 

783.33 [440,3133.30] 

EWrite 

(nJ/bit) 

3.250 [0.017, 37.50] 4.500 

×10‒2 

[3.600×10‒3,   

9.625× 10‒2] 

3.000 [4.45×10‒3, 

1.128×103] 

2.625 

× 10‒2,  

[3.800×10‒3, 

0.168] 

4.950× 10‒2 [8.800×10‒3 

135.75] 
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EErase  

(nJ/bit) 

19.167 [0.213, 

83.333] 

1.000  

×10‒1 

[8.000× 10‒3, 

9.000× 10‒1] 

17.518 2.85×10‒2 

, 2.684×103] 

2.600 

 ×10‒1 

[2.125×10‒2, 

9.973×10‒1] 

0.340 [8.13×10‒2, 

451.28] 

Endurance (cycles) 650 [200, 104] 104 [800, 105] 150 [80, 103] 103 [102, 105] 500 [150, 105] 

Retention  

(s) 

2×104 [104, 5×104] 104 [104, 105] 3.5×104 [104, 105] 3.6× 103 [3.6×103, 105] 104 [104, 105] 

L(nm) 25 [20, 47] 12 [9, 20] 20 [6.5, 22] 7 [6, 30] 20 [13.5, 25] 

Multilevel 

(bits/cell) 
5 [3,6] 4 [3, 6] / / / / 4 [3, 5] 

*CI denotes the confidence interval, where the confidence level is 95%. 

 

Table S5. Calculation Results of Quartiles and IQR of Devices 

Type 
Ag filament devices Cu filament devices Ni filament devices Co filament devices VCM devices 

Q1 Q2 Q3 IQR Q1 Q2 Q3 IQR Q1 Q2 Q3 IQR Q1 Q2 Q3 IQR Q1 Q2 Q3 IQR 

RLRS(kΩ) 0.100 0.400 1.000 0.900 1.00 2.150 10.0 9.00 0.054 0.167 0.875 0.821 0.550 6.000 20.000 19.45 0.120 0.400 2.000 1.880 

L(nm) 20 25 58 38 7 12 30 23 5 20 28 23 5 7 30 25 10 20 40 30 

Multiplevel 

(bits/cell) 
4 5 5 1 3 4 5 2 / / / / / / / / 3 4 5 2 

MW 1.270 

×102 

1.075 

×103 

106 ~106 1.00 

×102 

103 104 9.9 

×103 

102 103 104 9900 102 5.50 

×102 

103 900 2.50 

×101 

102 103 9750 

VF(V) 0.600 1.675 2.500 1.900 2.20 3.500 4.715 2.515 3.00 4.420 7.125 4.125 2.350 3.800 5.000 2.650 1.840 3.400 4.500 2.660 

VSet(V) 0.240 0.675 1.00 0.760 0.683 1.000 2.00 1.318 1.175 2.000 3.000 1.825 1.350 1.750 2.400 1.050 0.700 1.000 1.700 1.000 

VReset(V) 0.150 0.485 0.800 0.650 0.50 0.640 1.125 0.625 0.600 0.800 1.275 0.675 0.500 0.650 1.200 0.700 0.600 1.000 1.500 0.900 

PSmean 

(μW/bit) 

7.057 54.210 2.053 

×102 

1.982 

×102 

5.292 1.764 

×101 

8.275 

×101 

7.746 

×101 

1.251 

×101 

1.026 

×102 

1.796 

×103 

1.784 

×103 

6.816 

 

1.026 

×101 

8.340 

×101 

7.658 

×101 

2.245 

×101 

5.453 

×101 

2.245 

×102 

2.021 

×102 

PRmean 

(μW/bit) 

