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Abstract— Soft dielectric breakdown, i.e., electroforming, of
metal/oxide/metal stacks leads to a local reduction of the oxide in
a filamentary region. This process is required to operate
filamentary RRAM devices thereafter. In this work, different
parameters influencing the electroforming process are
investigated using simulations. The parameters studied are the
role of the electrode materials, an initial sub-stoichiometry of the
oxide, the applied voltage amplitude, and the ambient
temperature. To this end, a 2D axisymmetric physical continuum
model and a 3D KMC model are employed. The simulation results
are discussed in context of experimental literature data.

Index Terms—Dielectric breakdown, Electroforming, Gate Stack,
Modeling, Resistive RAM,

L INTRODUCTION

Oxide thin films are widely used in electronic devices. They
are used in transistor gate stacks, in dielectric capacitors or as
functional layers in resistive random-access memories
(RRAMs). Though oxides are highly insulating materials, they
may degrade under high electric fields leading to dielectric
breakdown. While this effect leads to permanent failure of gate
stacks and dielectric capacitors, a so-called soft breakdown is
required as initial process to operate RRAMs thereafter [1]. In
context with RRAMSs this process is called electroforming
process as it requires the application of electric fields to form
the device. The dielectric breakdown mechanism of the
metal/oxide/metal stack is based on the reduction of the oxide
material, e.g., HfO,, TayOs, ZrO,, and the formation of
filamentary conductive path within the oxide material short-
circuiting the metal electrodes. First studies defined a critical
electrical field that induces the dielectric breakdown, which is
a property of the oxide material solely [2]. Later it was shown
that other factors such as initial oxide stoichiometry, electrode
materials, or moisture influence the electroforming voltage as
well [3], [4], [5], [6].
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In this work, different factors influencing the
electroforming process of metal/oxide/metal stacks will be
discussed. The paper is organized as follows. First the physics
of the electroforming process is discussed. Then, the simulation
models of the electroforming process are introduced. Based on
the simulation results, the influence of interface properties,
ambient conditions, and defect configuration will be discussed
in the following sections.

II.  PHYSICS OF THE ELECTROFORMING PROCESS

The electroforming process is initiated by applying a high
voltage to the metal/oxide/metal stack. The voltage amplitude
and pulse length vary strongly from system to system. Whereas
dc-voltages need to be applied over a considerable time for
thick films or single crystals, the forming takes place in a first
switching cycle with moderate voltages for devices with thin
oxide films. Various experiments showed the formation of
oxygen vacancies during the electroforming process. It was
demonstrated that oxygen is released by anodic oxidation,
which can occur by the oxidation of an oxidizable electrode
material (e.g., Ta, Hf, Ti) or by the release of oxygen gas at an
inert electrode [7], [8], [9], [10]. The release of oxygen leads to
the formation of positively charged oxygen vacancies at the
corresponding interface within the oxide film. These vacancies
can move within the applied electric field and further oxygen
can be released at the interface [1]. Due to local
inhomogeneities and positive feedback mechanism, this leads
to the formation of filamentary, reduced oxide regions showing
a high number of oxygen vacancies. This may even lead to
phase transformations [11], [12], though this may only by a side
effect and not necessary to create a conducting filament. For the
most common RRAM materials, the oxygen deficiency leads to
an increase of local conductivity, either by inducing trap states
for trap-assisted tunneling processes or by acting as donors if
the induced defects states are shallow [13], [14]. It should be
noted that most likely the formation not only happens at one
location but a several ones and one filament wins [15], [16].

The electroforming process typically happens at higher
voltages than the typical switching voltages of RRAMs. This is



critical as often specific transistors are required for co-
integration with CMOS. It also limits the integration of RRAM
technology with smaller CMOS nodes. Thus, for RRAM
application it is favorable to reduce the forming voltage to the
range of the switching voltages. In contrast, the
forming/breakdown voltage needs to be increased for
application of metal/oxide/metal films for DRAM or gate stack
applications. Thus, it is important to understand the physical
parameters that determine the forming voltage, which is
partially addressed in this work using device simulation.

