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ABSTRACT

Two-dimensional (2D) materials and their heterostructures offer promising pathways for intercalated ion migration and regulated
filament growth in resistive switching (RS) devices, enabled by their van der Waals (vdW) gaps. In vertically aligned 2D
materials, this vdW gap-mediated ion transport holds great potential for high-density integration and reliable RS performance
for memristor crossbar arrays. However, the fundamental switching mechanisms and their contributions to the RS remain
inadequately understood. In this work, we investigate silver (Ag) filament-based threshold switching (TS) in heterostructures
comprising vertically aligned 2D molybdenum disulfide (VAMoS,) grown via sulfurization and silicon oxide (SiO,). Compared
to SiO,-only devices, the SiO,/VAMoS, devices exhibit TS with higher on-threshold and hold voltages, each approximately 0.4V,
faster switching times down to 356 ns under a 4 V pulse, and a lower cycle-to-cycle on-current variability of 3.0%. A physics-based,
variability-aware model reveals that confined Ag ion migration within the vdW gaps in VAMoS, forms ultrathin seed filaments,
which guide filament growth in the SiO, layer. These findings establish SiO,/VAMoS, heterostructures as a promising concept for
reliable TS in vertical device architectures for emerging memories and neuromorphic computing.

1 | Introduction tunities for compact, high-performance memory and computing
technologies based on 2D material memristive devices [6, 20].

Two-dimensional (2D) materials have gained attention as resis-

tive switching (RS) media for neuromorphic and in-memory
computing applications [1-4]. Various 2D materials, includ-
ing transition metal dichalcogenides (TMDs) [5-7], hexagonal
boron nitride (h-BN) [8-10], 2D heterostructures [11-13], and
oxide-2D heterostructures [14-17], have shown memristive RS
characteristics. 2D materials can be stacked vertically with other
materials without requiring lattice matching [18], which enables
multifunctional 3D integration [19]. This capability opens oppor-

Two-terminal memristive devices based on 2D materials, consist-
ing of a metal-2D-metal configuration, are particularly attractive
for energy-efficient technologies because of their small footprint,
high integration density, and low switching energy [1, 5]. Recently,
vertically aligned 2D materials have emerged as promising RS
media for such vertical two-terminal devices [19, 21-25]. For
example, vertically aligned h-BN grown by plasma-enhanced
chemical vapor deposition has shown nonvolatile RS with a high
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device yield of ~90%, multistate conductance, and compatibility
with complementary metal oxide semiconductor technology [19].
Vertically aligned 2D molybdenum disulfide (VAMoS,) grown by
chemical vapor deposition (CVD) has shown volatile RS with an
on/off ratio of ~10°, enabling artificial neuron emulation [23].
Nonvolatile RS has also been observed in VAMoS, on silicon (Si)
with chromium (Cr)/gold (Au) electrodes, where switching is
caused by hydroxyl ions originating from the catalytic splitting of
adsorbed water molecules [21]. The heterostructures of VAMoS,
and silicon oxide (SiOy) have further demonstrated silver (Ag)-
based filamentary threshold RS with endurance exceeding 10*
cycles [26]. These findings highlight the potential of vertically
aligned 2D materials for use in memristive devices; however,
their switching mechanisms or their roles in the RS behavior
of heterostructures remain insufficiently understood, e.g., on
the influence of the vertical alignment of 2D materials or their
presence in heterostructures on key performance parameters
such as the switching speed, variability, and reliability.

Memristive devices change their electrical resistance in response
to an applied voltage [27]. One of the predominant RS mech-
anisms is electrochemical-metallization (ECM) [28, 29], where
metallic filaments form and dissolve within the switching
medium due to the migration of active metal ions such as
Ag, copper (Cu), or nickel (Ni) [11, 30-32]. The formation
and dissolution of conductive filaments (CFs) are inherently
stochastic, controlled by the electric field, the switching medium,
and the electrode interface, all of which influence filament
stability and morphology [9, 11, 33]. Thick and bulky CFs
typically result in nonvolatile RS, whereas thin and fragile CFs
rupture spontaneously after bias removal, leading to volatile RS,
also known as threshold switching (TS), observed in diffusive
memristors [28, 33, 34]. In 2D materials, ECM-based RS is
driven by ion migration along intrinsic structural features such
as van der Waals (vdW) gaps, grain boundaries, and defects
[22, 35-41]. Since 2D materials play a crucial role in deter-
mining the switching dynamics, material selection and device
configuration must be considered when optimizing the device
performance.

