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Abstract The variability of switching parameters in
Redox-based resistive switching RAM (ReRAM) de-
vices is investigated by a 3D kinetic Monte Carlo (KMC)
approach. This physics-based model can simulate the
filamentary resistive switching in the electroforming,
SET and RESET processes and captures their key fea-
tures. It allows to predict the impact of the forming and
switching conditions on the fluctuations of key param-
eters like the current and resistance levels of the cell in
on and off states. The origin of the variability of the
switching parameters was investigated in terms of the
involved physical processes. The simulations also con-
firm the multilevel cell (MLC) operation capabilities of
ReRAM devices.

Keywords Redox-based resistive switching RAM
(ReRAM) · forming · SET · RESET · fluctuations ·
variability

1 Introduction

Among the current types of nonvolatile memories (NVM)
ReRAM possesses unique features like CMOS compat-
ibility, low power consumption, promising scalability
and a simple structure [1,2]. These features make ReRAM
a potential candidate for main memory applications of
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future computer systems, which also has the capability
of performing logic and arithmetic operations beyond
data storage and can accelerate neural network appli-
cations [3, 4].
Usually a one-time process called electroforming is re-
quired for a virgin cell to create an oxygen-deficient
conductive filament (CF) through the oxide sandwiched
between two electrodes. The rupture and reconstruc-
tion of this filament later during the RESET and SET
processes can modulate the cell resistance and switches
the cell on and off. The on and off states are referred to
here as low resistance state (LRS) and high resistance
state (HRS) [5]. The switching between HRS and LRS
causes fluctuations, because it is the result of stochas-
tic processes happening during the switching cycles like
oxygen vacancy (V••

O ) generation, recombination and
diffusion. This randomness causes a poor switching uni-
formity, which is one of the main obstacles for ReRAM
to be mass produced and has been reported commonly
in the literature [6–8]. The origin of these fluctuations is
not fully understood yet and further studies are needed
to avoid the undesired fluctuations in future device de-
signs.
The switching characteristics of ReRAM can be affected
by different parameters related to the forming, SET
and RESET processes like the current compliance or
the applied SET and RESET voltages. This work stud-
ies the effect of some of these parameters on the de-
vice behaviour during the SET and RESET processes
and the cycle-to-cycle variability of the switching char-
acteristics. We have used a 3D KMC model that con-
tains enough physical details and is yet computationally
efficient to be able to compare our results to experi-
mental data in the literature. All KMC models pub-
lished so far on this topic [9–12] are based on the for-
mation/annihilation of V••

O s in the bulk [13]. In our
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model, in contrast, the formation/annihilation of V••
O s

can solely occur due to an oxygen exchange reaction
at one of the electrodes [14]. The model applies to all
filamentary switching VCM cells with one interface al-
lowing for an oxygen exchange reaction and the other
one blocking any oxygen exchange reaction. The activa-
tion barriers for the oxygen exchange reaction depend
on the specific material stack. For a HfO2/Hf interface,
for example, it was shown by DFT simulation that the
extraction of oxygen from the oxide to the Hf metal re-
quires a lower barrier than the reverse operation [15].
This study does not investigate the extraction at grain
boundaries or defects of the Hf metal. In this situation,
the barriers might be different. The main goal of this
work is to put this KMC model in practice to study
the switching kinetics and the cycle to cycle variability.
With our KMC code that tracks the movement of in-
dividual V••

O inside the oxide, we can precisely explain
the origin of fluctuations and some abnormal behaviour
in the switching processes.