9.045 1.2894× 

102 

4.619× 

102 

4.528 

102 

9.442 1.925 

×101 

2.309 

×102 

2.215 

×102 

2.261 

×102 

1.347 

×103 

2.021 

×103 

1.795 

×103 

1.023 

×101 

5.774 

×101 

2.261 

×102 

2.141 

×102 

5.774 

×101 

1.809 

×102 

8.006 

×102 

7.429 

×102 

VRead(V) 0.100 0.100 0.100 0 0.10 0.20 0.30 0.2 0.10 0.10 0.275 0.175 0.100 0.100 0.200 0.100 0.100 0.200 0.300 0.200 

PReadLRS 

(μW/bit) 

1× 

101 

5.499× 

101 

1.00× 

102 

90.0 0.350 

×101 

1.250 

×101 

4.865 

×101 

4.515 

×101 

4.861 

×101 

1.250 

×102 

5.139 

×102 

4.653 

×102 

1.000 1.300× 

101 

5.714× 

101 

5.614× 

101 

2.125 

×101 

5.000 

×101 

2.770 

×102 

2.556 

×02 
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PReadHRS 

(μW/bit) 

10‒4 0.319× 

10‒1 

2.500× 

10‒1 

~0.25 3.000 

×10‒4 

0.184 

×10‒1 

5.000 

×10‒1 

~0.5 6.000 

×10‒3 

1.125 

×10‒1 

2.250 

 

2.244 10‒3 0.13× 

10‒1 

5.714 

×10‒1 

5.704 

×10‒1 

0.341 

×10‒1 

0.250 

 

2.000 1.967 

VWrite(V) 1.0 1.500 2.63 1.63 1.300 2.500 4.000 2.700 1.475 3.0 5.100 3.625 3.000 3.700 4.650 1.650 1.300 1.700 2.750 1.450 

tWrite(μs) 3.78 50.000 425 421.23 0.100 0.175 1.000 0.9000 0.040 0.050 51.50 51.460 0.0925 0.100 0.250 0.158 0.100 0.200 10.000 9.900 

PWrite 

(μW/bit) 

1.000 

×102 

1.950 

×102 

4.000 

×102 

3.000 

×102 

3.300 

×101 

1.325 

×102 

3.750 

×102 

3.420 

×102 

3.000 

×103 

7.125 

×103 

1.125 

×104 

8.250 

×103 

1.863 

×101 

2.100 

×101 

3.750 

×102 

3.564 

×102 

8.000 

×101 

2.000 

×102 

8.800 

×102 

8.000 

×102 

VErase(V) 1.00 1.950 2.75 1.75 1.275 2.500 3.000 1.725 1.65 2.10 4.10 2.45 1.350 1.500 1.600 0.250 1.600 2.000 2.375 0.775 

tErase(μs) 2.65 50.00 250 248.4 0.100 0.100 0.705 0.605 0.05 0.05 53.75 53.71 0.590 3.000 7.250 6.660 0.100 0.550 57.500 57.400 

PErase 

(μW/bit) 

6.50 

×102 

1.000 

×103 

1.583 

×103 

9.333 

×102 

7.750 

×101 

2.667 

×102 

2.771 

×103 

2.693 

×103 

7.000 

×103 

1.683 

×104 

1.79× 

104 

2.667 

×104 

2.500 

×101 

2.583 

×101 

1.333 

×103 

1.308 

×103 

2.130 

×102 

7.833 

×102 

3.333 

×103 

3.120 

×103 

EWrite 

(nJ/bit) 

1.700 

×10‒2 

3.250 

 

3.750 

×101 

3.748 

×101 

3.300 

×10‒3 

4.500 

×10‒2 

1.100 

×10‒1 

1.067 

×10‒1 

6.000 

 

1.128 

×103 

2.250 

×103 

2.244 

×103 

4.700 

×10‒3 

2.625 

×10‒2 

1.382 

×10‒1 

1.335 

×10‒1 

8.000 

×10‒3 

4.950 

×10‒2 

2.700 

×102 

2.700 

×102 

EErase 

(nJ/bit) 

