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• Motivation

• Switching Principle of volatile ECM Devices

• SET Kinetics and Relaxation Dynamics of Ag/HfO2/Pt Devices

• Spiking Behavior of Integrate-and-Fire Neurons

• Summary 
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Duan et al., Nature comm. (2020)

Biology

Dendrites 
(input)

Pre-neuron

Synapse

Postneuron

Neuron realized in CMOS

Rubino et al., IEEE ICECS (2019)

• Large footprint  
• Energy and time 

inefficient

Moon et al.,  Mater. Horiz. (2024)

Threshold switching-based neuron

• Simple in structure and scalable 
• Energy efficient
• Leveraging internal temporal 

dynamics of the device

Synaptic 
input

Output
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THRESHOLD SWITCHING DEVICS
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Lee et al., Adv. Electronic Materials (2019) Chekol S. A., et al., Device Research Conference (2023) 

(low)

Insulator to Metal
Transition (IMT)

Ovonic Threshold
Switch (OTS)

Volatile Electrochemical
Metallization (vECM)

Joule heating 
driven
→ Uniform switching
→ Large leakage

Field-induced
carrier trap/de-trap
→ Fast switching
→ Large variability

Formation & rupture 
of conductive filament
→ Low leakage
→ High stochasticity
→ Tunable dynamics
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ELECTROCHEMICAL METALLIZATION CELLS (ECMs) 
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ECM Memory

Chekol S. A., et al., Adv. Funct. Mater. (2022) 32, 2111242Valov I., et al., Nanotechnology (2011)

Volatile ECM (Diffusive Memristor)

𝐴𝐴𝐴𝐴 ⇌ 𝐴𝐴𝑔𝑔+ + 𝑒𝑒−
Oxidation

Reduction

Low Resistance 
State (LRS)

High Resistance 
State (HRS)

Self-relaxation due to filament instability
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Ag/HfO2/Pt vECM DEVICES
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• Ultra low leakage current (< 10 fA)
• Low threshold voltage (< 0.2 V) 
• Good cycling endurance (> 5·105)

Micro crossbar devices 
(2 μm x 2 μm)

EnduranceAg/3 nm HfO2/PtAg/5 nm HfO2/Pt

Vform < 2.0 V

Device structure Electrical characteristics

Chekol S. A., et al., Adv. Funct. Mater. (2022) 32, 2111242 Chekol S. A., et al., IEEE Int. Memory Workshop, Dresden, Germany (2021) pp.1-4
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SET SWITCHING KINETICS AND SIMULATION
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𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑡𝑡0,𝑛𝑛𝑛𝑛𝑛𝑛 exp
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sinh
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𝐼𝐼𝑓𝑓𝑓𝑓 ⁄𝑙𝑙 𝑎𝑎𝑐𝑐 = ±𝑧𝑧𝑧𝑧𝑧𝑧𝑘𝑘0,𝑒𝑒𝑒𝑒exp −
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exp
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∆𝜑𝜑𝑓𝑓𝑓𝑓 ⁄𝑙𝑙 𝑎𝑎𝑐𝑐 𝐴𝐴𝑓𝑓𝑓𝑓 ⁄𝑙𝑙 𝑎𝑎𝑐𝑐

Nucleation time:

Tunneling current:

Ionic hopping current:
(Mott-Gurney-law)

Electron transfer reaction: (Butler-Volmer-equation)

Menzel S., et al., Phys. Chem. Chem. Phys. (2013)

The physical model (JART ECM v1)

Nucleation 
limited

Electron-transfer
limited

Mixed (electron 
transfer and migration)

Ag/3 nm HfO2/Pt

Chekol S. A., et al., Adv. Funct. Mater. (2022) 32, 2111242
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RELAXATION DYNAMICS

Page 10

• tr proportional to exp (Vp)
• Power law relationship between tr and tp

Chekol et al., Adv. Funct. Mater. (2022)

Ag/3 nm HfO2/Pt

 Possibility of tuning tset and tr by means of Vp and tp
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INTERDEPENDENCE OF SET AND RELAXATION
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Measurement data
[1] J. Yoo et al., APL 2017 
[2] Y. Wang et al., J. Elec Mater. 2019
[3] Y. Zhao et al., IEEE TED 2018
[4] J. Yin et al., J. Phys. Chem. C 2019
[5] R. D. Nikam et al., Small 2021
[6] Y. Li et al., Adv. Sci. 2020
[7] M. Wang et al., Adv. Mater. 2018
[8]  N. Shukla et al., IEEE IEDM 2016

 The minimum tp for a successful SET event at any given Vp gives the minimum tr.

 Little control over tr at low and very high voltage regions.

A trade-off exists between SET and relaxation 
times with respect to pulse voltage amplitude.
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APPLICATION AREAS OF v-ECM DEVICES
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 Possibility of tuning 
the tset and tr by 
several orders of 
magnitude by means 
of Vp and tp.
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Chekol S. A., et al., Adv. Funct. Mater. (2022) 32, 2111242



INTEGRATE-AND-FIRE (I&F) NEURONs WITH v-ECMs 
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Sample with
vECM devices

SMD elements
Rex, Cext

Effect of 
external 
parameters
Vdd, Rext, Cext
on spiking:
no of spikes
∆tspikes
spike current Ispike

… from threshold switches Experimental setup Spiking behavior
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Rasbach J., et al., to be published.



I&F NEURON – VARIATION OF INPUT VOLTAGE
Vdd = 0.5 V Vdd = 1.0 V Vdd = 1.5 V Vdd = 2.5 V

Vdd = 0.5 V – 2.5 V

tp = 5 ms
twait = 25 ms
Rext = 1 MΩ
Cext = 1 nF

∆tspikes ≈ 2 ms – 0.3 ms #spikes|10 ≈ 12 - 100 Ispike ≈ 5 µA – 20 µA

The 1st spike is always 
higher.

Chemnitzer Seminar 2025 Page 14 Rasbach J., et al., to be published.



SUMMARY
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• Volatile electrochemical metallization (vECM) devices (also: diffusive memristors) show a 
threshold-type switching behavior that is interesting for energy efficient computing: 
→ low threshold voltage, → low Vth, and → ultra-low leakage current.

• The set and relaxation behavior of vECMs are understood from physical modelling.

• This study focuses on devices with 3 nm amorphous HfO2.

• I&F neurons are built from Ag/3 nm HfO2/Pt cells and studied under different operation conditions. 
The number of spikes and the max. spike current vary proportional to Vdd.
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