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Current Compliance-Driven Morphological Evolution of
Conductive Filaments in ECM Cells: Mechanisms, Switching

Regimes, and Thermal Effects

Milan Buttberg, Christina Schindler, llia Valov, and Stephan Menzel*

Electrochemical metallization (ECM) cells are a key candidate for emerging
applications in neuromorphic computing and in-memory computing, where
precise control over switching dynamics is essential. A major challenge in
understanding ECM switching behavior lies in accurately modeling conductive
filament evolution, particularly side growth. In this study, the first physical
continuum model is presented capable of explaining side growth while
incorporating all key mechanisms, including redox reactions at interfaces, ion
drift, tunnel currents, mechanical stress, active electrode dissolution, Joule
heating, and additional tunnel barrier heating. By accounting for these
coupled effects together with a moving mesh algorithm for conductive
filament growth, the model captures diverse filament morphologies, which
play a crucial role in relaxation times of volatile ECM cells and RESET kinetics
in non-volatile ECM cells. The results provide important insights into filament
formation dynamics, with implications for optimizing ECM-based memory
technologies in neuromorphic and in-memory computing.

1. Introduction

Over the last two decades, interest in resistive memory cells
has surged, driven by advancements in neural network technol-
ogy and emerging paradigms such as in-memory computing!'!
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and neuromorphic computing/? Elec-
trochemical metallization (ECM) cells
- also called conductive bridge ran-
dom access memory (CBRAM) - are
a type of redox-based resistive mem-
ory first reported in the late 1990s and
early 2000s,/>lwhereas the electrochem-
ical memory principle was discovered in
the mid-1970s.[%”] ECM cells are partic-
ularly attractive due to their volatile and
non-volatile switching characteristics—
even within the same device—, potential
for multi-state behavior, low power con-
sumption, and nanosecond-scale switch-
ing speed.®] They are suitable as both
selectors®) and memory cells in mem-
ory applications.['! The basic structure
of an ECM cell, a two-terminal de-
vice, comprises three layers: an elec-
trochemically active electrode (AE), typ-
ically Ag, Cu, Ni, Te, Co, or T[]
and a counter electrode (CE), whose species do not participate
in filament formation and are commonly W, Pt, Ti, TiN, or
Ru;1112171 and a nanometer-thin switching layer seperating the
electrodes.['#19] This switching layer must be ionically conduc-
tive to facilitate the migration of ions from the electrochem-
ically soluble AE material.l?! Various materials have been re-
ported for the switching layer, including metal oxides,['*21-23]
chalcogenides,!122426] 2D materials such as h-BN,[1>¥7-2°] and or-
ganic compounds.3031]

The resulting ECM cell characteristics—endurance, reten-
tion, and variability—depend strongly on the chosen material
stack,[®19 particularly the interplay between the switching layer
and the ion-supplying active electrode. An additional important
consideration is the trade-off between volatility and LRS: while
a stable LRS is typically achieved only at low resistance values,
increasing the LRS often leads to volatile behavior.[323¢] The
counter electrode also exhibits a catalytic influence on the switch-
ing behavior.['!]

Applying a positive voltage at the AE oxidizes AE atoms, partly
dissolving the AE and injecting them as ions into the switching
layer, where they migrate toward the CE. Once a stable nucleus
forms on the CE, the AE* ions preferentially reduce onto this ini-
tial nucleus, promoting the growth of a conductive path between
the AE and CE,['®%] called conductive filament. Consequently,
the ECM cell transitioned to the low resistive state (LRS). In cer-
tain cases, multifilamentary switching was also observed.[*®] The
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applied voltage acts as the primary driving force for conductive
filament growth. This process continues until the gap between
the conductive filament tip and the AE becomes sufficiently nar-
row, and the conductive filament area expands enough to support
a substantial tunneling current. Depending on the current com-
pliance I and the material system, conductive filament growth
may either stabilize in a tunneling regime or approach a physical
contact with the AE, resulting in a wide range of tunable LRS val-
ues, also referred to as multilevel switching. The observation of
quantized LRS steps below the contact resistance of R, = h/2¢* ~
12.9 kQ strongly indicates the formation of a quantum point con-
tact between conductive filament and AE.3** Thus, a tunneling
regime above a cell resistance of R, is suggested and a quantum
point contact below.[*?] Lateral expansion of the conductive fila-
ment is reported to be constrained by self-induced mechanical
stress.[#]

The lifetime of conductive filaments can range from tens of
nanoseconds!**’] to several years.['®] Typically longer lifetimes
are associated as non-volatile LRS states and shorter lifetimes
as volatile LRS states. For the RESET operation to bring a non-
volatile LRS state back to the high resistive state (HRS), a nega-
tive voltage is applied to the AE, thus, the redox reactions are re-
versed and the conductive filament dissolves, either by retracting
from the AE in case of a tunneling regime,[*®) or by hourglass-
shaped constriction and subsequent retraction in case of a gal-
vanic contact.[** For volatile LRS states, the conductive filament
undergoes surface-limited self-dissolution,*’) typically called re-
laxation.

To prevent thermal breakdown of the cell, external resistors or
current limitation techniques are employed to restrict the maxi-
mum current, reducing the cell voltage and slowing down further
conductive filament growth. Consequently, the conductive fila-
ment morphology critically determines the LRS value and, by ex-
tension, the conductive filament’s lifetime. The LRS is a key per-
formance parameter in resistive switching devices, and its value
depends critically on I... Variations in I significantly impact
the final LRS, with higher compliance currents generally result-
ing in lower LRS states, while lower compliance currents yield
higher LRS states. A direct characterization of the morphology is
inferred from the conductive filament’s radius, assuming a cor-
relation between the lifetime and the radius!***% with Herring’s
scaling law.[*¢]

Various models have been proposed to elucidate filament
growth using distinct methodological frameworks. Kinetic
Monte Carlo (KMC) models have demonstrated a wide range of
conductive filament morphologies®'*?/ and can explain multi-
level switching through both the reduction of the gap and the
lateral side growth of the conductive filament.>!l However, this
comes at the expense of substantial computational effort and
results that are numerically challenging to integrate into con-
tinuum or compact models. In non-KMC models, the conduc-
tive filament morphology is typically predefined as hourglass,*!
cone,[#503354] or cylinder,[1#355%] potentially allowing for a vari-
able radius and, consequently, lateral side growth.[**4 These
models demonstrating lateral side growth often lack a compre-
hensive approach, typically by overlooking redox reactions at the
interfaces, assuming constant contact conditions, neglecting tun-
neling currents between AE and conductive filament, or rely-
ing on added driving force to motivate side growth. Moreover,
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since the electric field in ECM cells is primarily vertical between
the two electrodes, a lateral field must be assumed to account
for side growth. Yet, no model consistently incorporates all of
these effects while providing a comprehensive explanation for
side growth. Additionally, the dissolution of the active electrode,
leading to the formation of a void-like region, is largely neglected.

In this study, we build upon our previously published model*’]
by incorporating AE dissolution, which leads to the formation of
a void region in the dissolved domain. This void region inhibits
further vertical conductive filament growth due to the absence of
electrochemical activity, making lateral conductive filament ex-
pansion more favorable, even in the presence of lateral mechan-
ical stress. Additionally, tunnel barrier heating effects, combined
with AE dissolution and mechanical stress, are proposed to ex-
plain the emergence of diverse conductive filament morpholo-
gies observed in experiments, ranging from thin, cone-shaped
filaments to wider, bulkier, and cylindrical structures.[233857-63]
Since our model can simulate the radius, it offers a novel ap-
proach to understanding multilevel switching, as well as varia-
tions in RESET and relaxation times.

2. Physical Model

In this study, a previously published 2D axisymmetric continuum
model was modified.[*! The model consists of three layers: an
electrochemically active top electrode (AE), a solid, purely ion-
conducting switching layer, and an inert counter electrode (CE).
The fourth layer, used as a linear resistor for current limitation,
was modified to also exhibit non-linear behavior to act as ideal
current limitation, in experiments often realized as a series tran-
sistor. Only the current limitation mode was used during this
study. Four distinct growth modes have been reported,?%! charac-
terized by combinations of high and low ion injection rates with
high and low ionic conductivity of the switching layer. The model
presented in this study can reproduce two of these modes: high
and low ion injection rates with high ionic conductivity, leading
to conductive filament growth from the CE toward the AE. Both
modes result in conductive filament formation at the CE,[¢46]
with the critical nucleus at the switching layer/CE interface mod-
eled as a quadrant of a circle with the size of a metal atom. In
contrast, for the other two growth modes, the growth direction
can be reversed, leading to conductive filament growth from the
AE to the CE. It is assumed that forming has already occurred,
and all SET and RESET events are subsequent, with each SET
starting with a stable nucleus on the CE after full conductive fila-
ment dissolution. This assumption is validated by kinetic switch-
ing rate experiments, where the slope at low voltages indicates
nucleation limitation, contradicting the presence of a remnant
conductive filament on the CE.['!] Quantized conduction effects
are neglected in the scope of this model.

In the following, the most important equations for conductive
filament growth in the presented model will be shown. Further
explanations of the equation system and all boundary conditions
can be found in Section S1 (Supporting Information). The growth
of the conductive filament is described by using Faraday’s Law!®¢!

on Mg
2 ___AE 1
=y 1)
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where on/dt is the normal conductive filament growth velocity,
M, is the molar mass of the AE material, z_ is the ion charge
number, e is the elementary charge, p,;. is the density of the AE
material and Jpy is the ionic current density. The ionic current
density is described by the Butler-Volmer equation!(®¢7]

_ (- oc)zceA o:zceA 5
]BV_]0<eXp<kB—T qo)—exp <_kBT §0>) 2)

where a is the charge transfer coefficient, T'is the local tempera-
ture, Ag is the overpotential, and ], is the exchange current den-
sity, defined as

AG
]0 = Zcecionko €xXp (_ﬁ> (3)

where ¢, is the ion concentration, k, is the heterogeneous
rate constant, and AG, is the activation energy. The conduction
mechanism within the switching layer is assumed to be gov-
erned purely by ionic transport, specifically ion hopping stimu-
lated by the applied electric field, as described by the Mott-Gurney
law(68.69]

2 nf ( AGhop) inh <ahopzcei>i 1 (4)
Oion = zcecio op%hop EXP | — sin -
hophop ky T 2k, T

where f,,, is the attempt frequency, a,,,, is the hopping distance,

AG,,, is the hopping energy, and E is the local electric field.

Electronic tunneling currents between the conductive filament
and the AE are described using the linearized Simmons tunnel
equation. Assuming a trapezoidal barrier, the resulting tunneling
current density writes as follows:[7*7]

V2m* AW, 2 47
=Y (2) e <_Tg\/2””*AWo>VTu )

2g h

where m* is the effective electron mass, gis the gap distance be-
tween conductive filament and AE, AW, is the tunnel energy bar-
rier, Vy, is the voltage between the filament tip and the AE, and
h is the Plank’s constant.

The conductive filament is composed of the same material as
the AE, though its spatial dimensions are generally reduced to
scales below the mean free path of electrons in the AE bulk mate-
rial. As observed filaments are mostly structurally irregular with
defects, scattering effects limit the conductivity. Accordingly, the
Fuchs-Sondheimer model is used to modify the specific conduc-
tivity of the conductive filament as follows:!727]

ocr = 0ag (T) (6)

where o,y is the specific conductivity of the AE material, p is a
coefficient expressing the magnitude of scattering at the surface
of the conductive filament domain, 4, is the mean free path of
electrons in the AE material, and d is the local diameter of the
conductive filament.

To avoid thermal breakdown of a device, experiments typi-
cally employ a resistor or current compliance to limit the current
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through the device. In this study, an ideal current source was im-
plemented as an additional layer on top of the cell stack, featuring
a voltage-dependent non-linear conductivity to simulate an ideal
current source. The non-linear current I through this layer is
calculated as follows:!”*]

VRNL
IRNL=ICC<1_eXP<T>> (7)
0

where I is the maximum allowed current through the cell, V;
is the voltage drop across the non-linear resistive layer and V,
is a fitting factor. To model the thermal properties of the ECM
cell, the well-known heat equation is solved across all cell do-
mains, excluding the non-linear resistive layer. All electrical and
thermal conductivities are temperature-dependent, governed by
first-order and, where applicable, second-order temperature co-
efficients as described by the equation:

ém=a/(1+a(T-1,)+p(T-T,)") ®)

where £(T) is the resulting electrical or thermal conductivity, &,
is the electrical or thermal bulk conductivity at reference temper-
ature T,, a is the first order temperature coefficient and g is the
second order temperature coefficient.

2.1. Mechanical Stress Modification

A nanotemplate for preferred conductive filament growth is as-
sumed, potentially caused by electroforming, amorphous thin
films, grain boundaries, dislocations, lattice defects, or electrode
interfaces. This nanotemplate is implemented by the assump-
tion of lateral mechanical stress during conductive filament for-
mation. The implementation of lateral mechanical stress in the
original model®! was revised from a physical approach to an ex-
ponential fitting approach. This modification was undertaken to
enhance numerical stability, particularly in conjunction with the
moving mesh algorithm. The modified mechanical energy bar-
rier in exponential form is calculated according to

r
rtem,exp > - 1) (9)

where r is the radial coordinate and r,,, .y, is a fitting constant.
This form fulfills the requirements of AW, ., = 0 for r = 0. The
similarity between the two approaches in the vicinity of the con-
ductive filament indicate that the exponential approach can be
used without compromising the accuracy of the model. Further
details can be found in Section S2 (Supporting Information).

A‘Wmech = Wm,o <€Xp <

2.2. Thermal Modeling

Due to the significantly higher magnitude of the tunneling cur-
rent compared to ionic currents, Joule heating is considered in
all metallic domains but is neglected within the switching layer.
Nevertheless, the heat equation is solved across all domains. Ad-
ditionally, energy relaxation of tunneling electrons is accounted
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for, resulting in additional heat dissipation at the conductive fila-
ment/switching layer and switching layer/AE interfaces. The re-

sulting power density gy, at the respective electrodes is calculated
175
as:

G =7 (V) VruJm (10)

where y(V) is a dimensionless coefficient <1 that describes the
distribution of power density between the electron-receiving and
electron-emitting electrodes. Typically, more energy is dissipated
at the electron-receiving electrode. Further details can be found
in Section S3 (Supporting Information).

2.3. Dissolution of the Actice Electrode

The application of Equation (1) and a moving mesh to the switch-
ing layer-AE interface results in a homogeneous dissolution of
the AE at the same rate as the tip of the conductive filament.
Consequently, the gap between the AE and conductive filament
would remain constant. However, experimental TEM images in-
dicate clear localized dissolution of the AE above the conductive
filament.l%! This strong localization can be attributed to ions tak-
ing the shortest path from AE to the reduction site, and to charge
accumulation within the switching layer, far from the reduction
site, which inhibits further dissolution and ion injection. Since
our model lacks charge accumulation, we compensate by mir-
roring conductive filament growth to the switching layer/AE in-
terface. This results in the conductive filament being depicted
as a negative in the AE, maintaining a constant gap between
conductive filament and AE. To achieve a closing gap, a linear
constant v* < 1 is introduced to reduce the dissolution speed of
the AE. This adjustment is necessary due to the surface asym-
metry between the conductive filament and the AE, as well as
the axial symmetry of the system. Additionally, since the model
does not explicitly simulate ion movement, this parameter acts
as a compensation factor. When the AE dissolves, resulting into
a void region, no more electrochemistry is locally possible due to
a missing AE/switching layer interface. It is further assumed that
only two atomic layers can dissolve into the switching layer, thus
leaving a possible minimum void-gap of 0.07-0.4 nm. For the
simulated Cu/10nm-SiO, /Pt cell from Schindler,'”] a value of
v* = 0.05 was found.

2.4. Impact of Void Formation in Dissolved Active Electrode
Domain

The formation of a void in the AE domain eliminates the switch-
ing layer/AE interface, making the application of electrochemi-
cal principles invalid and necessitating the suppression of con-
ductive filament growth in this region. A numerically stable im-
plementation, akin to the approach used for mechanical stress,
was achieved by modifying the local activation energy in the
Butler-Volmer Equation (Equation (2)) with an additional height-
dependent energy term. The added energy barrier was calibrated
to allow conductive filament growth up to a diameter of one metal
atom (~ 0.2nm) within the void region. This energy was deter-
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mined to be AW, ;4 = 0.01 eV at the original switching layer/AE
interface, resulting in the following exponential expression:

AWVOid = WV,O €xp <Z£> (11)
0

where z is the vertical coordinate relative to the original switching
layer/AE interface and z,, is a fitting parameter. Incorporating this
vertical energy barrier into Equation (3) yields an effective spatial
activation energy:

AW, (1, 2) = AW, + AW, (1) + AWyoiq(2) (12)

This expression represents the modified activation energy profile,
incorporating both the vertical energy barrier within the void re-
gion and the lateral energy barrier induced by mechanical stress.

3. Results

The proposed model is validated and discussed using data from
literature, specifically Cu/10 nm-SiO, /Pt cells.l'”] The material
system was chosen for modeling, as especially SiO, is a well-
known material in the semiconductor industry, offering excel-
lent compatibility with existing fabrication processes and well-
characterized, albeit moderate, ionic, and electrical properties
compared to other possible switching layer materials like e.g.,
chalcogenides. The simulation parameters used in this study are
listed in Section S4, Table S1 (Supporting Information). In addi-
tion to validating the model, we compare key aspects of conduc-
tive filament growth with and without AE dissolution, as well as
the impact of tunnel barrier heating by analyzing cases with and
without its inclusion. The following sections present the results
and discuss critical switching behaviors, with a particular focus
on abrupt and gradual switching mechanisms.

3.1. Multilevel Switching Due to Vertical and Lateral Growth

Figure 1la presents experimental data alongside simulation re-
sults depicting the resulting LRS as a function of I for an
Cu/10nm-SiO, /Pt cell. The simulations were conducted using
a bias sweep rate of 1 Vs~ with a maximum voltage of V. =
2V to replicate the experimental conditions accurately. When the
conductive filament morphology remains nearly constant and the
LRS value changes primarily due to gap reduction, we define this
as gap-LRS. Conversely, when side growth results in a wider and
bulkier conductive filament — different for each LRS state —, we
define it as side-growth-LRS. Figure 1b illustrates the gap evo-
lution over time for both gap-LRS and side-growh-LRS. The in-
set zoom clearly reveals a slowdown in gap closure during side
growth. Figure 1c shows constant conductive filament morphol-
ogy for low values of I < 100nA. This value depends on the
minimum allowed gap defined by v*. It was shown that the sim-
ulated morphologies obtained from this type of continuum simu-
lation represent only the filament envelope and lack information
about the internal atomic structure. For this type of simulation re-
sults, distinct possible atomic configurations have been reported
for different switching regimes.*”) In this regime, the conduc-
tive filament tip is sufficiently wide to reach I solely through
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Figure 1. Simulation results for an Cu/10 nm-SiO, /Pt ECM cell under a triangular voltage sweep (1Vs~', max. 2V): a) LRS as a function of /¢, with
distinct states for gap-defined and side-growth-defined LRS. Experimental data [] from!'7] are included for comparison. b) Temporal evolution of the
gap, with the inset detailing the final gap states for different I values, highlighting the transition from gap closure to side growth and back to gap
closure. c) Corresponding conductive filament morphologies for various Icc, illustrating almost constant conductive filament morphologies for I <
100 nA and strong side growth above. All dimensions are in nm. d) Snapshot of the voltage drop (in mV) across a conductive filament during the SET
process at a momentary current of 3.5 A, indicating a resistance in the kQ range. e) I-V characteristics for different /¢, showing distinct switching
behaviors: abrupt (gap closure), gradual (side growth), and abrupt (gap closure).

gap closure and a voltage drop from the current limitation slows
down further conductive filament growth.

However, when I.. increases, the tip area of the conductive
filament becomes insufficient to support I.. If I cannot be
reached through gap closure alone, the driving force persists
within the device, promoting lateral conductive filament growth.
Consequently, the tip area expands laterally u ntil the imposed I
is achieved, while also closing the gap, but at a reduced growth
speed. The reduced vertical growth speed is a result of the ener-
getical barrier from the AE dissolution and void formation, but
can partly also be attributed to a voltage drop across the conduc-
tive filament, thus reducing the overpotential driving the electro-
chemical reactions.

Assuming an initial monoatomic chain conductive filament
with a resistance of h/2e? ~ 12.9kQ, a critical voltage drop on
the order of tens of millivolts is already achieved at the microam-
pere range (Figure 1d). Thus, the growth speed of the tip is re-
duced and conductive filament widening occurs. With the addi-
tional energy barrier in the dissolved region, this effect is strongly
enhanced.

Both conductive filament growth mechanisms, namely verti-
cal growth and lateral side growth, can be discerned from I-
V curves (Figure le) by analyzing the slope of the current rise.
An exponential increase in the cell current reflects a decreasing
gap, attributed to the change of the tunneling current dI, /dg x

Adv. Mater. Technol. 2026, 11, e00837 e00837 (5 of 12)

—exp (—g/nm). In contrast, a non-exponential or linear current
increase suggests side growth, characterized by dly,/0r « Jp,r,
with r representing the effective filament radius. Regime A ex-
hibits exponential current rise due to a closing gap; Regime
B exhibits gradual current increase due to lateral side growth
and Regime C exhibits exponential current rise again. While the
mechanisms in Regime A and B are straightforward, the behavior
observed in Regime C is governed by an electro-thermal coupling
effect. At this stage, the conductive filament has grown signifi-
cantly and already conducts > 100 pA. The tunnel heating effect
causes a temperature increase of AT > 100 K, which accelerates
electrochemical reactions at the conductive filament tip. Conse-
quently, the vertical energy barrier — which at this point is lower
than the radius-scaling lateral mechanical stress barrier — is re-
duced sufficiently to be overcome. This leads to renewed conduc-
tive filament growth in the vertical direction, now occurring at an
accelerated exponential rate due to thermal effects. As a result, a
“jump”-like behavior is observed in the gap evolution (Figure 1b)
and thus in the depending tunneling current response.

The directed growth of the conductive filament is shown in
Figure 2 in two spatial and one temporal dimension, called “ele-
phant plot” due its characteristic appearance. The growth starts
around log,,(t/s) = 0.05. Up to this point, isotropic growth occurs
within the nanotemplate, after which lateral mechanical constric-
tion induces anisotropic, directed growth, followed by vertical
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Figure 2. “Elephant plot” illustrating conductive filament growth in space
and time for a maximum compliance current of Icc = TmA. During
growth, the filament morphology progresses through all intermediate
states corresponding to lower Icc. At point I' & logyq(t/s) = 0.225, ver-
tical gap closure is inhibited by AE dissolution and resulting void domain,
causing lateral expansion to dominate. At point Y = logyo(t/s) = 0.25,
the maximum current Icc = 1mA is reached, and further growth slows
down due to the current compliance limiting the voltage. As a result, lat-
eral expansion decelerates. Minimal thermally activated vertical filament
growth continues, leading to further resistance reduction and thus an even
stronger voltage limitation. Filament growth becomes unrecognizable at
point A = logy(t/s) = 0.35.

constriction due to AE dissolution and void formation at around
point I'. The simulation was conducted for an I = 1 mA, thus
the conductive filament progresses through all intermediate mor-
phologies that depend on I.. At point Y the maximum current
was reached. Consequently, the current compliance limits the
voltage, reducing the growth speed, as evidenced by the slow-
down in lateral expansion between points Y and A. Beyond point
A the voltage is so strongly limited that no further growth is rec-
ognizable on this time scale. The region between points A and
Y thereby correspond to Regime B from Figure 1b,e. During this
time, the conductive filament tip heats up due to Joule heating
and tunnel barrier heating. Ultimately, thermally enhanced slight
vertical growth occurs. This, in turn, provokes an abrupt current
response by decreasing the gap and thus increasing the tunnel-
ing current marking the onset of Regime C. Regime C takes place
on a very short timescale before point A.

Figure 3a—d demonstrates the morphological and temperature
evolution of a conductive filament, also with I = 1 mA, which
leads to side growth. The final minimal gap, positioned off-center
from the symmetric axis (inset zoom Figure 3d), represents a pre-
liminary stage toward the formation of a quantum point contact,
delineating the transition from tunneling to contact. The previ-
ously described effect of overcoming the vertical energy barrier
via increased conductive filament temperature is clearly illus-
trated in Figure 3b and 3c.

In the scope of this explanation the atomic switch can be un-
derstood as a quantised switching mode, where an atomic contact
is made in the void region of the dissolved AE domain. For certain
material systems, conductive filaments should grow into the AE
by repeatedly forming and rupturing quantum point contacts.
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Figure 4a—e, reprinted from Ref. [17], presents such conduc-
tive filament growth into the AE for lateral Ag/GeSe samples.
A W tip was positioned on the GeSe region, and positive bias
was applied to the Ag electrode. Following switching, the im-
age was acquired using SEM. In the magnified progression from
(a) to (e), conductive filament growth into the AE is clearly ob-
served, accompanied by significant AE dissolution in the respec-
tive region. It should be noted that the conductive filament may
have preferentially grown along the sample surface, which could
be energetically favored compared to bulk growth. As a result,
AE dissolution and conductive filament growth into the AE may
appear stronger than in typical, vertical ECM cell stacks with
buried conductive filaments. Furthermore, multi-conductive fil-
ament growth is clearly visible. The sample dimensions, partic-
ularly the isolating material thickness, are orders of magnitude
larger than in conventional devices, where thickness typically
measures only tens of nanometers. Nevertheless, Figure 4f dis-
plays a toggling current response under constant bias with abrupt
and gradual change rates, which may suggest the repeated forma-
tion and rupture of quantum point contacts during growth into
the AE, but also side growth and widening effects (Figure 4a—e).
This observation supports our assumption of a preliminary stage
of quantum point contact formation and side growth in ECM
cells.

Our assumption of side growth is further reinforced by care-
fully selected experimental I-V switching data subsets from
the literature.’3!l These data, plotted in normalized form in
Figure 4g, closely align with our simulated switching behavior:
an initial exponential current rise due to gap closure, followed
by a transition into a gradual increase attributed to side growth,
and ultimately a steeper exponential rise driven by thermally acti-
vated gap closure and quantum point/ohmic contact formation.
A more detailed analysis of these findings is provided in the Dis-
cussion section

3.2. Impact of Model Extensions

It was demonstrated that accurate thermal modeling is essential
for understanding the switching dynamics in ECM cells, partic-
ularly through the implementation of an additional heat source—
tunnel barrier heating. Figure 5a depicts the maximum temper-
ature reached in the conductive filament during the SET process
depending on the maximum current I, comparing scenarios
with Joule heating alone and with the inclusion of tunnel bar-
rier heating. Without tunnel barrier heating, the temperature in-
crease is negligible, whereas with tunnel barrier heating, an expo-
nential temperature rise with increasing I is observed, reach-
ing a maximum conductive filament tip temperature of 850 K for
Icc = 1mA. The resulting switching dynamics are compared in
Figure 5b. With Joule heating alone, the I-V characteristic ex-
hibits an exponential current rise, followed by a transition to lin-
ear current rise due to side growth.

However, this growth is too slow to reach I under the ap-
plied triangular bias signal with a sweep rate of 1Vs~!. In con-
trast, when tunnel barrier heating is included, I is reached,
and an abrupt increase in current is observed at approximately
100 pA, consistent with well-known general experimental I-V
characteristics.

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Spatial and thermal evolution of the conductive filament during the SET process at different momentary currents, showing temperature rise
from (a) to (c) with a peak temperature of 750 K at (c) for 603 pA. Shortly after reaching Icc = 1 mA in (d), the temperature decreases due to the voltage
drop caused by the current compliance. Minimum gap off-centered from symmetric axis in inset zoom in (d).

Figure 5c presents the simulated I-V characteristics with and
without AE dissolution. In the absence of AE dissolution, the cell
current exhibits an exponential rise as the gap decreases to in-
finitesimal, nonphysical values, which occurs when contact for-
mation is not permitted in the model. Consequently, for our set
of parameters, I = 1mA leads to infinitesimal gap and a nu-
merical unstable solution, which is why results for I = 0.1 mA
is shown for gap closure only. When AE dissolution is incorpo-
rated, the initial exponential current rise A transitions into a lin-
ear increase B, followed by a sharper exponential current rise C
enabled by accurate temperature modeling, which includes tun-
nel barrier heating. Consequently, a physically meaningful gap is
maintained throughout the process (Figure 5d).

3.3. Discussion

Our suggestion of side growth is corroborated by reported ex-
perimental results, which display an initial exponential current
response transitioning into a gradual linear regime, followed
by a sharp rise (Figure 4g). Out of the reported experimental
data,[’*81] only specific curves were extracted and presented,
where side growth is assumed. For instance, in several datasets
containing multiple measurements, a small subset of curves sup-

ports our findings on conductive filament growth mechanisms
for multilevel switching. These mechanisms are characterized
during SET by a transition from an exponential current response
due to gap closure to a gradual linear current response attributed
to side growth, followed by a return to an even faster exponential
current response driven by thermally enhanced gap closure. For
better recognition, the side growth regime has been highlighted.
The selection of specific experimental data not only validates our
simulation results, but also highlights the variability in conduc-
tive filament tip/AE interaction mechanisms observed in ECM
cells, namely vertical conductive filament growth towards the AE
with AE dissolution, void formation, gap closure, side growth
with and without (this study) abrupt quantum point/ohmic con-
tact formation, all combined with multifilamentary conducting
filament growth. These mechanisms are only valid for the afore-
mentioned conductive filament growth modes of high ion mobil-
ity and high or low ion injection rates.

Furthermore, the presented results elucidate the distinct
mechanisms governing conductive filament growth in ECM
cells, specifically the interplay between vertical and lateral growth
under varying current compliance I and with concurrent dis-
solution of the AE. Notably, the identification of gap-LRS regimes
and side-growth-LRS regimes, as well as the critical role of
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Figure 4. SEM images of conductive filament growth in a planar Ag/AgGeS sample using a W needle as the CE. a—c) Continuously zoomed-in images
of conductive filament and the conductive filament/AE interface. d—e) High-magnification views of the dissolved Ag electrode. f) Current response after
applying 4V to the Ag electrode, where current jumps suggest the formation and rupture of quantum point contacts. g) SET pulse data (a, b, e—g)
extracted from Refs. [76-80], respectively, and forming pulse data (c and d) extracted from Ref. [81]. a—f) reprinted with permission from Ref. [17].
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Figure 5. Impact of tunnel barrier heating on device temperature and switching behaviour and impact of AE dissolution on switching behavior and gap
evolution. a,b) Impact of tunnel barrier heating: (a) Maximum conductive filament temperature for different I values. Without tunnel barrier heating,
Icc = 1 mA cannot be reached due to insufficient thermal energy to overcome the void barrier of the dissolved AE. With tunnel barrier heating, higher
Icc values lead to thermal runaway and potential device failure. (b) Corresponding |-V characteristics for Icc = 1 mA, showing that without tunnel
barrier heating, I remains unreachable due to inadequate thermal energy. c,d) Impact of AE dissolution: (c) I-V characteristics and (d) gap evolution
over time, illustrating the effect of AE dissolution. Without AE dissolution, a numerically stable solution for Icc = 1 mA cannot be reached due to the
infinitesimal gap; thus, results for I = 0.1 mA are shown. Exponential current increase and gap closure A transition to gradual behaviour B, followed

by electrothermal activated exponential gap closure and current response C.

thermal effects in driving renewed conductive filament growth
at high currents, provides significant insights into the dynamic
evolution of conductive filament morphology.

A key observation is the dependence of conductive filament
morphology on I, which governs the transition between the
gap-LRS regimes and side-growth-LRS regimes. At low I, the
filament reaches the required current through gap closure alone,
resulting in minimal lateral growth. However, for higher I and
the progressing dissolution of the AE-resulting in the forma-
tion of a void domain that blocks further vertical growth and
gap closure—the conductive filament begins to expand laterally,
thereby increasing the effective area for electron tunneling. This
lateral side growth manifests as a gradual linear increase in cell
current. Subsequently, Joule heating, and in particular tunnel
barrier heating, drives further conductive filament growth into
the void domain, promoting thermally accelerated gap closure
and leading to a faster exponential, jump-like increase in cur-
rent. At this stage, it is highly likely that a quantum point contact
forms, marking a preliminary or transitional phase toward full
quantum point contact and eventual ohmic contact formation—
a process that our current model is not yet capable of fully
capturing.

Nevertheless, a more comprehensive understanding of these
mechanisms can be derived from the schematic representation

Adv. Mater. Technol. 2026, 11, e00837 e00837 (8 of 12)

in Figure 6, which illustrates I-V curves under exponentially in-
creasing I and the corresponding conductive filament mor-
phologies at key switching points. This schematic captures the
progression from gap-LRS (A)-(F) to side-growth-LRS (G), ul-
timately leading to thermally activated quantum point contact
and/or ohmic contact formation (H). It provides a consolidated
overview of the distinct growth regimes and the critical transi-
tions observed in ECM cells.

In particular, the schematic serves as an updated model, high-
lighting the interplay between vertical and lateral conductive fila-
ment growth, void domain formation due to AE dissolution, and
the impact of electro-thermal effects on conductive filament dy-
namics. By visualizing these key processes, the schematic not
only reinforces the findings presented but also offers a refined
framework for interpreting switching phenomena, including the
preliminary stages of quantum point contact formation. Further-
more, the transition to ohmic contact, depicted in the final phase
(H), represents an important step toward understanding multi-
level switching behavior in ECM devices.

The observed variations in conductive filament growth behav-
ior and the transitions between different LRS regimes are in-
herently influenced by multiple material and structural factors.
These variational factors depend on the thermal, mechanical and
ion-conducting properties of the materials involved, particularly

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Atomic-scale schematic of conductive filament formation and dissolution in an Ag/SiO, /Pt ECM cell correlated with sketched I-V character-
istics for different I values. A-C) Initial oxidation and migration of Ag™ ions toward the Pt electrode with initial nucleus, dissolution of the AE and
directed conductive filament growth toward the AE. D—F) Further conductive filament growth blocked by dissolved AE void-like region, resulting in side
growth, thus strengthening the conductive filament. G-H) Increasing temperature with increasing Icc due to tunnel barrier heating and thus overcom-
ing the void domain barrier of the dissolved AE region. K-J) Dissolution and retraction of the conductive filament during the RESET process, exhibiting

typical variability at the maximum RESET current.

those of the switching layer, as well as the doping concentration,
defect density (including lattice defects), and the distribution of
grain boundaries within the switching layer, which collectively
define the nanotemplate guiding conductive filament growth.

For our studies, we applied the bulk values for thermal con-
ductivity; however, it may be more realistic to consider reduced
thermal conductivity due to nanoscale scattering effects. Such a
reduction leads to earlier onset of conductive filament heating,
thereby shifting the onset of gradual switching to even lower cur-
rent levels. Moreover, higher maximum temperatures result in
increased ionic injection rates, accelerating the switching pro-
cess. See Section S5 (Supporting Information) for more detailed
information and results.

As noted before, the presented continuum model captures
only the envelope of the conductive filament and does not re-
solve its internal atomic structure. As such, complex morphologi-
cal features frequently observed in high-resolution TEM!23:38:58-61]
—such as thin dendritic filaments, or irregular, defect-rich bulky
filaments — cannot be directly reproduced. This limitation arises

Adv. Mater. Technol. 2026, 11, e00837 €00837 (9 of 12)

from the mesoscopic nature of the model, which averages over
atomic-scale disorder and stochastic effects. Nonetheless, the
simulated filament radii and morphology transitions remain
physically meaningful for analyzing switching regimes, electro-
thermal effects, and device-level behavior. This is because, in
practice, one filament dominates, and the model captures the
growth dynamics of this prevailing conduction path.
Furthermore, different conductive filament morphologies may
provide an explanation for the varying RESET kinetics observed
in ECM cells, where experimental results have shown discrep-
ancies. In one case, no correlation between LRS and RESET
time was reported,®?] while another study observed an exponen-
tial dependency, with lower LRS corresponding to higher RESET
times.[®3] We hypothesize that in the scenario where no correla-
tion between LRS and RESET time was found, multifilamentary
conductive filament growth likely occurred, resulting in nearly
identical conductive filament morphologies across different LRS
states. Conversely, in the case of exponential dependency, distinct
conductive filament morphologies were likely present, leading to

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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varying RESET dynamics depending on the specific conductive
filament structure.

Our findings could also be applied to explain the orders of mag-
nitude variations in relaxation times observed in volatile ECM
cells.[1247:84-89] These variations are typically explained using Her-
ring’s scaling law, which establishes a relationship between the
conductive filament radius r, and the relaxation time ¢, as t, « ;.
If applied to our simulation results with an increased average fil-
ament radius by approximately a factor of 2, relaxation time varia-
tions exceeding an order of magnitude can be explained, depend-
ing on the compliance current I .

4. Conclusion

This study advances the understanding of conductive filament
growth mechanisms in ECM cells by identifying distinct switch-
ing regimes and clarifying the role of material properties and
electro-thermal effects in conductive filament evolution. The
transition from gap-LRS to side-growth-LRS, driven by vary-
ing current compliance and AE dissolution, provides a nuanced
framework for interpreting switching behavior. A key finding is
that side growth at higher current compliance results in vary-
ing conductive filament morphologies, with high current com-
pliance leading to wider, bulkier, and cylindrical conductive fil-
aments, while low current compliance produces thinner and/or
cone-shaped conductive filaments. Vertical and side growth can
be distinguished by their respective I-V characteristics: vertical
growth, which corresponds to gap closure, exhibits an abrupt, ex-
ponential current rise, whereas side growth manifests as a grad-
ual, linear increase in current.

The incorporation of tunnel barrier heating leads to elevated
conductive filament temperatures even at low currents, which ac-
celerates further vertical growth once side growth has increased
the current to a critical heating level. These morphological dif-
ferences could help explain discrepancies in RESET kinetics re-
ported in the literature, where both exponential dependencies
and the absence of correlation between LRS and RESET time
have been observed. Additionally, the insights gained on conduc-
tive filament morphology and thermal effects could help explain
the orders of magnitude variations in relaxation times observed
in volatile ECM cells. Understanding these mechanisms provides
a foundation for designing ECM devices with improved relax-
ation time control. Nevertheless, further experimental validation
and refinement of models - especially the formation of a contact
between conductive filament and AE - are required to fully cap-
ture the complex interplay of thermal, mechanical, and electro-
chemical factors in ECM cells.
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Supporting Information is available from the Wiley Online Library or from
the author.
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