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Abstract Memristive devices based on filamentary switching are investigated by 3D
kinetic Monte Carlo simulations. The electrochemical metallization device under
consideration consists of a stack of Ag/TiOx /Pt thin layers. By modeling the Ag
ion transport within the solid state electrolyte, driven by the electric field and
thermal diffusion, the dynamics of resistive switching and conducting filament
growth/dissolution are studied. The model allows to resolve the macroscopic time
scale of consecutive growth and dissolution cycles. It provides realistic current-
voltage relations as observed experimentally. Simultaneously, it grants a detailed
characterization of the influence of the electric field and the thermal heat on the
local resistive switching dynamics. It finally provides insight into the microscopic
physical mechanisms involved in the set and reset kinetics during switching. It is
concluded that the force due to electromigration on Ag in the closed filament may
not be negligible during reset process of the device.

Keywords Memristive devices · Electrochemical metallization cells ·
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1 Introduction

Today’s predominantmemory technology is based on the storage of electrical charge.
In these devices relatively high energy barriers are required to prevent the loss of its
memory state through electron tunneling currents. Due to approximately 1000 times
larger mass of atoms compared to electrons, the tunneling of atoms to neighboring
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states is negligible. In contrast, memristive devices are based on the principle of
resistive switching, whereby information is stored in the device resistance. These
memory devices are based on the change of the atomic arrangement. Therefore,
they do not require high energy barriers and could replace currently used memory
concepts, especially with respect to scalability and energy efficiency.

The first memristive devices were introduced as early as the 1960s [1–3]. In 1976,
specifically the emergence of Ag filaments as a possibility for resistive switching was
recognized [4]. In the 1970s, Leon O. Chua further presented a theory of memristive
systems [5, 6]. However, especially due to the rapid progress of silicon-based, inte-
grated circuit technology, interest in memristive devices decreased from the end of
the 1970s until new computer architectures were considered in the 1990s. In 2008,
Strukov et al. demonstrated resistive switching in the context of the theory of mem-
ristive systems presented by Chua [7]. Due to their versatile usability, for example as
artificial synapses in neural networks for new types beyond von Neumann computer
architectures or as future, non-volatile storage elements, research on memristive
devices is steadily increasing to this day [8–10].

Memristive devices are often used in pulsed mode operation. However, direct cur-
rent operation and its related current-voltage (IV) characteristics provide important
insights into the physical behavior of individual devices. For instance, on the basis
of the IV characteristics a distinction can generally be made between unipolar and
bipolar devices. In the case of bipolar switching devices, the voltage polarity in the
set and reset process differs, whereas for unipolar devices it is the same. In addition to
this very general classification, memristive devices can also be differentiated based
on their physical behavior. For example there are memristive devices based on mag-
netic effects (such as magnetic tunnel devices [11]), on electrostatic effects (such as
the trapping effect of electrons [12]). The memristive devices particularly considered
in this work are based on a change in the atomic configuration. Even within this type
of memristive systems, the exact physical mechanisms of resistive switching can be
very different and range from diffusion and migration of ions [13] through chemical
reactions to thermal effects [14] caused by Joule heating [15]. The exact switching
behavior is often not understood and thus prevents a reliable integration of these
devices in electronic circuits. As a theoretical approach, this chapter is henceforth
dedicated to the modeling and simulation of electrochemical metallization (ECM)
cells that exhibit filamentary switching behavior.

2 Electrochemical Metallization Cells

Typically, ECM cells consist of a solid electrolyte with poor electrical conductivity,
embedded between a chemically active and an inert electrode. The active electrode
usually consists of Ag, Cu, or Ni. In addition, resistive switching has already been
demonstrated with active electrodes made of alloys containing Ag, Au, Cu, or Ni,
like Au/Ag alloys [16]. In addition to the chemical inactivity, another requirement
for the inert electrode is the poor miscibility with atoms of the active electrode. These
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Fig. 1 Scheme of the ECM cell with incipient filament growth and illustration of the processes
implemented in the simulation: (I) oxidation, (II) surface diffusion on the Pt electrode, (III) diffusion
in the TiOx , (IV) reduction on Ag, (V) reduction on a step, (VI) nucleation. Reprinted from [14],
with the permission of AIP Publishing

requirements are met by materials like Pt, Ir, andW. Awide variety of materials have
been demonstrated as possible electrolyte materials, such as TiO2, SiO2, GexSy [17].

In this work, the ECM devices based on the Ag/TiOx /Pt materials system is inves-
tigated with the help of simulations [18]. Its general functionality is schematically
presented in Fig. 1. Assume that the ECM cell is in the high-resistance state (HRS)
initially. In the set process, the chemically active Ag electrode is subject to a positive
voltage (with respect to the opposing grounded electrode). This leads to oxidation
of the Ag electrode following the reaction,

Ag → Ag+ + e− (1)

with monovalent Ag+ ions [see Fig. 1 (I)] resulting in a partial dissolution of the
active Ag electrode. Along with a related transfer of charge through the electrode,
the Ag+ ions are subject to the electric field in the solid electrolyte.

Due to this electric field, the Ag+ ions move through the TiOx toward the Pt
electrode [see Fig. 1 (III)]. When the Ag+ ions reach the Pt/TiOx interface, they
can undergo different processes. Since Ag and Pt are almost immiscible at room
temperature (see phase diagram Ag-Pt), surface diffusion of the Ag+ ions occurs at
the Pt/TiOx interface [see Fig. 1 (II)]. In addition, Ag+ ions may form stable nuclei
at the Pt electrode after reduction [19]. At these nuclei, additional Ag+ ions may be
reduced based on the following reaction [see Fig. 1 (IV)–(V)]:

Ag+ + e− → Ag (2)

This reaction leads to the growth of Ag filaments from the Pt electrode through the
TiOx electrolyte towards the Ag electrode. The two-step process of (i) formation of
small Ag clusters and (ii) the reduction of Ag+ ions on these clusters by electron
transfer has been proven experimentally in 1999 [20].

If the distance between the filament and the Ag electrode decreases, the Ohmic
resistance also decreases (increases the probability of electron tunneling). This leads
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to an increase in the current through the device, which is often intentionally limited
to a maximum value. This value of maximum current signifies whether there is a
gap between the filament and the electrode, or the filament has formed up to the Ag
electrode and begun to develop a galvanic contact. In this state, the device is in the
low-resistance state (LRS). To reset the device to the HRS, the voltage polarity must
be reversed. Depending on the current through the filament, it partially dissolves due
to the electric field, supported by an increased temperature by Joule heating and by
electromigration. The distance between the source and the sink of ions is determined
by the thickness of the solid electrolyte and may therefore be very small. That may
lead to desired properties like fast switching times and a very good scaling potential
(<10 nm). In addition, only small voltages are required for device operation due
to the small electrolyte thickness and the correspondingly very large electric field
strengths. A very small energy consumption (< pJ) results. Despite these advantages
and the technical feasibility of these devices, the randomness of the inherent physical
processes remains an issue.

To gain a reliable understanding of the resistive switching of ECM cells, simu-
lations on the atomic scale are indispensable. The multitude of different simulation
models proposed so far range from concentratedmodels tomolecular dynamicsmod-
els. This also includes continuous models and kinetic Monte Carlo (kMC) models
in 1D and 2D [21–26]. These models aim to describe resistive switching on various
time scales. Since filament growth is a three-dimensional phenomenon, however, a
3D kMC simulation model is proposed as part of this work. The following central
questions should be addressed: (i) How does filament growth proceed in ECM cells,
(ii) what are the central influences that lead to the reset of ECM cells, and (iii) how
does the distribution of atoms affect the resistance of the ECM cells?

3 Simulation Scenario and Simulation Methods

To simulate the characteristics of a real ECM cell, only a representative section
of the device is considered in the model. The simulation box consists of a square
base with an area of 40 nm × 40 nm, a 10 nm thick TiOx solid electrolyte and a
3 nm thick section of an active Ag electrode. The Ag electrode consists of 38,400
individual atoms, whereas the opposite inert Pt electrode was modeled as a boundary
for Ag+ ion motion to compensate for the poor miscibility of Ag and Pt. At all other
interfaces (i.e., the sides), periodic periodic boundary conditions were used for ion
motion. Occupiable, stable ion positions were represented by a cubic primitive lattice
with a lattice constant of 5 Å. The periodic lattice is reasoned by the corresponding
short range order, which exists also in amorphous materials.

In titanium oxide, silver is preferably present as a monovalent ion at interstitial
sites. It can diffuse through the bulk TiOx under the influence of electric fields
[27, 28]. The processes presented in Fig. 1 were taken into account also in the
simulation, as these are identified as the primarily important processes. The rate of
diffusion of Ag+ ions through TiOx is given by
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Table 1 Parameters for the simulation of ECM cells

Symbol Quantity Value References

σAg Conductivity of Ag 6.3 × 107 Sm−1

σTiOx Conductivity of TiOx 1.0 × 102 Sm−1

Ea,ox Activation energy for oxidation 0.65 eV

Ea,red Activation energy for reduction (surface/step) 0.62/0.58 eV

Ea,nuc Activation energy for nucleation 0.81 eV [29]

Ea,diff Activation energy for diffusion of Ag+ 0.61 eV

Ea,surf Activation energy for surface diffusion of Ag+ 0.59 eV

ρAg Mass density of Ag 10,490 kgm−3 [30]

ρTiOx Mass density of TiO2 4,230 kgm−3 [31]

cAg Heat capacity of Ag 235 Jkg−1K−1 [32]

cTiOx Heat capacity of TiO2 700 Jkg−1K−1 [33]

λAg Thermal conductivity of Ag 429 Wm−1K−1 [34]

λTiOx Thermal conductivity of TiO2 7 Wm−1K−1 [35]

kdiff = ν0 exp

(
Ea,diff + 0.5zi e(φ j − φi )

kbT (r, t)

)
. (3)

Here, ν0 is the phonon frequency, Ea,diff is the activation energy for diffusion of Ag+
ions through TiOx , φi and φ j are the potential at positions indicated by i and j , zi is
the charge number, e is the elementary charge, T is the local temperature, and kb is
the Boltzmann constant. Since diffusion at the material interfaces usually proceeds
at higher velocities than in the volume, a smaller activation energy Ea,surf is used for
surface diffusion compared to volume diffusion. All relevant simulation parameters
are summarized in Table 1.

The rates for reduction and oxidation can be derived from the Butler-Volmer
equation [24]. One finds

kred = ν0 exp

(
− Ea,red − α0zi e�φ

kbT (r, t)

)
(4)

kox = ν0 exp

(
− Ea,ox − (1 − α0)zi e�φ

kbT (r, t)

)
(5)

with the charge transfer coefficient α0 = 0.5 and the activation energies Ea,red and
Ea,ox for reduction and oxidation.

The potential difference �φ at the electrode/TiOx and filament/TiOx interface is
given as �φ = φTiOx − φelectrode and �φ = φTiOx − φfilament, respectively. The pro-
cess of heterogeneous nucleation depends on its environment. Thus, the time constant
for nucleation can be given as a function of the Ag concentration. Here, the nucle-
ation of Ag+ ions is modeled analogously to [26] as a one-particle process where
the nucleation process is independent of the material concentration. This ensures a



164 S. Dirkmann et al.

reduction in simulation time for the very time-consuming 3D simulations. The fact
that a critical Ag concentration must first be reached so that nucleation becomes
probable and the resulting slowing down of the process is represented here by an
increased activation energy. In these simulations the following nucleation rate was
used:

knuc = ν0 exp

(
− Ea,nuc − α0zi e�φ

kbT (r, t)

)
(6)

with the activation energy Ea,nuc for nucleation. The correctness of this modeling
approach may be confirmed experimentally afterwards from the activation energy
for nucleation. The time it takes to set a filament (tset) decreases exponentially for
high voltageswith the applied voltage. This is reflected in the equations of the process
rates in Arrhenius form. tset becomes infinite for small voltages [36]. Therefore, for
every oxidation step additionally the voltage-dependent condition

ζ < − log
[
cos(ξVappl)

]
(7)

must be satisfied,with the uniformly distributed randomnumber ζ ∈ [0, 1], the fitting
parameter ξ , and the applied voltage Vappl.

As an aside, it is well known that in TiOx , vacancies move in the electrical field
and can form conductive filaments. Depending on the kinetics of silver ion migration
and vacancy migration, the latter may have an effect on the electric field distribution
and hence on the formation of silver filaments. However, this mechanism is neglected
in this work.

All mentioned processes depend on the electric field. It can be calculated based on
the continuity equation∇ · j = 0. Here, the displacement current has been neglected.
With the help of a simple scale analysis, it can be shown that this assumption is
justified. It turns out that the displacement current scales with μεL2/c2T 2. Therein,
L and T are the typical length and time scale of the system, respectively. With L ∝
1 nm and T ∝ 1 s one finds that μεL2/c2T 2 � 1.

Electron transport through the device is dominated by Ohmic conduction. In
the literature, the tunneling current between the filament and the electrode is often
reported as the dominant transport mechanism [19]. To show that electron transport
is not dominated by tunneling electrons here, the Ohmic current is compared to
the tunneling current at the smallest possible distance resolved in the simulation of
0.5 nm. This distance is chosen because the tunneling current scales exponentially
with the thickness of the tunnel barrier, but the Ohmic current only linearly. Thus,
for the minimum possible distance, the largest ratio between tunneling current and
Ohmic current Itun/Iohm is expected. The tunneling current density may be calculated
using the Simmons equation [37]. The height of the tunnel barrier was chosen to be
�TB = �TiOx/Ag = 0.36eV [38]. The effective mass of electrons was chosen to be
m∗

e = 9me [39].
The Ohmic current density was calculated from j = σ E with σ = σTiOx =

100S/m. Due to the high conductivity of the TiOx matrix, the Ohmic current den-
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Fig. 2 Comparison between tunneling current and Ohmic current density for a distance between
electrode and filament of 0.5 nm [40]

sity is significantly larger than the tunneling current density even in the case of the
smallest possible distance between filament and electrode (see Fig. 2).

Consequently, a generalized Ohm’s law,

j = σ(r)E(r), (8)

with the local conductivity σ(r) of the respective material and the local electric field
E(r) is used to describe the electron current density. Since the dynamics of the system
is quasi-stationary, the electric field can be written as E = −∇�. The differential
equation for the electrostatic potential is thus given by

∇ · (σ (r)∇�) = 0 (9)

To solve this differential equation, Dirichlet boundary conditions are applied to the
upper and lower interfaces. Periodic boundary conditions are applied to all other
interfaces. The differential equation is solved numerically using the successive over-
relaxation method on a structured grid. The current I through the device is calculated
using the integral

I =
∫
A
σ(r)E(r) · nd A. (10)

This can be evaluated at any vertical position, since the continuity equation is implic-
itly satisfied everywhere.

All rates for the chemical and physical processes in the ECM cell are exponen-
tially dependent on the local temperature. The temperature is therefore a decisive
parameter for the memristive behavior of ECM cells. Due to the fact that in the LRS
a metallic filament forms through the high resistance electrolyte matrix and connects
the top and bottom electrodes, the current flow through the ECM cell is concen-
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trated to the filament. This leads to a significant current density through the filament
and thus potentially to a large temperature due to Joule heating. Consequently, the
assumption of a constant temperature may not be justified and therefore the tem-
perature in the device is calculated. The material dependent parameters of the heat
conduction equation are also listed in Table 1. To investigate the effect of temperature
on the memristive behavior, the temperature in two different materials, Ag and TiOx ,
is calculated. The time constants of temperature evolution in these materials can be
estimated based on a scale analysis to τAg ∝ 5.7 × 10−15 s and τAg ∝ 4.2 × 10−13 s
with a typical length scale of the system of 1 nm. The typical time scale of ion move-
ment accordingly results from the largest jump rate ki j of the ions of the respective
iteration,

τhop = ln ζ

ki j
= ln ζ ν−1

0 exp

(
Ea

kbT

)
≈ 10−2s, (11)

with the uniformly distributed random number ζ ∈]0, 1]. The timescale of memris-
tive behavior is thus significantly larger than the time constant of the temperature
development. Therefore, the steady-state heat equation,

−∇ · (λ∇T ) = j · E, (12)

is solved to calculate the temperature. λ(r) is the material-dependent thermal con-
ductivity, whereas the right hand side represents the Joule heating source term. The
upper and lower boundary surfaces are set to room temperature throughout the sim-
ulation. Periodic boundary conditions are again used at all other interfaces. This
differential equation is solved numerically on the grid, which was also used for the
potential. To account for the influence of temperature on the ion motion, the cal-
culated temperature is inserted into the rate equations of the chemical and physical
process rates.

4 Results and Discussion

The simulation model was used to calculate the IV characteristics of the Ag/TiOx /Pt
ECM cell as well as the atomic state and switching kinetics. An ideal voltage source
was applied to the Ag electrode, whereas the inert Pt electrode was set to the constant
potential of 0 V. The source voltage and the voltage applied to the device, as well as
the calculated IV characteristic are shown in Fig. 3. The calculated IV characteristics
is in excellent agreement with experimental measurements as reported by Yang [41].
Five instances of time characteristic of the applied voltage are indicated by the
numbers (1)–(5) and six different instances of time characteristic of the reset process
are indicated by the letters (a)–(f).

The voltage ramp is applied as follows: The voltage source initially applies a
voltage rampwith the slope 0.5V/s to the device. To prevent an electrical breakdown,



Modeling and Simulation of Silver-Based Filamentary Memristive Devices 167

the current is limited to a maximum value of ICC = 50µA. If the current through the
device exceeds this value, the voltage source is replaced by an ideal current source
which provides exactly ICC. Here, the linear relationship between current and voltage
through the device can be exploited. Using a test voltage and a corresponding test
current, the resistance of the device, RECM, can be obtained. From this resistance
and the current ICC it is possible to calculate VCC = RECM ICC, i.e., the actual voltage
applied to the device. This applied voltage differs from the source voltage.

When the (original) source voltage reaches 0.5V (this value was chosen to ensure
resistive switching), the slope of the voltage ramp is inverted to a value of −0.5V/s.
If as a result the current drops below ICC, the current source is again replaced by a
voltage source. When the voltage reaches −0.25V, the slope of the voltage ramp is
reversed to 0.5V/s until the voltage returns to 0V.

The calculated temperature distribution (right) and the corresponding atomic state
(left) for the five selected instances of time (1)–(5) from Fig. 3 are depicted in Fig. 4.
In the original state, where the applied voltage is 0 V, no current flows through the
device. All Ag atoms are within the electrode [time (1)]. Since no current flows
through the device, the temperature in the device is at room temperature everywhere.
When a positive voltage is applied to the Ag electrode, the oxidation process starts
at the electrode due to the electric field induced by the externally applied voltage.
The oxidized, positive Ag+ ions move through the solid-state electrolyte, forming a

Fig. 3 Input/output behavior
of the ECM cell. Top:
Ramped source voltage (red)
and voltage applied to the
simulation region (blue) as a
function of time. Bottom: IV
characteristics plotted versus
source voltage. Five
important instances of time
during the voltage ramp
(green dots) and six
important instances of time
during the reset process (red
dots) are marked. Reprinted
from [14], with the
permission of AIP
Publishing
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Fig. 4 Status of ECM cell shown for the five marked instances of time from Fig. 3. Left: Status
of filament growth. Right: Corresponding temperature distribution. Reprinted from [14], with the
permission of AIP Publishing
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Fig. 5 Calculated current density distribution through the simulation area at time (2) from Fig. 3
immediately after electroforming of the conductive filament. Reprinted from [14], with the per-
mission of AIP Publishing

stable nucleus at the Pt electrode. They reduce at this nucleus and form a conductive
filament through the solid-state electrolyte. Once the conductive filament connects
the two electrodes, a significant current flow through the filament is observed [time
(2)].

At this point it is important to mention that resistive switching does not neces-
sarily require a connection between the two opposing electrodes. In addition to a
connection, it is also possible for a gap to remain between the filament and the Ag
electrode. Either a tunneling current flows across this gap, if the resistance of the
solid electrolyte is correspondingly high, or an Ohmic current, as presented here. In
both cases, the current through the device is significantly smaller than in the case
of a connection through the filament, which leads to a lower temperature inside the
device for the same applied voltage [42]. Therefore, the retention of a gap can only
be guaranteed by a correspondingly small current limit.

Figure 5 shows the current density shortly after the filament has connected the
upper and the lower electrode [time (2)]. This current density is used as a source term
for the temperature calculation. As expected, the current mainly flows through the
conductive filament and leads to a local heating of the device. The temperature of
the device increases to a maximum value of 320.9K due to Joule heating. When the
current reaches the limiting current ICC, the voltage applied to the device decreases
due to the reduced resistance (blue line on the right side of Fig. 3). Due to this reduced
voltage during current limiting, further growth of the filament is significantly slowed
down.

If the voltage polarity is reversed, the current increases again [time (3)]. Therefore,
the temperature in the device also rises again and reaches values around 305K.
As soon as the filament breaks and thus the connection between the two opposing
electrodes is dissolved [time (4)], the temperature drops again to room temperature.
Due to the electric field within the solid state electrolyte, the filament is degraded
[time (5)].

Since no nucleation seed was set in this simulation, nucleation occurs at random
positions of the Pt electrode. At these nucleation sites, reduction occurs preferentially
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Fig. 6 Calculated magnitude of the electric field in the simulation area at time point t = 0.66s
directly before electroforming of the conductive filament. Reprinted from [14], with the permission
of AIP Publishing

and stable clusters are formed. Figure 6 shows the magnitude of the electric field at
time t = 0.66s. At the positions of the clusters, the electric field is increased due
to sharp edges and because of a reduced distance between cluster and Ag electrode.
Therefore, the growth of the filament is strongly accelerated at these positions. Due
to the influence of the inhomogeneous electric field within the solid electrolyte, large
clusters grow faster than small ones and eventually form a conductive filament.

Due to the periodic boundary conditions, a copy of the simulation box can be
imagined attached to the simulation box in x and y direction for the electric field
calculation. The electric field in these copies of the simulation box influences the
electric field in the simulation box. This is correct in so far, since the real device
extends much further in x and y direction than the simulation box. Since the surface
roughness caused by the inhomogeneous distribution of the Ag in the simulation
box is randomly distributed, periodic boundary conditions are a good assumption. It
limits the interpretability to distinguish single or multi filament behavior, however,
as coupling may occur.

Due to the fact that filament growth strongly depends on the electric field, the set
time varies with the applied voltage. To investigate the switching kinetics of the ECM
cell, different constant voltages were applied to the device and the time until electro-
forming of a filament was calculated. Figure 7 shows the result of these calculations.
With set times in the range of 0.1ms to 10s depending on the applied voltage, the
calculated switching kinetics of the device are comparable to corresponding experi-
mental measurements of ECM cells [43].

Another aspect of particular interest in the context of the presented simulations
are the kinetics of the reset process. At the time of maximum negative current, the
maximum temperature is 304.6K. Even though higher temperatures are expected for
higher power densities within the device, this simulation result means that a critical
temperature rise is not an issue for the typical use of ECM cells in integrated circuits
[44]. Thus, it is clear that the dissolution and filament reset process is predominantly
caused by the electric field.
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Fig. 7 Switching kinetics of
the ECM cell. Calculated
time to form of the
conductive filament for
different filament for
different applied voltages.
Reprinted from [14], with
the permission of AIP
Publishing

Unlike the set process, which is relatively abrupt, the reset process is often gradual.
In addition, the reset process is stochastic and varies from cycle to cycle [45]. Figure 8
shows the atomic state of the conductive filament for the six instances of time of the
reset process (a)–(f) selected in Fig. 3. This figure is instructive to explain the reset
process in detail. At time (a), the filament is completely established and the reset
process has not yet started. Due to the electric field, Ag atoms of the filament oxidize
at random positions depending on the potential drop between filament and solid
electrolyte and move away from the filament.

Figure 9 shows the distribution of the electrostatic potential over a cross-section
of the ECM cell at time t = 2.2 s, shortly before the conductive filament breaks. Due
to the connection through the conductive filament, the potential is nearly linear from
the top to the bottom electrode. A slight variation is observed as the magnitude of the
electric field increases at constrictions of the filament. The filament is subject to the
electric field approximately uniformly in position and provides oxidation processes.
The resulting thinning of the filament leads to several weak connections between the
upper and lower electrode [time (b)], shown by red circles in Fig. 8. In consequence,
the resistance of the device grows successively, subject to the random dissolution
and ion motion. This leads to the stochastic behavior of the reset process. At these
weak connection spots, both the temperature and the electric field increase, due to
the enhanced current density and resistance. The breakup of the conductive filament
occurs preferentially at these narrow spots [time (c)]. After the filament has split.
It can nevertheless reconnect [time (d)], which again leads to a drop in resistance
and thus to an increase in current. The final breakup of the conductive filament is
shown at time (e). As the filament recedes, isolated islands are formed. Additionally,
it can be observed that the growth of the filament also starts at the active Ag elec-
trode. This growth mode can also be shown in other simulations [21] as well as in
experiments [46].

At this point, two more important points should be discussed. First, it is important
to note that the presented simulation model is only valid if the conductivity of the
electrolyte matrix is such that Ohmic current dominates over tunneling currents and
ionic current conduction. If this is not the case, these conduction mechanisms would
have to be accounted for in the continuity equation.
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Fig. 8 Atomic configuration of the conductive filament at the six times marked in Fig. 3. Marked
instances of time of the reset process. Reprinted from [14], with the permission of AIP Publishing

Fig. 9 Potential distribution at time t = 2.2 s directly before electroforming of the conductive
filament in a section through the simulation area at the position of the filament. Reprinted from
[14], with the permission of AIP Publishing
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Second, it should be pointed out that this model focuses especially on the influ-
ence of temperature and electric field on the reset process. Another mechanism of
electromigration was considered in this model only indirectly, through the process
of re-oxidation. In the literature, this mechanism is hardly discussed in the context
of the reset process of ECM cells [47, 48]. Considering electric fields in a good
electrical conductor, the force on an ion can be expressed as a function of an effec-
tive charge number. For silver, the effective charge number is −26 [49]. Thus, the
force of the electron flow dominates over the force of the electric field on Ag in the
filament. It becomes particularly large (but disappears in quantum point contacts) at
the narrow spots of the filament. Electromigration can thus facilitate movement of
Ag out of the filament. Once they dissolve from the filament, they have a monovalent
charge and are no longer affected by electromigration, but by the electric field, since
the electron current is confined to the filament according to Fig. 5. Consequently,
electromigration may be a crucial mechanism for the initial breakup of the filament.
Especially due to the magnitude of the force on Ag in the filament, this mechanism
should be considered in future extensions of this model.

5 Conclusions and remarks

In this chapter, thememristive behavior of ECMcells was investigated using a typical
Ag/TiOx /Pt ECM cell as an example. The focus was on the phenomenon of resistive
switching, the physical processes of filament growth, and the driving forces of the
reset process. A simulation model was developed to address these aspects. The ion
motion was described using the kMC method. The continuity equation assuming
purely Ohmic behavior was solved to calculate the current density and the electric
field. Additionally, the steady-state heat equation was solved to calculate the temper-
aturewithin the device, subject to Joule heating. First, it was shown that the tunnelling
currents are negligible compared to Ohmic currents in the devices at all times. The
formation and dissolution of a conductive Ag filament could be identified as the main
cause of resistive switching. In addition, the main chemical and physical processes
leading to the filament growth could be described, such as oxidation, diffusion, reduc-
tion, and nucleation. It was shown that the main driving force for filament growth
is the electric field. A large electric field results when the distance between filament
and electrode becomes very small. Therefore, growth occurs predominantly at the tip
of pre-formed (incomplete) filaments. Furthermore, it was argued that the calculated
IV characteristics of the device is in very good agreement with measurements.

To investigate the different physical mechanisms that lead to the reset process,
the distribution of the current density in the device and the resulting increase in
temperature were calculated. Accordingly, the maximum current density is about
8 × 1013 A/m2 and, as expected, flows mainly through the conductive filament. The
maximum calculated increase in temperature during the reset process is approxi-
mately 5K. Accordingly, it was concluded that the main driving force of the reset
process is the electric field, not the temperature. In addition, it was discussed that
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the force due to electromigration on Ag in the closed filament may not be negligible.
Up to now, this process has only been indirectly included in the simulation by the
process of re-oxidation from the filament. Finally, the reset process of the atomic
scale was described in detail.
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