III. SIMULATION METHODS

In this work, two different simulation methods are applied
to simulate the electroforming process. First, we use a
continmuum model based on solving drift-diffusion equations.
This allows us to study trends of material parameters. To
account for the stochasticity of the underlying processes and the
fact that a low number of defects are present in the early stages
of the electroforming, a Kinetic Model Carlo (KMC) model is
employed. While the latter method offers the possibility to
study atomistic processes, the long simulation time and the
limited size of the solution time restricts this approach. In
contrast, the continuum method enables the simulation of larger
domains which is important for modeling the heat dissipation.
Moreover, parametric studies can be easily performed and
analyzed. In the case of KMC models many simulations need
to be performed per parameter to avoid statistical effects. Both
models are based on the physical model of the electroforming
process discussed in the previous section including oxygen
exchange reactions, oxygen vacancy migration, and Joule
heating.

A. Kinetic Monte Carlo Model

The 3D Kinetic Monte Carlo (KMC) simulation model
utilized in this study is based on the foundational work by
Abbaspour ef al. [17] and was first published in its current form
in [18] by Kopperberg et al.. This model is specifically
designed to simulate the stochastic processes governing oxygen
vacancy (V0) dynamics within the oxide layer of valence
change memory (VCM) RRAM devices. It enables detailed
analysis of forming and resistive switching by accounting for
key atomic-scale processes, including generation, diffusion,
and recombination of oxygen vacancies.

The simulation operates on a cubic lattice structure with a
spacing of 0.5nm between lattice points, representing a
6x6x 6 nm®> HfO, layer sandwiched between two metal
electrodes. The model incorporates a range of physical
phenomena, including the influence of electric fields, local
potential variations, and thermal effects on oxygen vacancy
dynamics. Poisson’s equation is solved to compute the electric
potential, which reflects the combined influence of an applied
voltage and the space charge within the material. The current
through the oxide layer is determined using a trap-assisted
tunnelling (TAT) solver, which is particularly suitable for
describing conduction in the high-resistance state (HRS). For
further details on the TAT mechanism, see [18] and related
studies.

A distinguishing feature of the model is the inclusion of
diffusion-limiting domains, introduced in [18]. These domains

divide the oxide layer into cubic sub-regions where oxygen
vacancy diffusion is characterized by distinct energy barriers.
Inside a domain, oxygen vacancy diffusion occurs relatively
easily, with an activation energy of £p=0.7 eV. In contrast,
transitions between domains encounter a higher energy barrier
of E’p=1.2 ¢V, reflecting the hindered mobility at domain
boundaries. This refinement allows the model to replicate both
short-term variability and long-term retention effects, which are
crucial for understanding forming and stability in VCM
devices.

The transition rates for V6 generation (Rg), diffusion (Rp),
and recombination (RR) are calculated using Transition State
Theory (TST):

E —gA
Rspr =Vo exp[—%] , (1)
where v, is the attempt frequency, Eg,pr denotes the
activation energy for generation, diffusion, or recombination,
q = +Z2e is the charge of an oxygen vacancy, and AQ is the
potential difference between adjacent lattice sites. Diffusion
and generation, the dominant processes during forming, are
driven by local electric fields and thermal activation. In
contrast, recombination of oxygen vacancies, although included
in the model, plays a negligible role under forming conditions
due to the polarity of the applied voltage, which favors oxygen
vacancy generation and diffusion.

The KMC algorithm iteratively evaluates all possible
transitions in the system, selects one process based on weighted
probabilities, and updates the simulation state and time. At each
simulation step, the time increment At is determined based on
the total transition rate Ry, = ,; R; using:
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where r is a uniformly distributed random number in the
interval (0,1]. The simulation time is updated ast = t + At.
This stochastic approach captures the inherent variability in V6
dynamics, which is critical for modelling the forming process
in VCM devices.

Overall, the 3D KMC model provides a robust framework
for investigating the forming process by capturing the interplay
between V6 dynamics, electric fields, and structural features
such as diffusion-limiting domains. Further details on the
model, its implementation, and previous results can be found in
[18] and [19].

B. Continuum Model

The continuum model is based on the drift-diffusion
approach presented to study the RESET dynamics of TaO,-
based resistive switches [20], and then extended to include the
kinetics of oxygen exchange at the electrodes to simulate the
electroforming process [21]. The model geometry consists of a
2D axisymmetric representation with radius R =100 nm of a
metal-oxide-metal structure on a substrate carrier. The
electronic carrier transport is modelled by a drift-diffusion
model assuming electron transport in the conduction band and
injection/ejection of electrons at the two metal/oxide interfaces



over/through a Schottky-like barrier. Due to the high self-
doping by oxygen vacancies the transport is mainly due to
electron tunneling [14], [22]. In the model a high Schottky-
barrier is assumed in contact with high work function metal at
the bottom electrode, whereas an ohmic contact is assumed at
the interface between the oxide layer and the low work function,
top metal electrode.