2.125 

×10‒1 

1.917 

×101 

8.333 

×101 

8.312 

×101 

7.750 

×10‒3 

1.000 

×10‒1 

9.083 

×10‒1 

9.006 

×10‒1 

3.500 

×101 

2.684 

×102 

3.556 

×102 

3.555 

×102 

4.000 

×10‒2 

2.600 

×10‒1 

7.680 

×10‒1 

7.280 

×10‒1 

6.667 

×10‒2 

3.400 

×10‒1 

9.000 

×102 

9.000 

×102 

Endurance 

(cycles) 

100 650 104 9.900 

×103 

236 104 106 ~106 60 150 103 940 100 103 105 ~105 100 500 106 ~106 

Retention 

(s) 

104 2×104 105 9.0× 

104 

104 104 105 9.0× 

104 

104 3.5 

×104 

105 9.000 

×104 

3.600 

×103 

3.600 

×103 

5.180 

×104 

4.820 

×104 

104 104 104 0 
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4. Non-parametric statistic method  

The concepts of quantiles and the IQR are illustrated in Fig. 

1. The 50th quantile represents the central value of the 

dataset, meaning 50% of the data points lie below it and 

50% lie above it. A key property of the 50th percentile is 

that it is a robust measure of central tendency, as it is less 

influenced by extreme outliers than the mean. The IQR, 

which measures the spread of the middle 50% of the data, is 

similarly robust. 

 

Fig. 1. Schematic diagram of the relationship between 

quantiles, IQR, and a symmetric probability density 

distribution. 

 

In this study, the confidence level of the 50th percentile 

is set to 0.95, and the confidence level calculation formula 

is: 

P{𝑦1 < 𝑢50% < 𝑦𝑁} = ∑ (
𝑁
𝑖
)

𝑁−1

𝑖=1

(0.5)𝑁 = 0.95 

Solving the above equation, we obtain N = 6. This implies 

that for a 95% confidence level, a dataset must contain at 

least 6 samples. In this study, the sample sizes for all five 

device types satisfy this requirement. 

  The aforementioned analysis method was implemented as 

a program and executed in MATLAB R2016a.  

The conclusions drawn from non-parametric statistics are 

distribution-free, meaning they do not rely on assumptions 

about the underlying data distribution. This property makes 

them more robust compared to those derived from 

parametric statistical inference. 

5. Calculation of parameters for flash devices 

This section calculates the parameters of several flash 

memory devices that are used in the main text, including the 

read power consumption of both NOR and NAND flash, the 

erase energy of NAND flash, and the output resistance of 

NOR and NAND flash devices. 

5.1. Read power consumption 

The data for the NAND flash is sourced from the Micron 

MT29F4G08ABADAWP (4Gb SLC Parallel NAND Flash) 

[101]. During read operations, the chip operates with an 

applied voltage VCC = 3.3V and a sequential read current 

ICC1 = 25mA. The read power (Ptotal) is calculated as 

follows: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐶𝐶 × 𝐼𝐶𝐶1 = 0.0825W 

The read cycle time is 20 ns, and the clock frequency (fCLK) 

is given by fCLK = 1 / (read cycle time). This is an 8-bit 

interface, so the data rate (drate) is calculated as 

𝑑𝑟𝑎𝑡𝑒 = 𝑓𝐶𝐿𝐾 × 8 = 4 × 108bit/s 

The power consumption per bit (Pbit) is 

𝑃𝑏𝑖𝑡 =
𝑃𝑡𝑜𝑡𝑎𝑙

𝑑𝑟𝑎𝑡𝑒
= 0.2063nW/bit         (2) 

The data for the NOR flash device is sourced from the 

Winbond W25Q128JV (SPI NOR Flash) [102]. The operating 

voltage ranges from 2.7 V to 3.6 V, with an average value 

taken as VCC= 3.3 V. The read operating current (ICC3) 

refers to the value in Quad SPI mode. At fCLK= 104 MHz, 

ICC3 is equal to 20 mA. The read power is calculated as: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐶𝐶 × 𝐼𝐶𝐶3 = 0.066W 

In Quad SPI mode, since four data lines are used 

simultaneously, four bits are transmitted per clock cycle. 

