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Abstract—This paper presents a physical model
based on charge transport in order to investigate the
electroforming and switching processes of ReRAMs.
This model is based on the generation and annihilation
of oxygen vacancies (Vö) along the metal-oxide inter-
faces and their migration through the oxide. The major
driving forces governing these processes are the electric
field, temperature and temperature gradient. Our sim-
ulations reproduce the main switching characteristics
like the abrupt set and gradual reset processes. The
variability of the switching parameters is also studied
here as one of the major challenges of ReRAM mass
production.

I. Introduction

Redox-based resistive switching RAM (ReRAM) is
currently considered as a promising candidate for future
nonvolatile memory application due to its high scalability
potential and compatibility with CMOS technology and
simple structure [1]. Typically an initial one-time oper-
ation, named electroforming process, which is regarded
as a soft dielectric breakdown, is required to generate
the metal-rich conducting filaments (CF) inside the oxide
[1]. When a CF, which may consist of Vö [2], [3], is
generated, it connects the top and bottom electrodes and
the ReRAM switches to low resistance state (LRS). The
filament rupture brings the device back to high resistance
state (HRS).

Despite the major progress in understanding the form-
ing process, a comprehensive study of the microscopic
properties of the CF, which is determined during the
forming process and has a great effect on the switching
properties, is still missing [4], [5]. Understanding these
features allows us to avoid arbitrary assumptions about
forming characteristics and study directly the role of form-
ing conditions on the switching process.
In this study a kinetic Monte Carlo (KMC) code has been
developed to simulate the whole switching process in a
HfO2-based ReRAM continuing our previously presented
forming model [6]. Studies show that the generation and
annihilation of the Frenkel defect pairs inside bulk is either
energetically unfavorable or unstable [7]–[9]. Therefore in
this model Vös can only be introduced into the system
by oxygen exchange along metal-oxide boundaries. In
contrast, most of the previous works used bulk models
where Vö and oxygen interstitials could also be created

and recombined inside the bulk [5], [10]–[12]. With our
interface model similar forming and switching features are
captured as with the previous models [10], [12], [13].
Despite the fact that the poor uniformity of the switching
parameters is one of the most well-known issues regarding
ReRAM, the origin of these fluctuations is not well under-
stood yet [12]. In order to have a better understanding of
this issue variations of the resistances in HRS and LRS has
been studied in this work.

II. Model Description
The building blocks in Fig. 1 illustrate the simulation

flow of the forming and switching processes in this work. It
starts with the modeling of the forming process and an ini-
tial distribution of Vös along grain boundaries (GB) [10].
The Vö distribution at each time determines the charge
transport mechanism. At low Vö concentration we have
direct tunneling (DT) and defect-defect tunneling (DDT)
conduction mechanisms. Here DT means the injection of
electrons from the electrode into a Vö and vice versa.
In this case the tunneling probabilities are given by the
Wentzel–Kramers–Brillouin (WKB) approximation,

TP (E) = e
−2
∫ x1

x0
dx 1

h̄

√
2m∗(V−E) (1)

where TP is the tunneling probability between electrodes
and traps, x0 and x1 are two edges of the tunneling
process, m∗ = 0.1m0 is the HfO2 tunneling effective mass
and E and V are particle energy and tunneling barrier
respectively.

Vös play the role of traps where electrons can jump
through them and control the leakage current through
the oxide. The hopping rate of electrons between traps is
calculated using the Miller-Abrahams formula,

hnm =

υ0nexp
[
−dnm

a0
+ q(V H

n −V
H

m )
kBT

]
V Hn ≤ V Hm

υ0nexp
[
−dnm

a0

]
V Hn > V Hm

(2)
with hnm and dnm being the hopping rate of electrons and
the distance between trap n and m ,respectively, V Hn and
V Hm being the homogenous potential of traps n and m, ν0e
being the electron characteristic vibration frequency and
kB being the Boltzmann constant.
We have developed a trap assisted tunneling (TAT) current
solver including DT and DDT mechanisms for low Vö
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concentration to calculate the electron flux through one
of the electrodes,

ITAT = e
N∑
n=1

[pnHna − (1− pn)Han] (3)

where e is the electron charge, N is the total number of
traps, pn is the occupational probability of trap n and Hna

and Han are the rates of an electron hop from trap n to
the anode and vice versa. The current continuity equation
for the quasi-steady state is solved self-consistently with
Poisson equation in order to calculate the occupational
probabilities of the traps,

(1− pn)
N∑

m=1,m 6=n
pmhmn − pn

N∑
m=1,m 6=n

(1− pm)hnm (4)

+(Hcn +Han)(1− pn)− (Hnc +Hna)pn = 0.

At high Vö concentration direct drift occurs and we solve
drift-diffusion equations self-consistently with the Poisson
equation in order to calculate the device current. The
Fourier heat-flow equation is solved to determine the
temperature profile T ,

∇.(kth∇T ) = −P, (5)

where kth is the oxide thermal conductivity and P is the
power dissipation inside the oxide, which can be easily
calculated with voltage and current.