The set of equations to simulate the electroforming process
is discussed in our previous work [20], [21]. The model relies
on the coupled electronic-ionic transport under non-isothermal
conditions by calculating the self-consistent steady-state
solution of the heat equation, Poisson equation and electron
drift-diffusion equation, followed by the calculation of a time
step for oxygen-vacancy movement by solving the drift-
diffusion equation for doubly ionized oxygen vacancies and the
rate equations for the singly ionized and neutral vacancies. To
account for the effects of contact potential, electron transport
across the interface barrier via thermionic emission and
tunneling is included in the model. In the following, the ionic
model of the oxygen exchange is introduced as published in
[21].

To introduce oxygen vacancies to the oxide system, oxygen
release and incorporation is accounted for at the Schottky-like
electrode/oxide interface, while the ohmic electrode interface is
assumed to block the ionic current. The oxygen-exchange
reaction is assumed to take place in a confined region » < rf; at
the bottom electrode interface. It is modeled using a Butler-
Volmer equation for the oxygen-vacancy current density Jvo as
boundary condition for the oxygen-vacancy drift-diffusion
equation according to
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Here, Jy is the exchange current density, Nosc (Nvo,sc) is the
oxygen ion (vacancy) concentration in the oxide layer, Nom and
Nvom are oxygen-defect concentrations in the metal electrode,
Nosc', Nvosc’, Nom™, and Nyom™ are corresponding reference
concentration values, « is the transfer coefficient, zvo is the
number of involved electrons, kg is the Boltzmann constant, T’
is the temperature, and A7 is the overpotential driving the
reaction. The latter can be calculated from the difference
between the metal Fermi level Ernm and the electron quasi-
Fermi level in the oxide Ernsc according to

An = _(EF,M —Eppsc ) “4)
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The exchange current density can be expressed as
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with koo being the reaction-rate constant and AG®° the Gibbs free
energy of activation under standard conditions. The logistic
function S(r) is used to produce a smooth decrease of the
exchange current density around r=rs. During the
electroforming process, oxygen is transferred from oxide to the
metal electrode, which is treated to act as an oxygen reservoir
that can receive and release oxygen ions. Neglecting
thermodiffusion, and the voltage drop across the electrode, the
oxygen-ion distribution in the electrode is simulated by solving
the diffusion equation for oxygen ions
oN,

ﬂz—LV-JO =V (DyVNyy ) - (6)
ot zpe ’

Here, Jo denotes the oxygen-ion current density, zo denotes the

charge number and Do the diffusion coefficient. The ionic flux

at the oxide boundary is opposite to the vacancy flux given by

(1) and thus obeys

Jo(r>0):_Jvo(r>0)- (7

No oxygen exchange is assumed to take place with the
surrounding atmosphere, i.e. Jo(7,z = -25 nm) = 0.

IV. ELECTROFORMING UNDER CONSTANT VOLTAGE STRESS

Simulations of the electroforming procedure using the
continuum model are conducted under constant voltage stress.
Initially, a homogeneous donor concentration
Nvo = 1x10'¢ cm™ is assumed in the oxide layer, and no oxygen
ions are assumed to be present in the Schottky-like electrode. A
constant voltage pulse with varying amplitude and a rise time
of 1 ns is applied to the device, and the simulation is stopped
after a current increase to 300 uA or more has been achieved.
Figure 1(a) shows the simulated /-¢ characteristics and (b) the
corresponding average oxygen vacancy concentrations along
the rotation axis for the voltage amplitudes of 1.5 Vto 3.5 V in
0.5V steps. All current transients show a plateau-like regime
and a succeeding steep current increase. Comparing the current
transients to the change in the average oxygen vacancy
concentration reveals that oxygen exchange already happens
while the current is not changing much. The increase in current
is related to the continuous increase in oxygen-vacancy
concentration in the oxide layer, which is shown in Fig. 1(b).
The onset of the steep current increase can be related to a
positive feedback mechanism due to Joule heating. As soon as
Joule heating sets in, an increase in the average oxygen
concentration will not only lead to an increase in current, but
also to an increase in local temperature. The ionic transport as
well as the oxygen exchange are temperature activated
processes. Thus, an increase in temperature leads to an
acceleration of the ion movement and the oxygen exchange
rate, which speeds up the transition further leading to a runaway
process. Moreover, the time of the onset of the current increase
changes orders of magnitude when changing the voltage, which
is consistent with experimental findings [23].

Another interesting aspect is revealed when investigating
oxygen vacancy distribution during the electroforming process
as shown in Fig. 1(c). Though the current increases for both
voltage cases, the evolution of the oxygen vacancy distribution
differs strongly. The concentration maps show the evolution of
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Simulated (a) I-¢ characteristics and (b) Nyo -t characterstics under constant voltage stress of Vp = {1.5V,2V,2.5V, 3V, 3.5 V} applied to the

bottom electrode of the deviceEvolution of the total oxygen vacancy concentration over time for(c) ¥»=1.5V and (d) V' =3.5 V. The snapshots correspond
to the open circles in (a) and (b). The black line in the concentration maps (c), (d) marks the isoline Nyo = 1-10%° cm™ of illustrates the filament evolution.

the distribution from the symmetry axis outwards within the
oxide layer. The oxygen exchange happens at the bottom
electrode in a region 0 < » < 10 nm (marked with a black tick).
For Vp=1.5V, the oxygen vacancies generated at the bottom
electrode interface via the oxygen exchange reaction migrate
only slowly towards the top interface. There is always a high
concentration of oxygen vacancies (indicative by the green
color) at the bottom interface. Thus, one can consider the
filament to grow from the bottom electrode towards the top
electrode though the growth is more complex when tracing the
isoline of Nvo=1:10%" cm>. In contrast, the oxygen vacancy
concentration gets depleted during the electroforming process
for Vp=3.5V. In this case, the filament grows from the top
electrode to the bottom electrode.

The different growth modes can be understood as interplay
of the rate of the oxygen transfer reaction a the bottom electrode
supplying oxygen vacancies and the rate of oxygen vacancy
migration [21]. If the exchange rate is high compared to the
migration rate, there is always a high concentration of oxygen
vacancies at the bottom electrode and the filament grows from
bottom to top. In the opposite case, the generated oxygen
vacancies rapidly migrate to the top where they accumulate.
Thus, the oxygen vacancy concentration gets depleted and the
filament grows from top to bottom. In the present simulation
study, the relation between the two rates change as the
migration and the oxygen exchange have different voltage
dependence and temperature dependence. At low voltages, the
oxygen transfer is faster than the ion migration and vice versa

for high voltages. In addition, the temperature is non-
homogenous and lower at the boundaries than the middle of the
cell. Thus, the oxygen exchange shows a weaker temperature
acceleration than the oxygen migration.

The occurrence of the different growth directions have been
experimentally observed in literature [8], [15], [24]. Filaments
can grow from the cathode or the anode, depending on factors
such as the electrode material, oxygen exchange layers, and the
polarity of the forming voltage. While Yalon et al. [24]
demonstrated that electrode chemistry strongly influences the
direction; Du et al. [15] showed filament growth from the anode
toward the cathode in Fe-doped SrTiO;. Similarly, Yang et al.
[8] reported oxygen vacancy drift initiating from the cathode or
anode, depending on the applied bias.

V. INFLUENCE OF REACTION RATE CONSTANT

In a second study the impact of the oxygen-exchange rate
on the formation and progression of the conductive filament is
investigated using the continuum model. Again, an initial
homogeneous donor concentration Nyo = 1x10'"®cm™ is
assumed in the oxide layer, and no oxygen ions are assumed to
be present in the Schottky-like electrode. A constant voltage
pulse of 2.5 V with 1 ns rise time is applied, and the simulation
is stopped after a current increase to 300 pA or more has been
achieved. Fig. 2(a) shows the simulated /- characteristics for
oxygen exchange rates between ko= 1x102cm?*/s and
koo = 1x107%* cm¥/s.
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Figure 2. Simulated (a) /-t characteristics and (b) Nvo .~ characterstics under constant voltage stress of /» =2.5 V applied to the bottom electrode of the
device for different oxygen exchange rates ko = {1-10* cm™/s, 1:102¢ cm™/s, 1-102 cm™/s, 1-10%° cm™/s, 1:1032 cm™/s}. (c) shows the evolution of the total
oxygen vacancy concentration over time for koo = 1:102* cm™/s (top row) and koo = 1-10%* cm™/s (bottom row). The snapshots correspond to the open circles in
(a) and (b). The black line in the concentration maps (c), (d) marks the isoline Nyo = 1:10?° cm™ of illustrates the filament evolution.

All current transients show a two-step process similar to the
one in the previous section and as demonstrated experimentally
for the SET process in RRAMs [25], [26]. This process can be
explained as a thermal runaway process due to Joule heating.
As in the study of the previous section, the increase in current
is related to the continuous increase in oxygen-vacancy
concentration in the oxide layer, which is shown in Fig. 2(b).
The increase in oxygen-vacancy concentration already starts at
low voltages and currents, where significant Joule heating does
not yet take place. As the current increases, the associated
temperature rise exerts positive feedback on the oxygen
exchange rates. For large exchange rates, a thermal runaway
occurs, manifesting itself in the abrupt current and
concentration increase, accompanied by an abrupt increase of
temperature.

The obvious influence of the oxygen exchange rate is the
change of the time to form indicated by the strong increase in
current. The higher the rate constant is, the faster the
electroforming process is. In the present case, the time to form
changes by two orders of magnitude while the rate constant
changes from koo = 1x102 cm*s to ko= 1x10* cm*/s. The
oxygen-exchange current density that determines the extraction
of oxygen, depends linearly on the reaction rate constant
according to eq. (5). Thus, a higher exchange rate enables the
faster formation of oxygen vacancies in the oxide layer, and
thus a faster initial stages of the electroforming process. Once
the temperature acceleration sets in, the transition occurs much
faster.

The concentration maps during the electroforming process
are shown in Fig. 2(c). In case of the high reaction rate constant
koo=1-10* cm¥s, the oxygen vacancy concentration at the
bottom electrode interface is always high and the filament
grows from bottom to top. In contrast, after a first increase of
the oxygen vacancy concentration at 810 ps and at 7 ms, the
oxygen vacancy concentration gets depleted at this interface for
the low reaction rate constant, i.e., koo = 11032 cm?/s. In this
case, the filament growth can be considered from top to bottom.
This change of the effective filament growth direction can be
explained again by the interplay between oxygen vacancy
generation and oxygen vacancy migration. If the oxygen rate is
low, the oxygen vacancies migrate faster away from the
interface than new ones are generated by the oxygen exchange
reaction. Thus, the filament grows from top to bottom. If the
exchange rate is high, more oxygen vacancies can be generated
than are moved away from this interface resulting in a growth
from bottom to top.

The  exchange rate and the  corresponding
reduction/oxidation barrier are determined by the used
electrode and oxide material, but these properties can also be
influenced by the presence of hydrogen or moisture [6], [27].
Liibben et al. showed that increasing the water partial pressure
in the oxide material reduces the forming voltage by several
volts [28]. This observation can be related to counter reactions
that happen at the electrode opposite to the one where the
oxygen exchange reaction is happening. In this case, the system
is kept charge neutral allowing for ionic transport. This is
probably particularly important for highly insulating films
where the charge is transported mainly by ions in the oxide



layer. But also, for more electronically conducting films, the
presence of moisture/hydrogen might reduce the barriers for the
oxygen exchange reaction or lead to an increase of the reaction-
rate constant.

VI. INFLUENCE OF AMBIENT CONDITIONS

Forming simulations are conducted using the 3D KMC
simulation model to study the influence of the ambient
temperature on the forming process. To reduce the simulation
time, the oxygen vacancies (V0) are initially placed along a
filament at the center of the cell. This approach is justified as
simulations with oxygen vacancies distributed throughout the
entire cell exhibited similar trends. By concentrating the
oxygen vacancies, computational resources can be utilized
more efficiently without compromising the fundamental
insights obtained.

A voltage sweep is applied starting at 0 V with a linear
sweep rate of 0.5 V/s. The simulation incorporated a current
compliance (Icc) limit of 200 pA like experiments to prevent
device destruction due to uncontrolled current flow. The
forming voltage (Vrom) is defined as the voltage at which the
current compliance is reached. Upon reaching Icc, the
simulation is terminated, and Vrom can be extracted.