In this work, we compare Ag filament-based TS in vertical
memristive devices consisting of SiO, with and without VAMoS,
layers. We elucidate the influence of the VAMoS, layers on the
TS behavior, with a particular focus on the switching dynamics
based on filament formation, by combining experimental data
with a physics-based JART ECM simulation model [42-44]. The
presence of the VAMoS, layer regulates Ag ion migration through
its vdW gaps, leading to confined filament formation with faster
switching speeds and slightly higher average switching voltages
with significantly lower cycle-to-cycle variability compared to
devices based on SiO, alone.

2 | Results and Discussion

2.1 | Device Fabrication and Structure

Our devices consist of a vertical stack with an active Ag top elec-
trode (TE) and an inert Au bottom electrode (BE). The switching

medium is either a SiO,/VAMoS, heterostructure or a SiO, layer
(SiO,-only), as shown in Figure 1a,b. These configurations allow

us to investigate the influence of the VAMoS, layer on the RS
behavior during CF formation.

Device fabrication began with the patterning of Au BEs on a
Si substrate covered with a 300 nm thick thermal SiO, film
using photolithography, e-beam evaporation, and lift-off. For
heterostructure devices, a 6 nm molybdenum (Mo) film was
then sputtered and patterned on the predefined Au BEs. The
VAMoS, layer was synthesized by sulfurizing the Mo film in
a sulfur atmosphere at 800°C [26, 45]. During this process,
an amorphous SiO, layer formed on the VAMoS, surface by
diffusion of Si and O from the substrate [26, 46, 47]. For SiO,-
only devices, a comparable SiO, layer was formed on the Au
BEs without a Mo film but otherwise under identical fabrication
conditions. Finally, the Ag TE, capped with an Au layer, was
patterned via photolithography, e-beam evaporation, and lift-
off. Detailed descriptions of the device fabrication and material
growth processes are provided in Section 4.1 of the Methods
section.

Cross-sectional transmission electron microscopy (TEM) con-
firmed the device stacks (see Figure S1). Energy-dispersive X-ray
spectroscopy (EDXS) elemental mapping verified the presence
of Si, O, Mo, and S in the heterostructure between the Ag TE
and the Au BE (Figure 1c) and comparable Si and O signals in
the SiO,-only device (Figure 1d). High-resolution TEM (HRTEM)
imaging revealed the vertical alignment of the MoS, layers in the
Si0,/VAMOoS, device (Figure le). Raman spectroscopy confirmed
the crystalline 2H-phase of MoS,, with characteristic peaks at
382 cm™" and 407 cm™', corresponding to the E',, and A, modes,
respectively (Figure 1f) [48]. The E',,/A,, peak intensity ratio of
~0.4 further supported the vertical orientation of MoS, [49].

2.2 | Direct-Current (dc) Characterization

Direct-current (dc) current-voltage (I-V) measurements were
performed on SiO,/VAMoS, and SiO,-only devices by applying
a bias voltage to the Ag TE while grounding the BE. A current
compliance (I.) of 1 pA was set for the measurements. Both
devices exhibited reproducible TS over 128 consecutive cycles
without requiring an initial electroforming step (Figure 2a,b).
The SiO,/VAMoS, device showed gradual current transitions,
whereas the SiO,-only device showed abrupt transitions. During
the forward sweep, both devices switched from the initial high-
resistance state (HRS) to the low-resistance state (LRS) at the
on-threshold voltage (V,,,). In the reverse sweep, the devices
remained in the LRS until the voltage dropped below the hold
voltage (V},1q), after which they returned to the HRS. The off-
threshold voltage (V, ;) was defined as the voltage at which the
current returned to the initial HRS current level, using a fixed
100 pA criterion.

We extracted the switching voltage parameters (V, ,,, Vyo, and
V..otr) from 128 consecutive switching cycles of the SiO,/VAMoS,
and SiO,-only devices. The distributions of the parameters are
shown as histograms and cycle-dependent plots in Figures S2
and S3. Compared with the SiO,-only devices, the SiO,/VAMoS,
devices showed smaller fluctuations in all three voltage param-
eters. For example, the V,, values of the SiO,/VAMoS, device
ranged from 0.3 to 0.5 V, whereas those of the SiO,-only device
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FIGURE 1 | Device Structures and Materials Characterization. Schematic cross-sections of the switching layers of (a) a SiO,/VAMoS, and (b) a
SiOy-only device between the top (Ag) and bottom (Au) electrodes. EDXS elemental mapping confirming the presence of (¢) Ag, Si, O, Mo, S, and Au in
the SiO,/VAMoS, device and (d) Ag, Si, O, and Au in the SiOy-only device. (e) HRTEM cross-section revealing the vertically layered structure of MoS,.
(f) Raman spectrum of an as-grown MoS, film on an Au surface verifying the crystalline 2H-phase of MoS, with its characteristic Elzg (382 cm™!) and
Aqg (407 cm™!) modes.
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FIGURE 2 | Threshold Switching Characteristics of SiO,/VAMoS, and SiO,-only Devices. (a) 128 consecutive dc I-V sweeps for the SiO,/VAMoS,
device at I.. = 1 pA, showing a gradual current transition. The first sweep is marked in red. Inset: schematic cross-section of the SiO,/VAMoS, device.
(b) 128 consecutive I-V sweeps for the SiOy-only device, showing abrupt transitions. The first sweep is marked in blue. Inset: schematic cross-section
of the SiOy-only device. Characteristic voltages are indicated on the curves in (a) and (b). (c) Cumulative distribution functions of V; o, Viyo14, and Vi g
extracted from the data displayed in (a) and (b). Five subsequent I-V sweeps under different I, values (10 nA to 100 uA) showing the TS in (d) the
SiO,/VAMoS, device and (e) the SiOy-only device.
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varied widely between 0.1 and 0.6 V. The normalized cumulative
distribution functions (CDFs) of V., Vo, and Vo over 128
cycles show that the presence of the VAMoS, layer increases
the average switching voltage while reducing the cycle-to-cycle
variability (Figure 2c). A certain degree of variability remaining in
the SiO,/VAMOoS, devices may be attributed to the microstructure
of VAMOoS,. Structural features such as orientation variations,
defects, and grain boundaries may act as localized diffusion
pathways, contributing to the stochastic behavior of filament
formation and rupture. The vertically aligned vdW gaps in
the VAMoS, layers provide predefined ion migration pathways,
which may promote confined and reproducible formation and
rupture of the CFs [22, 39, 40, 50]. The average V4 also increased
from 0.1 + 0.04 V in SiO,-only to 0.4 + 0.02 V in the SiO,/VAMoS,
heterostructure, indicating easier rupture of the CFs in the
heterostructure, which is potentially due to a structurally weak
point at the SiO,/VAMoS, interface. The devices returned to
their initial HRS at V, ¢ of ~0.05+ 0.01 V for the heterostructure
devices and ~0.03 + 0.03 V for the SiO,-only devices.

Figure 2d,e shows the TS in both device types for different
I.. values, i.e., over four orders of magnitude from 10 nA to
100 pA. The SiO,/VAMOoS, device exhibited stepwise switching,
with an initial abrupt current increase followed by a gradual
rise (Figure 2d), whereas the SiO,-only device showed sharp
and abrupt transitions once V., was reached (Figure 2e). While
the origin of the stepwise switching in the SiO,/VAMoS, device
remains to be fully elucidated, several factors may contribute to
this phenomenon, including multi-seed Ag nucleation forming
parallel conductive segments, interfacial redox reactions leading
to incremental filament growth, partial filament bridging or rup-
ture within vdW gaps, filament branching induced by structural
inhomogeneities. Similar mechanisms have been reported in
ECM-based memristive devices [40, 51-54]. Despite the need for
further investigation, the device exhibits high on-state current
and reproducible TS behavior, suggesting its potential for selector
applications [55, 56] and neuromorphic computing, particularly
for implementing artificial neurons [23].

2.3 | Pulsed Voltage Characterization

Pulsed voltage measurements were conducted to explore the tran-
sient switching dynamics. The time-dependent current response
was recorded under voltage pulses of varying amplitudes (V,yse)-
As shown in Figure 3a, the switching time (¢,,) corresponds to
the time required for the current to reach 90% of the on-current
(I,n) [26, 41]. For each measurement, a voltage pulse was applied
to switch the device from the HRS to the LRS within ¢,,, after
which the device spontaneously returned to the HRS. The HRS
level was quantified as the off-current (I,;) by using a subsequent
read pulse of 0.3 V (V,,q) With a duration of 3 ps. The on- and off-
switching characteristics are described in detail in the literature
[26, 41]. Figure 3a shows a representative transient response of the
SiO,/VAMOoS, device to a 4 V pulse with a duration of 2 ps. The
inset presents the corresponding applied voltage pulse waveform.
Varying the pulse duration between 1 and 3 ps had no influence
on the switching dynamics (Figure S4).

We plotted the I, and I values from 30 consecutive cycles
of a Ve of 4 V for 2 ps for a SiO,/VAMoS, and a SiO-only

device (Figure 3b,c). The heterostructure device had significantly
lower variations in I, (3.0%) compared to the SiO,-only device
(46.5%). The t,, values were fitted with Gaussian distributions
with mean values (u) and standard deviations (o) of 620 and 160 ns
for the SiO,/VAMoS, and 940 and 450 ns for the SiO,-only device
(Figure 3d). The broader ¢, distribution of the SiO,-only devices
reflects higher variability. Given that the switching dynamics can
be modulated by the voltage amplitude [11, 29, 33] and that ¢,
is a critical parameter in memristive device operation [57, 58],
we investigated the dependence of f,, on V. by applying 30
consecutive pulses. Compared with the SiO,-only device, the
SiO0,/VAMoS, device demonstrated relatively faster t,, values
with reduced variations across amplitudes of 4, 4.5, and 5 V
(Figure S5). Next, we plotted the on-state resistance (R,,) as a
function of V. for both device types (Figure 3e). Compared
with the SiO,-only devices, the SiO,/VAMoS, devices exhibited
lower average R, values with reduced cycle-to-cycle variability.
These results suggest that the vertically aligned vdW gaps in the
VAMOoS, confine ion migration [21, 22, 39, 40], leading to con-
trolled filament growth and rupture, faster switching speeds, and
reduced variability. Furthermore, the R, values decreased with
increasing amplitude of V. for both devices, which is consistent
with stronger Ag ion drift, enhanced CF formation, and increased
current flow at higher pulse amplitudes [59]. In Section 2.4, we
further discuss the switching variability and filament formation
mechanisms by correlating the experimentally observed data
with the physics-based JART ECM simulation model [42-44] and
by comparing devices with and without the VAMoS, layer.

2.4 | Conductive Filament Formation and
Variability Modeling

Figure 4a shows schematic cross-sections of our proposed CF
formation process in SiO,/VAMoS, and SiO,-only devices in
the LRS. In both devices, applying a positive bias to the Ag
TE induces oxidation of Ag, generating Ag ions that migrate
toward the Au BE. Upon reaching the BE, the Ag ions are
reduced and form a metallic nucleation seed at the interface
between the switching medium and the BE [43, 60]. The seed
initiates the growth of the CFs upward from the BE toward
the TE, switching the device from the HRS to the LRS [43].
In the SiO,/VAMoS, devices, the vdW gaps in the VAMoS,
layers function as ion-conducting channels that confine Ag ion
migration [22, 39, 40], leading to the nucleation of ultrathin seed
filaments at the BE and their subsequent extension along the
vdW gaps. The VAMoS, layer thus directs and restricts filament
growth. At the SiO,/VAMoS, interface, the pre-confined seed
filaments provide favorable points that promote extension into
the overlying SiO, layer, where the seed filaments can drive the
development of thicker filaments in the SiO, layer. In contrast,
the SiO,-only devices lack such guided pathways, which leads to
randomly initiated thin filaments that form directly from the Au
BE. Notably, in both device types, the CFs remain sufficiently thin
to rupture spontaneously, enabling TS.

Figure 4b,c shows the transient current responses of a
SiO,/VAMoS, and a SiO,-only device, respectively, under a
Vpuwse = 4V for a duration of 2 ps, which was repeated for
30 cycles. These experimental data confirm faster and more
consistent switching in the SiO,/VAMoS, heterostructure
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FIGURE 3 | Switching dynamics of SiO,/VAMOoS, and SiO,-only devices. (a) Representative transient response of a SiO,/VAMOoS, device under a

voltage pulse of 4 V/2 ps, followed by a read pulse of 0.3 V/3 ps. The inset shows the applied waveform. On-current (I,,) and off-current (I¢) values
extracted over 30 consecutive switching cycles for (b) a SiOx/VAMoS, and (c) a SiOy-only device. (d) Cycle-to-cycle variability of the switching time (¢,,,)
over 30 pulses at 4 V, showing faster average and more reproducible switching in the SiO,/VAMoS, device (u = 620 ns, o = 160 ns) than in the SiO,-only

device (u = 940 ns, 0 = 450 ns). (e) On-state resistance (R,,) as a function of pulse amplitude, with lower average values and reduced variability in the

SiO,/VAMoS, device than in the SiOy-only device.

than in the SiO,-only device. A physics-based, variability-
aware ECM model [43] reproduced the experimental data
for the SiO,/VAMoS, and SiO,-only devices via a cycle-to-
cycle variability fit, as shown in Figure 4d,e. Details of the
model are provided in Section 4.4 of the Methods section,
and the fitting parameters are summarized in Table Sl in
Supplementary Section S6. The model achieved good agreement
with the experimental data, successfully capturing the faster ¢,
and narrower tf,, distributions observed in the SiO,/VAMoS,
devices.

The simulations suggest that the variability originates from the
filament radius (r;) and the stochastic distance (x) between the
filament tip and the TE. In heterostructure devices, the interlayer
gap of the VAMoS, layers forms ultrathin filaments, estimated
to be only 1-2 vdW gaps wide. The gap spacing of ~6.5 A [22,
61] exceeds the Ag atomic diameter of 3.44 A [62], which allows
confined ion migration. The filament in VAMoS, is restricted
and mainly experiences vertical growth along a vdW gap [22,
39]. Hence, it is assumed that the filament does not substantially
grow in the horizontal direction within VAMoS, after nucleation.
Thus, the diameter of the ultrathin filament within VAMOoS, is as
small as the diameter of the nucleus at the VAMoS,/Au interface.
These ultrathin filaments in VAMoS, (¥ vamosz)) Subsequently
extend into the SiO, layer, where they seed the growth of thicker
filaments in the SiO, layer (74 siox) > ¥l vamosz))- In the SiO,-only
devices, filaments nucleate randomly at the Au/SiO, interface
with radii larger than those in the VAMoS, region but smaller
than those in the SiO, region of the heterostructure devices

(Fsa,sion) > Frilzsion > Frila,vamos2)> S€€ Figure 4a). In the SiO,-only
devices, the subsequent filament diameter in SiO, is not coupled
to the nucleus diameter at the Au/SiO, interface and grows with
larger diameters.