2 Model Description and simulation results

We have developed a robust KMC based model to simu-
late the behaviour of ReRAM devices. The creation and
recombination of V••

O in this model can solely happen
along the electrode-oxide interface. During the form-
ing and SET processes V••

O s migrate in the direction
of the applied electric field from the anode towards the
cathode creating the CF. Other details of this physics-
based model can be found in [14]. The simulations were
run on a computer with the following features: model
name: Intel(R) Xeon(R) CPU E5-2690 v3 @ 2.60GHz,
cpu cores: 12. The simulation time of a forming process
followed by a RESET and a SET in a cell with size of
5 × 5 × 5 nm3 takes in average one hour. The choice of
cell size is based on having a reasonable computational
time for studying the switching variability. The num-
ber of treated particles, depending on the process, can
change from 4 V••

O s, which are the initial number of V••
O

distributed at the beginning of the forming process, to
more than 150 V••

O s. The characteristic vibration fre-
quency of V••

O which determine the order of time steps
in the KMC method is considered 7×1013Hz. The spac-
ing between adjacent V••

O sites is 0.5 nm. This lattice
spacing is refined by factor two to solve the physical
equations numerically. Similar to [14] the parameters
used to model the resistive switching fit to a structure
with electrodes showing the same metal work function;
e.g. TiN/HfO2/Ti.
The model presented in [14] was reused in this work
by a small modification in electron hopping rates to
affect the conduction mechanism change. The smooth

transition between TAT and Drift model is achieved by
choosing higher electron hopping rates between traps
in TAT models than the rates between traps and elec-
trodes [16].
Fig. 1 shows the simulated I−V characteristics for one
forming process and a couple of switching cycles under
an applied ramped voltage. The voltages in the form-
ing, SET and RESET processes are ramped with sweep
rates of 0.25 V/s, 1.5 V/s and -1.5 V/s, respectively.
The simulated I − V curve shows great stability and
almost follows the normal expected features of resis-
tive switching in ReRAM cells including an abrupt SET
process and a gradual RESET process [17]. The abrupt
changes in some reset cycles are due to the conduction
mechanism change between Drift and TAT. The crite-
ria for this transition is the number of V••

O s. The small
size of the simulated cell can also lead to an abrupt
current change even during a single conduction mecha-
nism, since the dissolution of even one layer of the CF
can alter the tunnelling gap significantly. In this simu-
lation a current compliance (IC) of 100 µA is applied
during the forming and set processes. IC is the maxi-
mum current allowed during the filament formation to
avoid irreversible physical damage to the dielectric. In
practice, a current limiter is used to force the cell cur-
rent to the value of IC [18]. Depending on the response
speed of the current limiter to the rapid increase of
leakage current at the end of the filament formation
and transition from HRS to LRS, a current overshoot
might happen [18–20]. Fig. 2 shows the I − V charac-
teristics of the first RESET after the forming process
with the same initial conditions for three cases: with
no overshoot and overshoot with two different RC time
constants, tOS = 100 ns and tOS = 1000 ns. The com-
parison of the V••

O distribution at the end of the form-
ing process for no overshoot and the overshoot with
tOS = 100 ns shows that during the overshoot due to
the high current and temperature, a considerable num-
ber of V••

O are generated and the filament continues to
grow, which causes a higher maximum current during
the RESET process.

For the values considered for the generation barrier
of V••

O at the electrode-oxide interface and V••
O diffu-

sion barrier inside the oxide (i.e. Ediffusion = 0.9 eV
and Egeneration = 1.6 eV) the evolution of the CF pro-
ceeds from the top electrode (in this work a positive
voltage is applied to the top electrode during the form-
ing and SET processes and a negative voltage during
the RESET process) to the bottom electrode (always
grounded) as shown in Fig. 3 consistent with simulation
results [14,21] and experimental observations [22,23].
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Fig. 1 Simulated I − V characteristics including the forming
step and a couple of SET and RESET cycles. The sweep direc-
tion is shown on the figure with red arrows. The end of SET
and RESET are marked with black arrows.
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Fig. 2 Simulated I−V characteristics including the first RE-
SET process after the forming step with the same initial condi-
tions for tOS = 0, tOS = 100 ns and tOS = 1000 ns. The shape
of the filament at the end of the forming process is shown for
tOS = 0, tOS = 100 ns.

3 Variability of the switching parameters

Fig. 4 shows the simulated dependency of the SET time
on the sweep rate. The definition of the SET time in
this study is the time, at which I = IC. The simula-
tion was carried out for 50 switching cycles for every
sweep rate. For all sweep rates the initial conditions
of the forming process are the same and the applied
voltages during forming and RESET are ramped with
rates of 0.25 V/s and -1.5 V/s, respectively. The proba-
bility distributions of the SET times for different values
of the voltage sweep rate are shown in Fig. 4(a). The
mean value of the SET time as a function of the sweep
rate is also shown in Fig. 4(b). The average value of the
SET time decreases with increasing sweep rate, while
the variance in the SET time distribution increases.
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Fig. 3 Evolution of the CF during the forming process at
different stages of the applied voltage, VA = 0.5 V, VB = 1.85
V, VC = 1.95 V and VD = 2.0 V. Stage D corresponds to the
completion of the forming process, where the CF connects the
top and bottom electrodes and the leakage current reaches to
the current compliance level.
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Fig. 4 (a) Simulation results of the SET time distribution for
different values of the sweep rate of the voltage during the SET
process (b) mean value of the SET time as a function of the
sweep rate.

The SET time variability was also studied in the pulse
voltage mode. The distribution of the SET time for dif-
ferent values of the SET pulse amplitude, which was
simulated for 50 switching cycles, and the average value
of the SET time are shown in Figs. 5(a) and 5(b). A
fixed RESET pulse amplitude, VSET = −1 V with a
pulse duration of 0.5 s and the same forming condi-
tions are applied in all cases. The results show that
the SET time decreases about five orders of magnitude
when doubling the applied SET voltage amplitude [24].
This high non-linearity comes from the reduction of the
V••
O diffusion barrier in the oxide during the SET pro-

cess. The V••
O diffusion barrier reduction is affected by

the external applied voltage, the potential induced by
the space charge inside the oxide and the local temper-
ature.
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Fig. 5 (a) Probability distribution of the SET time for different
values of the applied pulse amplitude (b) mean value of the SET
time as a function of the SET pulse amplitude, Vamp.

The high leakage current during the RESET process
can be an obstacle for the practical usage of ReRAMs.
Therefore, it is important to pay attention to the fac-
tors affecting the maximum current, IRESET, during the
RESET process. A well-known parameter that allows
to control IRESET is the current compliance, IC, the
maximum allowed current during the forming and SET
processes [1, 25]. Fig. 6(a) demonstrates the switching
I − V characteristics for different values of IC. The de-
pendency of IRESET on IC can be seen from this graph,
where by increasing IC from 10µA to 100µA, IRESET
also scales up. The higher IC results in a conductive
filament (CF) with higher V••

O density at the end of
the forming and SET processes as shown in Fig. 6(b).
The smaller IC corresponds to a lower V••

O concentra-
tion and higher resistance, resulting in a less stable
CF, where the generation or rearrangement of a few
V••
O s can result in a considerable current change, hence

higher variability from one cycle to another is expected
(Fig. 7). A denser CF during the RESET process before
switching to HRS causes a better electron conduction
and a higher IRESET. The probability distribution of
IRESET for different values of IC during 50 switching
cycles is shown in Fig. 8(a). It shows more variance
in the IRESET distribution for higher IC. The value of
IRESET strongly depends on the shape of the CF af-
ter the forming and SET processes. Higher IC results
in a CF with higher number of V••

O s, which during the
RESET process can fluctuate more in and out of the
filament and consequently cause higher variance in the
RESET current. Fig. 8(b) shows the evolution of the
average value of IRESET as a function of IC confirming
the idea of scaling down IRESET by limiting the IC. The
measured LRS resistance and IRESET as a function of
IC for various ReRAM materials in [27,28] confirm the
trends shown in 7 and Figs. 8.

The RESET process ends when a predefined RE-
SET stop voltage is reached. The choice of this value has
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Fig. 6 (a) Switching characteristics including one SET and one
RESET process for different IC values, forming conditions are
the same for all cases (b) Shape of the CF at the end of the
forming process for IC = 10µA and 100µA.
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Fig. 8 (a) Probability distribution of the maximum value of
the RESET current for different values of IC (b) mean value of
each IRESET distribution in (a) as a function of IC.

a great effect on the switching properties of ReRAM de-
vices. Fig. 9 shows the I−V characteristics for different
RESET stop voltages applied in ramped mode. Every
switching loop in this figure started with the same CF.
Changing the RESET stop voltage (VRESET) from −1.1
V to −1.5 V results in a stronger dissolution of the CF
as shown in Fig. 10 and consequently a reduction of the
current. Fig. 10 shows a 2D view along the filament at
the end of the forming process (Vapplied = Vform = 2 V),
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Fig. 9 Simulated I−V characteristics for different applied RE-
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include the first RESET process after the same forming step,
followed by a SET process.

where a CF connects the top and the bottom electrode.
The 2D view along the filament is also shown at two dif-
ferent values of the VRESET (Vapplied = VRESET = −1.1
V and −1.5 V). Clearly the higher absolute value of
the VRESET causes a larger tunnelling gap between the
tip of the filament and the electrode, which reduces the
tunnelling current [26]. The distributions of the RESET
currents (the current at the applied voltage equal to
VRESET) for 50 switching cycles are shown in Fig. 11(a).
The average value and the relative standard deviation
of current for each voltage as a function of VRESET is
shown in Fig. 11(b) for better analysis. The average
value and the relative deviation of the RESET current
decreases with increasing VRESET. This trend was also
observed in experiments [7, 28]. The reduction of the
average RESET current with increasing VRESET is ex-
pected because of the growing tunnelling gap. With in-
creasing VRESET the RESET current level reaches a sta-
ble plateau with only a little of fluctuation. For lower
VRESET the gap between the tip of the CF and the
electrode, which can be quite different from cycle to
cycle, is smaller. Therefore any V••

O fluctuation in this
area can cause a huge current fluctuation. Fig. 11(c)
shows the distribution of the LRS and HRS resistances
for different values of VRESET. In contrary to the HRS
resistance, the LRS resistance shows almost no depen-
dency on VRESET. Application of a larger VRESET cre-
ates a wider gap with higher resistivity within the CF,
resulting in a larger HRS resistance. The variation of
the HRS resistance is slightly higher for smaller values
of VRESET. Generally as shown in Fig. 11(c) the resis-
tance fluctuation in the HRS is higher than in the LRS
and the resistance window between the LRS and HRS
increases with increasing VRESET.

Fig. 10 The shape of the filament at different applied voltages,
V = Vform = 2 V, where the creation of the filament is com-
pleted and the ReRAM has switched to LRS, V = VRESET =
−1.1 V, shows the partially dissolved filament at the end of
the RESET process. Filament has been dissolved even more at
higher VRESET = −1.5 V. Vform and VRESET were applied to
the bottom electrode.
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Fig. 11 (a) Cumulative distribution of the leakage current at
the end of the RESET process, where Vapplied = VRESET for
different values of VRESET for 50 switching cycles (b) mean
value and relative standard deviation of the RESET current
(c) cumulative distribution of the LRS and HRS resistance for
different values of VRESET.

MLC operation of ReRAM necessary for high den-
sity memory application is achieved by controlling the
LRS and HRS resistance states. Modulating the LRS
resistance by the SET current compliance and the HRS
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resistance by the RESET stop voltage is a common
property of ReRAM devices and is reported for many
materials [30, 31]. This multilevel resistance state dis-
tributions are captured by the simulations presented in
Fig. 7, Fig. 11(c).

4 Conclusion

In this work, a physical model, which can successfully
simulate the forming process and a large number of
switching cycles in a ReRAM, was used to study the
switching kinetics and fluctuations of key parameters,
such as the LRS and HRS resistance and the maxi-
mum RESET current. The effect of different forming
and switching conditions on the switching kinetics and
variability was investigated using KMC model to vali-
date the observations made in experiments. This paper
provides insight into the physical source of the high
non-linearity in the switching kinetics and switching
parameter variation phenomenon. MLC operation of
ReRAM was reproduced by the introduced simulator.
The efficient and stable KMC simulator can be used
to study other performance metrics like switching en-
durance and retention and also the size effect on the
variability, which are topics of our future work.
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