Figure 3 illustrates a typical forming simulation performed
with the 3D KMC model at 7=300 K. The /-V characteristics
of the forming process (blue curve, left y-axis) demonstrate the
linear voltage increase and the corresponding current evolution.
Simultaneously, the development of the oxygen vacancy
number (red curve, right y-axis) shows how the oxygen vacancy
generation accelerates due to the increasing electric field and
temperature. This self-accelerating process leads to an abrupt
forming event, where the current sharply rises until /cc is
reached. The simulation captures this dynamic and identifies
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Figure 3. Forming simulation with the 3D KMC simulation model. /-

characteristics of the forming process of an exemplary simulation with 15
initial Vo (blue, left y-axis). The development of the oxygen vacancy
(V6) number in the cell is presented in red (right y-axis). The voltage is
linearly increased with 0.5 V/s, consequently increasing the current
through and the temperature in the cell. At a certain field and
temperature, the generation of new oxygen vacancies at the OE starts.
This increases the current, temperature, and the oxygen vacancy number
in a self-accelerating process, which leads to abrupt forming. At a current
compliance /cc =200 mA the simulation is stopped, the forming is
considered finished and the final voltage can be extracted and is
subsequently used as forming voltage Vrorm.

the critical voltage, Vrorm, necessary for forming. This forming
process and the occurrence of a thermal runaway process is
consistent with the findings of the continuum model showing
the models consistency.

To investigate the influence of ambient conditions, the
external temperature is systematically varied during the
forming simulations. The temperature range could initially only
be kept small, since a higher temperature increase would
drastically increase the simulation time. The results reveal a
slight reduction in the forming voltage (Vform) With increasing
ambient temperature. This trend is illustrated in Fig. 4, where
the forming voltage is plotted as a function of the external
temperature. Although the dataset exhibits significant
scattering (blue crosses), the mean values (red line) indicate a
clear negative correlation between the ambient temperature and
Vrorm. The observed decrease in Vrom can be attributed to the
enhanced thermal energy at elevated temperatures, which
facilitates the generation and migration of oxygen vacancies,
thus reducing the electric field required for the forming process.
This trend is consistent with experimental data obtained on
HfO»-based ReRAM [28]. Butcher et al. [28] found that higher
temperatures enhance electron transfer and oxygen vacancy
generation, enabling forming at lower voltages. This approach
also improves device uniformity and significantly reduces
forming time, making it more practical for industrial
applications.
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Figure 4. Dependence of the forming voltage Vgom on the ambient
temperature of the VCM cell. Despite the limited statistics and the
comparably high scattering of the data points (blue crosses), a small
decrease of the forming voltage Vrom With increasing ambient temperature
can be observed looking at the mean values (red line).
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In this section, forming simulations are conducted to
examine the impact of the initial number of oxygen vacancies
in the oxide layer on the forming process. Unlike the previous
chapter, where simulations were performed at various ambient
temperatures, all simulations here are conducted at a constant
temperature of 300 K. To optimize computational efficiency,
the oxygen vacancies are initially placed along a filament at the
center of the cell, as described earlier.

INFLUENCE OF DEFECT CONCENTRATION

By systematically varying the initial oxygen vacancy
number, the simulations aim to uncover how the number of pre-
existing oxygen vacancies influences the dynamics of the
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Figure 5. Dependence of the forming voltage Vrm on the initial number
of oxygen vacancies (V0) in the HfO-layer of the VCM cell. With an
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forming process and especially the forming voltage (Vorm). The
forming simulations are carried out by varying the initial
number of Vo in the oxide layer from 1 to 20. For each
simulation, the corresponding Vrom is extracted and plotted as
a function of the initial V6 concentration in Fig. 5. The results
reveal a clear inverse relationship between these two quantities:
as the initial number of oxygen vacancies increases, the forming
voltage decreases approaching typical SET voltages. This
behavior can be attributed to the enhanced -electrical
conductivity of the system with a higher initial oxygen vacancy
concentration. The increased oxygen vacancy density allows a
higher current flow through the cell, resulting in elevated
system temperatures. Consequently, the critical processes for
forming, such as the generation of new oxygen vacancies, are
triggered at lower voltages. This trend has been also observed
in experiments [3], [4], [5], [29]. Piros et al. [3] found that high
oxygen vacancy density in Y»Os enables forming-free behavior,
while Sharath et al. [4] showed that oxygen-deficient TaOx
reduces forming voltages. Stille et al. [5] similarly observed
that higher defect densities in SrTiOs lower forming voltages
by promoting localized reduction processes.

In the next step, the final number of oxygen vacancies in the
system — i.e., the number of oxygen vacancies present as the
current compliance is reached — was extracted from the forming
simulations. Figure 6 illustrates the relationship between the
final oxygen vacancy number and the initial oxygen vacancy
number. For low initial oxygen vacancy concentrations, the
final oxygen vacancy number is significantly higher, indicating
substantial oxygen vacancy generation during the forming
process. Conversely, for higher initial oxygen vacancy
concentrations, the final number of oxygen vacancies remains
relatively constant, suggesting that the system is approaching a
saturation regime where the forming process generates fewer
additional oxygen vacancies.

Additionally, the final number of oxygen vacancies was plotted
against the corresponding forming voltage (Vrorm), as shown in
Fig. 7. This analysis reveals that the final oxygen vacancy
number increases with higher Veom. This trend can be
interpreted as follows: at higher forming voltages, the critical
processes — such as the generation and migration of oxygen
vacancies — occur under stronger electric fields. This results in
rapid and substantial oxygen vacancy generation within a short
time span. In contrast, at lower Vrom, the processes of oxygen
vacancy generation and diffusion towards the active electrode
are better balanced. This balance leads to the formation of a
more ordered filament structure that facilitates current flow.
Conversely, higher forming voltages produce a less ordered,
oxygen vacancy-rich system, which may negatively impact
filament stability and uniformity.
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Figure 6. Final number of oxygen vacancies (V0) in the cell after /cc is
reached and the forming is finished in dependence of the initially placed
number of V6. It can be observed that the final V6 number is clearly
higher for very low initial V6 numbers, whereas the final V6 number
stays relatively constant for higher initial V6 numbers.
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Figure 7. Final number of oxygen vacancies (V0) in the cell as a
function of the forming voltage Vrom. Higher forming voltages result in a
greater number of final oxygen vacancies due to accelerated oxygen
vacancy generation at elevated electric fields.

Finally, in Fig.8 two exemplary oxygen vacancy
configurations resulting from the forming simulations are
presented. The final spatial distribution of the oxygen vacancy
represented by red spheres in the oxide of the VCM ReRAM
cell after the forming process and reaching the current
compliance Icc is presented for two different cases. In Fig. 8 a),
an example of a cell with a low initial oxygen vacancy number
(3V06) and correspondingly a high forming voltage
(Vrorm = 2.54 V) is shown. As mentioned before, the generation
of oxygen vacancies is dominating here at the time the forming
starts, leading to a high final number of oxygen vacancies (336)
without building a complete filament. In contrast, in Fig. 8 b)
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Figure 8. Exemplary spatial representation of the V6 (red spheres) in the oxide of the VCM ReRAM cell after completion of forming by achieving the
current compliance limit /cc. a) Low initial V6 number (3 V) leading to a late forming process at a high voltage of Viom = 2.54 V. V6 generation strongly
dominates, leading to a high final number of V6 (336) with only partially formed filament. b) Higher initial V6 number (15 V0) leading to an earlier
forming process at a lower voltage of Viem =2.02 V. V6 generation and drift-diffusion towards active top electrode are more balanced leading to a well-
formed filament with 98 final Vo.

the example of a cell with 15 initial oxygen vacancies and a
corresponding forming voltage of Veem =2.02 V is shown.
Here, the generation of oxygen vacancies is more balanced with
the drift-diffusion of the oxygen vacancies towards the top
electrode, leading to a well-formed filament.

VIIL

In this work, some of the parameters determining the
electroforming of metal/oxide/metal stacks are investigated
using simulations. It is shown that the forming voltage/time to
form decreases if the voltage is increased, the reaction constant
increases, the number of initial defects increases, or the
temperature increases. This is consistent with experimental
findings. Moreover, it is shown that the parameters not only
influence the forming voltage/time to form but also impact the
shape of the formed filament.

SUMMARY
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