The data rate is calculated as 

𝑑𝑟𝑎𝑡𝑒 = 𝑓𝐶𝐿𝐾 × 4 = 4.16 × 108bit/s 

The power consumption per bit is 

𝑃𝑏𝑖𝑡 =
𝑃𝑡𝑜𝑡𝑎𝑙
𝑑𝑟𝑎𝑡𝑒

= 0.1587nW/bit 

5.2. Erase energy of NAND flash 

The erase energy parameters for the NAND flash are 

sourced from reference [103]. The chip is erased on a 

block-by-block basis, with a block capacity of 8 MB. The 
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erase voltage VCC=18V, the erase current ICC=150μA, and 

the erase time tEr= 3.2 ms. The total energy required to erase 

one block is calculated as 

E𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐶𝐶 × 𝐼𝐶𝐶 × 𝑡𝐸𝑟 = 8.64 × 10−6J 

Given that 8 MB = 8 × 1024 × 1024 bytes × 8 bits = 6.71 × 

107bits, the erase energy per bit is 

𝐸𝐸𝑟𝑎𝑠𝑒 =
𝐸𝑡𝑜𝑡𝑎𝑙

6.71 × 107
= 1.2876 × 10−4nJ/bit 

5.3. Output resistance of NOR and NAND flash  

The output resistance data for NAND Flash is obtained 

from reference [104]. The wordline (gate, Vg) voltage is 4.5 

V, the bitline precharge voltage (drain voltage) is 1 V, and 

the source voltage (VS) is 0 V, resulting in VDS= 1 V. The 

I-V curve in Fig. 4 of the paper shows that at Vgs= 4.5 V 

and VDS= 1.0 V, the current ICC is approximately 35 μA. 

Thus, the LRS value is 

𝑅𝐿𝑅𝑆 =
𝑉𝐷𝑆
𝐼𝑐𝑒𝑙𝑙

= 28.57kΩ 

In the programmed state, the cell exhibits a HRS. The 

paper mentions that the cell current in this state is an 

extremely low leakage current, near the off state. We 

assume that the drain-source voltage in the cutoff state is 10 

V and the cutoff current is 1 μA. The resistance in the HLS 

can then be calculated as 

𝑅𝐻𝐿𝑆 =
10𝑉

1𝜇𝐴
= 10MΩ 

The memory window is calculated as 

MW =
𝑅𝐻𝑅𝑆
𝑅𝐿𝑅𝑆

≥ 348 ≈ 350 

The output resistance data for the NOR Flash is sourced 

from reference [105]. With a wordline (gate) voltage of 10 

V, a bitline voltage (VD) of 5.0 V, and a source voltage (VS) 

of 0 V, the write cell current (Icell) ≥ 300 µA. During writing, 

the output resistance in the LRS is calculated as 

𝑅𝐿𝑅𝑆 ≤
𝑉𝐷𝑆
𝐼𝑐𝑒𝑙𝑙

= 16.667kΩ 

In the erased state, the current is extremely small, 

indicating that the resistance in the HRS is very high. We 

also assume a resistance of RHRS= 10 MΩ in this case. This 

results in a memory window of 

MW ≥
𝑅𝐻𝑅𝑆
𝑅𝐿𝑅𝑆

= 600 

6. Conclusions 

This article presents experimental data for devices based on 

Ag, Ni, and Co conductive filaments, as well as for VCM 

devices. The quartiles and the IQR for these four device 

types, as well as for the previously discussed Cu conductive 

filament devices, are calculated. A brief introduction to 

non-parametric statistical methods is also provided. Finally, 

a set of parametric values for flash memory devices is 

calculated to enable a direct comparison with the resistive 

switching technologies presented in the main text. 
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