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■ Abstract

The memristive devices or the RRAMs are part of an emerging class of resistive devices whose
resistance can be changed by applying appropriate electrical input. The switching mechanisms
in these devices are intrinsically stochastic, making these devices highly suitable for hardware
security applications like Physcial Unclonable Functions (PUFs), True Random Number Gene-
rators (TRNGs), and hash functions. However, accurate compact stochastic models are needed
to understand these devices for hardware security applications in detail [1].
The compact stochastic models can be used to study various memristive devices, explore their
electrical properties as entropy sources, and perform circuit simulations using a SPICE-like cir-
cuit simulator. Therefore, it is necessary to develop compact models that are robust, compu-
tationally inexpensive, and mimic the intrinsic stochastic behaviour of real-world memristive
devices.

■ 1D Stochastic model

■ Cloud-In-a-Cell (CIC) scheme: The ion transport responsible for the resistive switching is
modelled by consistently coupling Newton’s laws with Poisson’s equation [2].

■ Also known as the Particle-In-Cell (PIC) scheme.

■ Main features:

" Fast and computationally inexpensive
" compatible with SPICE like simulation tools
" includes more or less realistic physics
" stochastic (cycle-to-cycle (C2C) and device-to-device (D2D) variability)

■ Device Configuration

■ Double barrier memristive device (DBMD) [3]: Au/NbxOy/Al2O3/Nb
■ Switching mechanism: electric field-driven negative oxygen ions (V2−

o ) drift.
■ Interface type device with analogous switching.

⇒ Simulation parameters:

Physical quantity Value

Temperature 300K
Device area 625 µm2

Activation energy 0.76
Conductivity (NbxOy) 1.0×10−4 Ωm

Length of NbxOy 2.5×10−9 m
Defect density 5×1020cm−3

Tunnel barrier width 1.1×10−9 m
Tunnel barrier height 3.2 eV

Schottky barrier height 0.98 eV
Schottky barrier ideality factor 4.2

1D DBMD

Au NbAl2O3NbxOy

I

HRS

LRS

2.5nm 1.2nm

+V ..
O

−V ..
O

I
V Device

VSC(I) VTB(I)
VSE(I, RSE)

SC : Schottky Contact, SE : Solid− State Electrolyt, TB : Tunnel Barrier

V Device

Fig 2. Charge arrangement in DBMD

■ Cloud-In-a-Cell (CIC) approach

⇒ Simulation model:
■ Random distribution of ions across the computational domain.
■ Electric field E is calculated using a Poisson solver.
■ The electric field E is used to push the mobile ions with a certain drift velocity, vD

given by [4]

vD = d p(EA)
(

exp
{
|z|edE
2kBT

}
− exp

{
−|z|edE

2kBT

})
where d=jump distance (lattice constant), z=charge number of the ion, kB=Boltzmann constant,
T =temperature, e=elementary charge, and p(EA)=transition probability.

⇒ Stochasticity modelling:

vD (deterministic)→ xi (deterministic) random fluctuation−−−−−−−−−−−→
xi=xi(1+rffi)

xi (stochastic)

where xi=position of ith ion, r=random number, and δ=maximum random displacement.

■ Results

⇒ I-V Characteristics:
The calculated I-V
characteristics (Fig. 2b) show
good agreement with the
experimental [3] and kinetic
Monte-Carlo (kMC) [5]
simulated I-V characteristics
shown in Fig 2a.
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Fig 2. The I-V charcteristics
of DBMD

⇒ Ion transport:
■ The coloured lines represent

the positions of twenty V2−
o

ions shown for different in-
stants of time and voltage.

■ Average distance:

d̄ =
∑

Nions
i=1 (x̄i−x̄SC)

Nions

xSC=position of Au interface,
Nions=number of V2−

o .
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Fig 3. The ion transport shown for one
input voltage cycle.

⇒ Stochastic behaviour:
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Fig 4. The I-V charcteristics showing
stochastic behaviour of DBMD.

■ D2D variability:
- initial random ion
arrangement
- two devices, one
input voltage cycle

■ C2C variability:
- artificial fluctuation
of all ion positions
- one device, two input
voltage cycles

■ Conclusion

⇒ The work mainly focuses on modelling the important intrinsic stochastic behaviour ob-
served in memristive devices.

⇒ The proposed 1D stochastic model is based on CIC inspired ion transport scheme, inclu-
ding the physical and chemical processes responsible for resistive switching.

⇒ The proposed model is well suited for performing circuit simulations in artificial intel-
ligence computing, reconfigurable logic computing, or hardware security applications.

■ References

[1] N. Du et al., Nano Materials Science, 3, 186–204 (2021)
[2] S. E. Laux, IEEE Transactions, 15, 10 (1996)
[3] M. Hansen et al., Scientific Reports, 5, 13753 (2015)
[4] P. G. Bruce, Cambridge University Press (1995)
[5] S. Dirkmann et al., Scientific Reports, 6, 35686 (2016)

For more details, please scan the QR code for the links:


