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Abstract
Electrochemical metallization (ECM) cells are based on the principle of voltage controlled
formation or dissolution of a nanometer-thin metallic conductive filament (CF) between two
electrodes separated by an insulating material, e.g. an oxide. The lifetime of the CF depends on
factors such as materials and biasing. Depending on the lifetime of the CF—from microseconds to
years—ECM cells show promising properties for use in neuromorphic circuits, for in-memory
computing, or as selectors and memory cells in storage applications. For enabling those
technologies with ECM cells, the lifetime of the CF has to be controlled. As various authors
connect the lifetime with the morphology of the CF, the key parameters for CF formation have to
be identified. In this work, we present a 2D axisymmetric physical continuum model that describes
the kinetics of volatile and non-volatile ECM cells, as well as the morphology of the CF. It is shown
that the morphology depends on both the amplitude of the applied voltage signal and CF-growth
induced mechanical stress within the oxide layer. The model is validated with previously published
kinetic measurements of non-volatile Ag/SiO2/Pt and volatile Ag/HfO2/Pt cells and the simulated
CF morphologies are consistent with previous experimental CF observations.

1. Introduction

Resistive memory cells have promising potential for emerging technologies such as neuromorphic
computing, but also for established memory applications [1]. One type of resistive memory cells is
electrochemical metallization (ECM) cells, also known as conductive bridge random access memory cells
[2–4]. This two-terminal device can be described as a nano-capacitor-like structure. The counter electrode
(CE) consists of an inert metal, such as Pt or W, whereas the active electrode (AE)—typically Ag, Cu or
Ni—is electrochemically soluble in the nanometer-thin, sufficient ion-conducting switching layer (SL),
which separates the metallic electrodes [5–7]. For the SL different materials were reported: metal oxides [8],
chalcogenides [9], 2D materials like h-BN [10] and even organic materials [11]. Applying a positive bias to
the AE leads to the oxidation of the AE and incorporation of cations from the AE/SL interface into the SL.
After formation of a critical nucleus at the CE, the cations start preferably reduce at the nucleus. The so
formed metallic pathway, called conductive filament (CF), grows into the SL and into the direction of the AE.
The CF can either short circuit both electrodes, or a nanometer wide gap remains between the CF and one of
the electrodes, enabling the flow of electronic tunneling currents [6, 12]. Formation of a quantum point
contact is also possible [13–15]. The CF reduces the resistance of the device and therefore this effect is called
SET. In non-volatile ECM cells the CF is stable and negative bias reverses the processes, leading to rupture of
the CF; the system now is in the high resistive state after a so called RESET [16]. In volatile ECM cells the CF
is unstable and has a low retention [17]; authors propose a surface diffusion mechanism, leading to
self-relaxation of the CF [18]. Both effects, namely RESET by electrical stimulus and self-relaxation, have
been observed in the same device depending on the maximum current during the SET. In general, the lifetime
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of a CF in volatile and non-volatile ECM cells can range from microseconds to years. The lifetime plays a
crucial role for the usage in applications and has to be engineered with high precision. For brain-inspired
neuromorphic applications, non-volatile ECM cells mimic synaptic behavior [19–21], while volatile ECM
cells can be used as integrate-and-fire neurons [21, 22]. In storage applications, volatile ECM cells are used as
selectors in crossbar arrays, while for the memory itself a non-volatile ECM is required with retention of ten
years [23, 24]. To enable such technologies, filament lifetime control is critical. Many authors link the
lifetime of the CF to its morphology, more precisely, the radius of the CF [18, 24–27]. Various experiments
observe a wide variety of morphologies in this regard: bulky and directed, cone-shaped, reverse cone-shaped,
hourglass-shaped, thin and wire-like and dendritic [20, 28–35]. For simplification, these morphologies are
often predefined in simulations [25, 36, 37]. Continuummodels tend to result into conical or also cylindrical
morphologies [5, 18, 38, 39]. Kinetic Monte Carlo (KMC) models, on the other hand, show dendritic to
bulky CFs, depending on the applied voltage, where higher voltage leads to thinner filaments [40–42]. Some
authors also propose self-induced mechanical stress on the CF due to compression of the surrounding host
matrix [41, 43]. Implemented into a KMC model, mechanical stress leads to even more laterally constraint
CF morphologies [41]. However, the big disadvantage of KMC models is the computational effort and the
associated long computing time. To improve the development of ECM cell technologies, there is a need for
continuummodels that account for all relevant physical effects and are capable of simulating CF morphology
for various applied voltages to explain self-relaxation and retention observations.

In this work, a 2D axisymmetric continuum model for ECM devices without predefined filament
morphology is reported and mechanical stress is introduced within the SL. Mechanical stress provides an
energy barrier that hinders the reduction of cations in lateral direction and thus effectively limits the lateral
growth of the CF. It is shown that the radial dimension of the CF is a function of applied voltage, mechanical
stress and the ion conducting properties of the SL. Thus, this model is capable of reproducing most observed
filament morphologies. The influence of aforementioned parameters is investigated and the simulation
results are compared with reported kinetic measurements from non-volatile Ag/SiO2 (10 nm)/Pt devices and
volatile Ag/HfO2 (3 nm)/Pt devices.

2. Physical model

2.1. Equation system for ECM type switching
Our 2D axisymmetric continuum model contains of three layers, an active Ag top electrode (AE), a solid ion
conductor, also called SL and an inert Pt CE. A fourth layer on top of the three-layer cell stack models a linear
series resistor RL to limit the maximum current through the cell. Four different growth modes have been
reported for CF growth in ECM cells depending on high or low active ion mobility and ion injection,
respectively [44]. In this work only two growth modes are simulated, namely the growth modes with high
ion mobility and high or low ion injection rate. Both growth modes lead to CF formation on the CE. Thus,
the critical nucleus is placed on the CE and it is assumed that a critical nucleus already formed at the SL/CE
interface. The other two growth modes would require the modeling of nucleation within the SL and the
modeling of the redox reactions at the resulting clusters (which act as bipolar electrodes). The nucleus is
modeled by a quadrant of a circle at the CE/SL interface at the symmetric axis. The size of the nucleus is
comparable to the size of a metal atom. The continuum modeling of ECM cells is linked to several
requirements. Overall, it is assumed that forming has already occurred and thus all simulated events are after
it. Furthermore, it is assumed that the CF completely dissolves after a RESET or due to the volatility of the
cell stack and that a new nucleus must form in each subsequent SET event. Kinetic measurements on the
simulated cell stacks show different slopes. In fact, the slope at low voltages corresponds to the nucleation
limitation. Thus, each SET event starts with a nucleation and not with a remnant CF.

Further, a voltage jump should occur at the metal–insulator interfaces, which represents the overpotential
of an electrochemical reaction. Furthermore, it is assumed that there is no accumulation of charge. These
requirements can be fulfilled by coupling two Laplace equations. A first Laplace equation models the electric
field distribution in the metallic domains (figure 1, domains RL, AE, critical nucleus/CF, CE):

σme∆V1 = 0. (1)

A second Laplace equation accounts for the solid electrolyte (figure 1, domain SL) [5]:

σion∆V2 = 0. (2)

The coupling by means of Neumann boundary conditions—defined later—leads to a voltage jump at the
interfaces with continuous current. The potentials in the metallic domains are denoted as V1(r,z) and in the
SL as V2 (r,z), respectively. The electric and ionic conductivities are denoted as σme and σion, respectively.
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Figure 1. Simulation geometry with boundary numbering, active electrode AE, counter electrode CE, switching layer SL,
overdrawn critical nucleus/CF and load resistor RL. Boundary numbering is used to connect boundaries to boundary conditions.
Applied voltage and ground are applied on boundaries {1} and {6}, zero flux is applied on boundaries {2}–{5} and {7}–{11}.
Moving mesh boundary conditions are applied on boundaries {8}, {9} and {13}–{16}.

While the conduction mechanism in the metallic domains is purely electronic, an ionic conduction
mechanism is assumed in the SL, namely ion hopping induced by an electric field. The Mott–Gurney law is
used to describe the oxide conductivity as

σion = 2zcecionfhopahop exp

(
−∆Ghop

kBT

)
sinh

(
ahopzce

2kBT
E⃗

)
E⃗−1 (3)

with the ion charge number zc, elemental charge e, the ion concentration cion, the attempt frequency f hop, the
hopping distance ahop, the Boltzmann constant kB, the temperature T, the hopping energy∆Ghop, and the

local electric field
−→
E [45, 46]. The resulting current from the electrochemical reactions at the AE/SL, CF/SL

and CE/SL interfaces are calculated using the Butler–Volmer equation [47, 48]:

JBV = J0

{
exp

(
(1−α)zce

kBT
∆φ

)
− exp

(
−αzce

kBT
∆φ

)}
(4)

with the charge transfer coefficient α, the overpotential η and the exchange current density J0 which can be
expressed as

J0 = zcecionk0 exp

(
−∆WA

kBT

)
(5)

with the ion concentration cion, the heterogeneous rate constant k0 and the activation energy∆WA [48]. For
nanometer-thin SLs or a grown CF with a nanometer wide gap to the TE, electronic tunneling currents
occur. For an applied voltage |V| > 0∧ e · |V| ≪∆W0, with the tunnel barrier height∆W0, a trapezoidal
barrier is assumed, which is modeled using the voltage–current relation derived by Simmons [49, 50]. Thus,

JTu =

√
2mr∆W0

2∆z

( e
h

)2
exp

(
−4π∆z

h

√
2mr∆W0

)
VTu, (6)

with the gap∆z, the tunnel voltage VTu between CF and AE, the Planck’s constant h, and the effective
electron massmr.

Figure 1 shows the simulation geometry with the numbered boundaries which will be referenced to
following boundary conditions and specified in curly braces. The CE {6} is set to ground level, while the
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linear series resistor RL {1} is biased with a rectangular voltage signal Vapp. Neumann boundary conditions
couple equations (1) and (2) at the metallic-ion-conducting interfaces {13, 14, 16}. Hence,

nJ1 =−JBV − JTu (7)

for equation (1) and

nJ2 = JBV (8)

for equation (2), both on boundaries {13}, {14} and {16} [5, 51]. Simmons electron tunneling only occurs
between CF {16} and AE {13} and is set to zero for transitions between CE {14} and AE {13}. Ionic currents
occur within the SL and are coupled to the metallic domains with equation (4). The outer boundaries
{2, 3, 4, 5} as well as the symmetric axis have zero flux. Note that the CF domain in figure 1 is exaggerated for
t= 0.

For a CF to form and grow, first there has to form a critical nucleus at the CE. At this critical nucleus the
reduction of AE ions takes place preferably, leading to CF growth. The time for a critical nucleus to form,
called nucleation time, is calculated according to

tnuc = t0,nuc exp

(
∆G ̸=

nuc

kBT

)
exp

(
− (Nc +αnuc)zce

kBT
∆φnuc

)
, (9)

with the prefactor t0,nuc, the activation energy∆G ̸=
nuc, the number of atoms NC in the critical nucleus, the

charge transfer coefficient αnuc during nucleation and the overpotential∆φnuc. Before tnuc is reached, the CF
growth is inhibited [52]. The filament growth at the CE is described using Faradays Law [47]:

∂n

∂t
=− MAE

zceρAE
JBV (10)

where ∂n is the normal of CF growth,MAE the molar mass of the AE material, and ρAE the density of the AE
material. For CF growth, a moving mesh applies to the CF/SL interface {16} with equation (10) as normal
velocity boundary condition. The deformation of boundaries not adjacent to the CF is set to zero {1–7,
10–13}. For boundaries {8} and {9}, lateral deformation is set to zero to allow vertical deformation as the
filament grows. For boundaries {14} and {15} vertical deformation is set to zero accordingly and lateral
growth is allowed. The moving mesh distorts the mesh, which makes re-meshing necessary. Re-meshing
takes place when a specific distortion threshold of the mesh is reached. A new geometry is created, the old
solution is projected onto the new mesh and the calculations continue. A triangular mesh is used.

The maximum current through the device should be limited to avoid thermal breakdown after a SET
transition [53, 54]. This is achieved by using an additional resistive layer on top of the AE with linear
resistance behavior, thus modeling a series resistor as often used in measurements. The specific conductivity
σRL of the resistive layer is calculated depending on the desired resistor value. For this study, a value of
RL = 1MΩ has been chosen. Thus σRL can be written with the well-known formula for the specific
conductivity as

σRL = R−1 · hRLwcell
−2π−1 (11)

with the length of the resistor hRL and its cross-sectional area πwcell
2. Tables 1 and 2 show the simulation

parameters for the two investigated cell stacks, namely Ag/SiO2/Pt and Ag/HfO2/Pt, respectively. For the
analysis of the SET kinetics thermal effects can be neglected as the currents during growth are too low
(≪1 µA) to generate relevant Joule heating. In addition, Ag is a very good heat conductor dissipating the
heat efficiently. The commercial software COMSOL and MATLAB were used for all simulations.

2.2. Mechanical stress
To include the influence of mechanical stress, the set of equations defined so far is modified. Various studies
have shown the influence of mechanical stress on the switching behavior and filament morphology in ECM
cells [41, 43]. It is assumed that in the SL a nanotemplate with radius rtem already exists, where the filament
grows preferentially. Causes for this can be electroforming, amorphous microfilms, grain boundaries,
dislocations, (lattice) defects and electrode interfaces. To model the mechanical stress, a modified model
from [41] was used by setting the mechanical work inside the nanotemplate to zero. This allows to simulate
nanotemplates of different radii. Hence,

∆Wmech(r) = 0 for r< rtem (12)
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Table 1. Simulation model parameters Ag/SiO2/Pt cell.

Symbol Value Symbol Value Symbol Value

∆WA 0.55 eV ∆Whop 0.3 eV cion 8× 1025 m−3

zc 1 α 0.84 Nc 1
mr 0.84 ρAg 1.7× 10−8 Ωm αnuc 0.32
∆W0 2.7 eV ρPt 1.1× 10−7 Ωm k0 2× 105 ms−1

T 298 K ∆G ̸=
nuc 0.8 eV Y 100 GPa

fhop 1× 1014 Hz t0,nuc 1× 10−8 s MAg 107.87 gmol−1

ahop 0.3 nm hSL 10 nm σRL 7.957Sm−1

hME 10 nm hRL 10 nm wcell 20 nm

Table 2. Simulation model parameters Ag/HfO2/Pt cell.

Symbol Value Symbol Value Symbol Value

∆WA 0.62 eV ∆Whop 0.18 eV cion 3× 1026 m−3

zc 1 α 0.84 Nc 1
mr 0.15 ρAg 1.7 × 10−8 Ωm αnuc 0.32
∆W0 2.7eV ρPt 1.1 × 10−7 Ωm k0 3 × 107ms−1

T 298 K ∆G ̸=
nuc 0.8 eV Y 180 GPa

fhop 1 × 1014 Hz t0,nuc 1 × 10−8 s MAg 107.87 gmol−1

ahop 0.3 nm hSL 3 nm σRL 7.957Sm−1

hME 10 nm hRL 10 nm wcell 20 nm

Figure 2.Mechanical work for different Young’s moduli of the host matrix. A nanotemplate of 2 nm was considered as an example
to illustrate the mechanical stress model. It is postulated that the CF preferably grows within the nanotemplate.

∆Wmech (r) =
YA

wcell

ˆ
(r− rfil)dr for r⩾ rtem, (13)

with Y the Young’s modulus of the SL, A the cross-sectional area of an active ion, wcell the width of the
simulated cell and r the radial distance from the symmetric axis. As proposed in [41], this additional energy
is added to the activation energy for a reduction, which changes∆WA in equation (5) to an effective energy
∆WA,eff =∆WA +∆Wmech. Figure 2 exemplarily shows the additional mechanical work as function of the
filament radius. A nanotemplate radius rtem = 2 nm was assumed and the resulting curves for different
plausible Young’s moduli are plotted. For the Young’s modulus of SiO2, various values have been reported in
literature, from 10− 40 GPa [55], up to 100 GPa [56]. For thin film HfO2 values up to 180 GPa have been
reported [57]. The size of the nanotemplate can be set to different values and, as will be discussed later, this
parameter is critical for the morphology of the filament.
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3. Results and discussion

3.1. Switching kinetics and filament morphology
A crucial parameter for ECM cell operation is the switching time tSET, which is defined as the time for a
transition from high resistive state (HRS) to low resistive state (LRS) during constant bias. For varying bias,
tSET changes over orders of magnitudes in time, resulting in the well-known SET kinetics with exponential
dependence of the switching time on the applied voltage. Various authors have identified three different
rate-determining regimes [58–62] which all have been introduced above by equations (3)–(9). For low
voltages the formation of a critical nucleus is rate determining. For intermediate voltage ranges the
electron-transfer reactions at the metal–isolator interfaces lead to further limitation. For high voltages, the
limitation comes from a combination of electron-transfer reactions and ion drift. In this regime, also the
RC-time of parasitic capacitances can lead to a limitation [63].

In this study, we conduct pulse simulations to investigate not only the switching time, but also the
morphology of the CF and its evolution over time. The model is tested using two different kinetic data sets,
one from measurements of non-volatile Ag/SiO2/Pt cells, and the other one from volatile Ag/HfO2/Pt cells.
For the investigated Ag/HfO2/Pt stack, no VCM-type of forming is observed as the device returns to its initial
as-deposited resistance after relaxation/RESET [26]. Both cells use Ag as the AE and Pt as CE. The SL is SiO2

(hSL = 10 nm) and HfO2 (hSL = 3 nm), respectively. Tables 1 and 2 show the simulation parameters for the
SiO2 and the HfO2 cell stack, respectively [26, 64]. One set of simulations is defined as different simulations
at different voltages, namely from 0.2 V to 2.5 V for the SiO2 stack and 0.4 V to 2.2 V for the HfO2 stack. The
simulations are aborted when a CF reaches 97% of the SL height hox. For the kinetic curves, the SET time tSET
is extracted and plotted against the applied voltage. Figure 3 shows the experimental data for both stacks and
the corresponding simulation results, which match well. The inset shows the definition of the switching time
tSET: For a rectangular voltage pulse with amplitude Vapp—with a negligible rise time of 1 ns—the switching
time tSET is defined as the time between the start of the pulse and the current response at around 20% of the
maximum current Imax, which is similar to the definition in measurements. For this sets of simulations,
nanotemplates with a radius equal to 60% of the height of the oxide have been assumed, resulting in 6 nm for
SiO2 and 1.8 nm for HfO2. The highly non-linear kinetics over many orders of magnitude match also the
different limiting regimes, namely nucleation limitation (I), electron-exchange limitation (II) and the
electron-exchange and ion drift limitation, also called mixed regime (III). While the transition from I to II is
clearly recognizable by a change in slope, the transition from II to III is smooth. This marking is therefore
only to be understood as approximate transition marking. The marked points (A–D) indicate identical
filament morphologies of both simulated cell stacks. These morphologies are shown in figures 4(f)–(i) and
will be discussed in detail later. Each subplot shows the evolution of CF morphologies over time, from 10%
maximum height over 50%–97%, from dark to bright regions. Only the envelope is shown. The continuum
modeling approach yields a limited number of possible CF morphologies for both sets of simulations.
Therefore, the morphologies are normalized to the height of the SL. For a better comparison of the CF
morphologies, two new sets of simulations will be introduced at this point, one for each cell stack. The
morphologies of these sets will be discussed first and then compared to the originally introduced sets of
simulations. The difference from the originally introduced two sets is that for the new sets of simulations,
mechanical stress is set to zero while all other parameters remain identical. The resulting simulated kinetic
curves remain unchanged, and generally no influence of the mechanical stress on the kinetics above the
numerical noise level was found. However, the CF morphologies differ drastically. Without mechanical stress
the morphology changes with the applied voltage from an isotropic and hemisphere-shaped CF (figure 4(a)
SiO2 0.2 V/HfO2 0.4 V & 4(b) SiO2 1.4 V/HfO2 1.2 V) to a more anisotropic and directed grown CF
(figure 4(c) SiO2 2.0 V/HfO2 1.8 V). For the highest voltage (SiO2 2.5 V/HfO2 2.2 V), a cone-shaped CF
grows (figure 4(d)). The reason for the directed growth is a significant voltage drop in the SL. A significant
voltage drop across the SL means that the ionic current density becomes inhomogeneous within the SL.
Higher electric fields at the CF tip lead to ionic current crowding at this location and reduction of the ionic
current at the CF/CE interface. This effect leads to directed CF growth, which is proportional to the local
ionic current density. If the voltage is further increased, the electric field elevation at the tip of the CF
increases the ion injection in the SL and the ionic conductivity such that thin, dendritic-like growth can be
observed. The threshold for this kind of growth mode lies at an electric field of E⩾ 100 MVm−1 at the CF
tip, where the maximum is always located. Figure 4(e) shows a CF, where the tip of the CF starts growing
infinitesimal thin and the inset shows a zoom on the pinched tip. As a result of the pinching, the numerical
element sizes converge to zero and the simulation aborts at this point. A further increase of the applied
voltage shifts the start of this growth mode to earlier times in the simulation, and thus aborting the
simulation before the CF reaches 97% of the SL thickness. Figure 4(e) shows the last successful simulation
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Figure 3. Simulation results in good agreement with experimental data for non-volatile Ag/SiO2/Pt cells [64] and volatile
Ag/HfO2/Pt cells [26]; marked points A,B,C,D show similar CF morphologies; the inset shows electrical stimulus and definition
of tSET, experimental data only shows the mean values.

Figure 4. Simulated CF morphology and evolution over time is displayed from 10% maximum height over 50%–97% height
(dark to bright regions) and only the envelopes are shown; (a)–(e) CFs w/o mechanical stress with increasing voltage; (f)–(i) CFs
with mechanical stress and increasing voltage, corresponding to the curves and marked points in figure 3, the nanotemplate is
wider than the smallest CF w/o mechanical stress; (j) wire-like CF due to small nanotemplate, independent of applied voltage.
Note that the CF morphologies are normalized to the SL height, as the morphologies are identical for the simulated material
systems. Gray dotted lines within the subplots at top and bottom of the CFs indicate AE/SL and SL/CE interfaces.

before this effect applies. In numbers for the SiO2 /HfO2 stack this means increasing the voltage from (d)
2.5 V/2.2 V to (e) 2.55 V/2.22 V.

The CFs without mechanical stress are directional, but still quite bulky and contradict various CF
observations in solid SLs [20, 29–32], but fit quite well CF observations in Ag/H2O/Pt cells, with liquid water
as SL [33]. The difference between solid and liquid SLs is that for the former it can be expected that CF
growth induces mechanical stress, which should constrain the CFs lateral dimension, while for the latter the
ions can move freely. In fact, by adding mechanical stress to the model, different constraints on the CF
morphology can be observed, depending on the size of the nanotemplate. Two meaningful cases can be
identified: a nanotemplate equal or larger than the widest CF radius in figure 4(d) and a nanotemplate
smaller than this radius. The first case is of interest, as it shows that mechanical stress could be neglected to
explain CF morphologies at higher voltages. The first case was assumed in the originally introduced sets of
simulations with a nanotemplate of rtem = 0.6 hSL. Now the CF morphologies of these sets of simulations will
be discussed and compared. Mechanical stress suppresses lateral growth beyond the nanotemplate. Thus, the
resulting CF morphologies are laterally constraint for a part of the observed voltage range (figures 4(f)–(h)).
The former hemisphere-shaped CFs are still bulky, but now they are cylindrical and have a narrowed tip.
With increasing voltage, the CF morphologies become directional and the explanations for directed growth
hold for this type of simulations. At the highest applied voltage (figure 4(i), SiO2 2.5 V/HfO2 2.2 V), the CF
morphology is so directional, that the CF only grows within the nanotemplate and thus, is unaffected by
mechanical stress. Consequently, the CF morphologies in figures 4(d) and (i) are identical. These CF
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Figure 5. Schematic representation of the inner structure of simulated CF morphologies with and without mechanical stress at
high and low voltages. (a) Vapp = 0.5 V, rtem = 0.6 hSL, (b) Vapp = 0.5 V, rtem = 0.1 hSL, (c) Vapp = 2.2 V, without mechanical
stress, (d) Vapp = 0.5 V, no mechanical stress, (e) Vapp = 2.2 V, rtem = 0.1 hSL; the spheres represent Ag atoms.

morphologies fit well various in situ (HR) TEM observations of bulky and directed cone-shaped CFs [20,
29–32]. The best agreement with these observations was obtained by performing another set of simulations
for both material systems with a nanotemplate corresponding to the afore mentioned second case, giving
rtem = 1 nm for SiO2 and rtem = 0.3 nm for HfO2. The resulting CF morphology is displayed in figure 4(j), a
thin cylindrical wire. The unique feature of this set of simulations is that the morphology is determined
solely by the mechanical stress and no longer depends on the applied voltage.

The internal structure of the observed CFs varies from dense and solid grown to coarse and dendritic
grown with respect to the density of the metal atoms within the CF domain. To address this issue, figure 5
shows the possible atomic configuration of different simulated CF morphologies. A solid and dense atomic
structure can be expected at lower voltages, with (figures 5(a) and (b)) and without mechanical stress
(figure 5(d)). For higher applied voltages and thus directed growth—due to the formerly explained voltage
drop effect within the SL (figure 5(c)) or mechanical stress (figure 5(e))—a coarse and dendritic
configuration could be expected. Our model cannot simulate those internal atomic structures due to its
continuous approach. The spheres depict metal atoms that form different configurations during growth as
function of the model parameter.

The effective radius of the CFs, shown in figure 5, allows conclusions to be drawn about retention. A
thicker and denser CF (figures 5(a) and (b)) should have a higher retention than a thin dendritic CF
(figures 5(c) and (e)) [26, 65]. Consequently, depending on the application, the retention can be adjusted via
the applied voltage. However, it should be noted that not only the applied voltage, but also the maximum
current and the duration of the pulse after tSET play a role, which can lead to a contact of the CF with the AE
depending on the bias. This cannot be described by the present model and offers a starting point for future
studies.

3.2. Influence of the ionic conductivity
In this section, the influence of the ionic conductivity on the kinetics and the CF morphology will be
discussed. Two sets of kinetic simulations with increased ionic conductivity were performed, one for a SiO2

stack and one for a HfO2 stack. For both sets of simulations, the parameters from tables 1 and 2 were applied,
but the ionic conductivity σion from equation (3) was multiplied with a factor of 10 and 100, respectively.
Mechanical stress was neglected. For better comparison with the simulation results from figure 3, denoted as
tSET,0, the new results where normalized to tSET,0. The resulting increase of the switching time tSET is shown in

figure 6. It was found that the increase of the ionic conductivity σion leads to higher SET time tSET (
∧
= slower

switching) in the electron transfer (II) and mixed regimes (III). For SiO2 and HfO2 the maximum increase of
switching time is about 25% and 34%, respectively. In comparison to the variability of the kinetic
measurements, this is small [26, 64]. The trend that higher ionic conductivity leads to higher SET times,
matches experimental findings, where kinetic measurements with different doping concentrations of mobile
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Figure 6. SET time with increased ionic conductivity normalized to values from figure 3. The increase of ionic conductivity leads
to higher SET times at intermediate and high applied voltages in the electron exchange (II) and mixed regimes (III). Only isotropic
hemisphere-shaped CF growth is observed, due to increased ionic conductivity σion. CF morphologies are linked to figure 4.

ions in the SL have been reported. Higher doping of mobile ions and thus higher ionic conductivity of the SL
leads to higher SET times [66, 67]. The reason for the higher SET time with higher ionic conductivity is
counterintuitive. It would be expected that higher ionic conductivity would lead to higher ionic currents and
thus faster growth of the CF and lower SET times. In fact, the higher ionic conductivity leads to a more
homogeneous current density within the SL, which leads to isotropic hemisphere-shaped CF growth
(figure 4(a)). In contrast, a reduced ionic conductivity leads to current crowding at the CF tip, due to the
voltage drop within the SL. The result is an increased ionic current density at the CF tip, leading to an
anisotropic cone-shaped CF (figure 4(d)). From equation (10) follows directly that the increased current
density at the CF tip leads to increased vertical growth speed of the CF and thus lower SET time. If follows
that by adjusting the ionic conductivity the CF morphology can be adjusted along the applied voltage range.
The parameters in tables 1 and 2 were adjusted to produce the thinnest possible CF at the highest simulated
voltages for SiO2 and HfO2, respectively.

However, an increased ionic conductivity of the SL also leads to a change in the voltage drop across the
cell stack due to the series resistance. For the Ag/HfO2/Pt cell stack, the voltage is reduced by about 40 mV
when the ionic conductivity of the SL is increased by a factor of 100. This is not sufficient to explain the
slower switching. To support our claim, the ionic current density along the CF/SL interface is shown in
figure 7 for the Ag/HfO2/Pt cell stack. The applied voltage was 2 V and the time of the ionic current density
shown corresponds to a CF height of 1.5 nm, i.e. 50% of the SL thickness. It should be mentioned that the
ionic current density shown in figure 7 is only a snapshot and is not constant over time. The ratio of the
maxima also changes over time, but on average, the ionic current density remains higher for the unchanged
ionic conductivity.

3.3. Influence of the Young’s modulus
To qualify the influence of the Young’s modulus Y on the CF morphology, a new set of simulations is
performed, one each for the SiO2 stack and the HfO2 stack. Each set was simulated with the parameters from
tables 1 and 2. The applied voltage was 0.2 V for SiO2 and 0.4 V for HfO2 and the size of the nanotemplate
rTEM = 1/6 hSL. The Young’s modulus was varied between 0 and 180 GPa and for each variation the
maximum lateral and vertical CF dimension was extracted at each time step.

The extracted results were normalized to the height of the SL hSL in the specific simulations. Since the
normalized results from SiO2 and HfO2 are indistinguishable, the results can be seen as generalized results,
characterizing the simulation model. Figure 8 shows the normalized vertical CF dimension vs. the
normalized lateral CF dimension for different Young’s moduli. The time increases along the graphs, starting
at t= 0 at the bottom and increasing towards the top. The dashed line indicates the exemplary nanotemplate
equal to 1/6 hSL. For 0 GPa no mechanical stress occurs and consequently an isotropic and
hemisphere-shaped CF grows, indicated by the gray plot line with a slope of 1. For Young’s moduli>0 GPa,
the CF gets laterally constraint, leading to anisotropic cone-shaped CFs. For high Young’s moduli (⩾60 GPa)
only minimal overgrowth occurs, resulting in a well-defined CF morphology depending on the size of the

9



Neuromorph. Comput. Eng. 3 (2023) 024010 M Buttberg et al

Figure 7. Ionic current density along the CF boundary of an Ag/HfO2 (3 nm)/Pt cell for an applied voltage of 2 V and a CF height
of 1.5 nm. If the ionic conductivity is increased by a factor of 100, the ion current density along the CF becomes almost constant,
resulting in isotropic CF growth and slower switching, in contrast to the unadjusted ionic conductivity.

Figure 8. Vertical vs lateral CF growth and influence of different Young’s moduli on the lateral CF dimension. Time increases from
bottom to top. The gray graph has a slope ofm= 1 and therefore exhibits isotropic growth, while the others graphs show
anisotropic growth in vertical direction. The applied voltage was 0.2 V for SiO2 and 0.4 V for HfO2 and the size of the
nanotemplate rTEM = 1/6 hSL. The normalized results for both stacks coincide.

nanotemplate. The CF significantly overgrows the nanotemplate for values⩽10 GPa, because the
additionally induced energy barrier for reduction is too low to hinder lateral CF growth. The comparison
between the influence of the size of the nanotemplate and Young’s modulus shows that the size of the
nanotemplate has significant influence on the CF morphology, while the Young’s modulus only needs to
reach a certain threshold value to limit CF growth to the nanotemplate domain.

3.4. Discussion
The lifetime of a CF in non-volatile and volatile ECM cells is often linked to the radius rfil of the CF [18,
24–27]. In experiments, the self-relaxation time tr of volatile ECM cells decreases with increased SET voltage.
According to Herrings scaling law (tr ∝ r 4fil), experimental data can be explained if the CF radius changes by
one order of magnitude across the applied voltage range. Without mechanical stress, almost a factor of two
was achieved in CF radius reduction between lowest and highest applied voltage. With mechanical stress, it is
possible to achieve a reduction of up to one order of magnitude, depending on the size of the nanotemplate.
However, the downside of small nanotemplates is the loss of voltage dependency on the CF morphology. For
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volatile ECM cells and in the context of the present model, it would therefore be reasonable to assume
nanotemplates large enough not to suppress the voltage dependence.

The doping of the SL is reported to have a major influence on the retention of non-volatile ECM cells
[67]. In the present model it was shown that ionic conductivity can be linked to doping in real ECM cells. It
was found, that higher conductivity leads to bigger, bulkier CFs, which might be more stable and therefore
can explain retention effects in non-volatile ECM cells.

4. Conclusion

We presented a 2D axisymmetric continuum model for the SET kinetics in volatile and non-volatile ECM
cells. The model accurately matches the kinetic measurements and predicts different, in experiments in situ
observed CF morphologies. The concentration of mobile ions was identified as a critical parameter to
establish a voltage dependency of the CF morphology. The concentration of mobile ions and thus the ionic
conductivity has to be low enough to cause a significant voltage drop in the insulator at medium and higher
voltages. As a result, current crowding occurs at the tip and anisotropic, directional, cone-shaped CFs grow.
At low voltages, the voltage drop should be so low that no significant current crowding occurs at the CF tip.
This results in hemisphere-shaped CFs. This CFs have to be laterally confined to match observations in
experiments. This was achieved by implementing mechanical stress. Depending on the size of the
nanotemplate, in which the CF can grow unhindered, different CF morphologies occur. Small nanotemplates
lead to directed, wire-like CFs, which are independent of the applied voltage and wide nanotemplates lead to
bulky filaments. At high voltages a directed, cone-shaped CF can grow within the wider nanotemplates,
independent of the mechanical stress. A reduction of the filament radius of a factor of∼2 was achieved
within the investigated voltage range without mechanical stress. With mechanical stress, the radius can be
further decreased up to a factor of 10. It was also shown, that the ionic conductivity of the SL influences the
morphology and SET time. The resulting change in CF diameter—from mechanical stress or ionic
conductivity—can be used to explain retention and self-relaxation processes in volatile and non-volatile
ECM cells. The results provide information to develop more reliable volatile and non-volatile ECM cells and
therefore pave the way for neuromorphic computing and applications as selector or memory device.
Regarding the influence of doping concentration of mobile ions, i.e. ionic conductivity, the results also raise
open questions that may guide future experiments.
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