Then, using the KMC method it is determined which of
the following processes with corresponding transition rates
would happen at the next step,

• Vö generation, Gi = ν0 exp
(
−EG−aqFext

kBT

)
• Vö annihilation, Ri = ν0 exp

(
−ER+aqFext

kBT

)
• Vö diffusion,

Di,j = ν0 exp
(
−ED−αq∇Vij−kBa∇T

kBT

)
where, ν0 is the characteristic vibration frequency, EG,
ER ad ED are the activation energies of Vö generation,
annihilation and diffusion, α is the symmetry factor, a the
lattice constant, Fext the locally induced electric field and
∇Vij the diffusion barrier change due to the site potential.
As soon as the device current is greater than a predefined
compliance current, the forming process stops and the
switching process continues for a given number of loops,
with new set and reset voltages. The simulation flow for
the switching process is the same as for the forming.

Table I contains the main parameters used in our
simulation.

TABLE I. The main model parameters

ν0 ν0e EG EG ED α kth

1013 Hz 1012 Hz 3.0e V 1.0e V 0.7e V 0.5 0.5 (W/Km)

Fig. 1. Flowchart of the KMC simulation flow to study the forming
and switching processes, where nloop and nt are the current loop and
the total number of switching loops, respectively.

III. Simulation Results and Discussion

A. Forming Process

The formation of a CF under an applied ramp volt-
age has been simulated using our KMC forming model.
Fig. 2(a) and 2(b) shows the I−V characteristics and Vö
and temperature distribution during the forming process,
respectively. The forming simulation starts with an initial
random distribution of Vö along GB and stops when the
current compliance, Ic is reached. The results show that
generation of Vö mostly happens at high voltage and
temperature.

The role of the external temperature in the forming
process has been studied as shown in Fig. 3(a) and 3(b).
The results indicate a reduction in forming voltage by
increasing temperature. This is due to the strong depen-
dence of the Vö generation process on the temperature.
For higher temperature the Hf-O bond breakage happens
at lower voltages, therefore the forming voltage decreases.

In order to investigate the effect of the current compli-
ance on CF properties the forming step has been simulated
for 3 different current levels Ic = 100 µA, Ic = 500 µA
and Ic = 1000 µA. Figure. 4(a), 4(b) and 4(c) show the
results. For smaller Ic the CF is thinner and has a smaller
Vö density and this leads to more CF instability.

B. Set and Reset Process

After the forming step is completed, the simulation
continues with the set/reset processes. The I−V character-
istics for 3 switching loops and the corresponding Vö and
temperature distribution at the end of the set and reset
processes are shown in Fig. 5(a) and 5(b), respectively.
The I − V figure shows an expected abrupt set process
and a gradual reset process. Annihilation of a part of the
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(a)

(b)

Fig. 2. (a) Simulated I −V characteristics in a forming process in a
TiN/10 nm HfO2/Pt cell at IC = 100µA (b) The evolution of the Vö
distribution and temperature along CF during the forming process
in the same cell at different stages A(V = 0.5 V), B(V = 3.0 V),
C(V = 5.0 V), D(V = V f = 5.3 V)

(a) (b)

Fig. 3. (a) I − V curve in a TiN/10 nm HfO2/Pt cell at different
temperatures (b) Forming voltage as a function of the external
temperature

CF during the reset and reconstruction of this part in set
can be observed in the distribution figures.

The distributions of the forming, set and reset voltages
in Fig. 6(a) show the highest fluctuation for the reset volt-

(a) (b)

(c)

Fig. 4. CF generation at the end of the forming process for different
current compliances (a) Ic = 100 µA (b) Ic = 500 µA (c) Ic = 1000
µA

(a)

(b)

Fig. 5. (a) I − V characteristics of set and reset processes for 3
switching loops (b) Vö and temperature distributions at the end of
set (Vset = 4 V) and reset (Vreset = −5 V) processes

age. This is consistent with the results of the distribution
of LRS and HRS resistances, in Fig. 6(b) which show a
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(a)

(b) (c)

Fig. 6. Simulation results of the Weibull distribution of (a) the
forming, set and reset voltages for Ic = 50 µA, (b) the LRS and HRS
resistance for Ic = 100 µA (c) the LRS resistance for different current
compliance

higher variation of HRS resistance than LRS resistance.
The effect of current compliance on the variability of
the LRS resistance is shown in Fig. 6(c). As we saw in
Fig. 4, the higher current compliance resulted in more CF
stability and we can see the same result here. For higher
Ic the LRS resistance has less variation.

IV. Conclusion
We presented a KMC approach in this paper to simu-

late the complete resistive switching process in a HfO2-
based ReRAM, in which oxygen vacancies can only be
introduced at the ohmic interface and not within the bulk.
Our model used a combination of conduction mechanisms
to catch the key features of the forming and switching
processes and studied the effect of forming conditions on
forming and switching characteristics. We also investigated
the fluctuation of the switching parameters as one of the
major issue of ReRAM large-scale production.
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