Thus, the pre-confined seeds at the SiO,/VAMoS, interface play a
critical role in initiating thicker and more reproducible filament
growth in the SiO, layers of the heterostructures. The cycle-to-
cycle variability model further showed that the filament radius
is closely linked to the stochastic parameter &, describing the
stochastic change in the distance x between the filament tip
and TE. A larger filament corresponds to smaller variability
and to a smaller § because the addition or removal of single
atoms does not strongly affect the filament geometry and the
current through it. Conversely, a narrow filament displays higher
variability and a larger 6, as single-atom changes significantly
alter the filament geometry and the electronic current, according
to the exponential relation of x in the electronic tunneling current.
Owing to stochasticity, discrete current jumps occur as a few
atoms are added or removed from the filament tip at random
intervals, modifying the minimum distance between the filament
tip and TE and the current response.

We attribute the improved TS performance to the VAMoS, layer
directing thin CF growth and providing a structurally weak point
at the SiO,/VAMOoS, interface, where it easily breaks. Our results
align with previous findings where restricting Ag ion transport
through atomic defects in graphene reduced the number of ions
entering the switching medium [11].
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FIGURE 4 | Filament Formation and Variability Modeling in SiO,/VAMoS, and SiO,-only Devices. (a) Schematic of conductive filament (CF)

growth in the LRS: in SiO,/VAMoS,, vdW gaps guide ultrathin Ag seed CFs at the BE that extend into the SiO layer, whereas in the SiO,-only device, CFs
nucleate randomly at the BE. Transient current responses under repeated 4 V/2 ps pulses over 30 cycles, showing faster and more consistent switching in
(b)aSiO,/VAMOoS, device than in (c) a SiOy-only device. Cycle-to-cycle variability fitting via the JART ECM model [42-44], reproducing the experimental

data for (d) the SiO,/VAMOoS, and (e) the SiO4-only devices.

3 | Conclusion

We compared Ag filament-based TS in vertical, two-terminal
devices comprising SiO,/VAMoS, and SiO, as switching lay-
ers. Compared with the SiO,-only devices, the SiO,/VAMoS,
devices showed enhanced switching characteristics, including
faster switching times, higher V4 with significantly reduced
variability, and more stable and repeatable transient current
responses. Our study suggests that these improvements originate
from the vdW gaps in the VAMoS, layers, which guide and con-
fine Ag ion migration. This confinement enables the formation
of ultrathin seed filaments that extend into the overlying SiO,,
where they initiate stable conductive pathways. The combination
of electrical and analytical experiments with physics-based ECM
simulations confirms that the filament morphology determines
the switching dynamics and variability. In particular, the pre-
confined seed filaments at the SiO,/VAMoS, interface establish
a well-controlled environment for filament growth, leading to
more reliable TS behavior. These findings show that vertically
aligned 2D materials offer an effective strategy for engineering
CF formation in memristive devices and suggest their strong
potential in emerging memory and neuromorphic computing
applications.

4 | Methods
4.1 | Device Fabrication and Material Growth

Devices with lateral dimensions of 4 um x 4 pm were fabricated
on Si chips (2 cm x 2 cm) covered with 300 nm thermal SiO,.
The bottom electrodes (BEs) were patterned via a double resist
stack (LOR 3A/AZ5214E from MicroChemicals GmbH/Merck
Performance Materials GmbH) and optical contact lithography
with an EVG 420 mask aligner. A 5 nm Ti adhesion layer and
a 50 nm Au layer were deposited via electron-beam evaporation
in a Pfeiffer tool and lifted off in dimethyl sulfoxide (DMSO)
heated to 80°C. The Mo films were patterned via the same
double resist stack and lithography process. A 6 nm Mo layer was
deposited via dc sputtering with the CREAVAC tool (CREAMET
S2) and lifted off in DMSO. For SiO,-only devices, Au BEs without
Mo patterns were retained on the same chip. SiO,/VAMoS,
and SiO, stacks were synthesized on Mo/Au BEs and Au BEs,
respectively, by sulfurization in a CVD tube furnace (RS 80/300,
Nabertherm GmbH). VAMoS, layers were formed by thermally
assisted conversion of Mo in a sulfur atmosphere at 800°C for
30 min with an Ar carrier gas (20 sccm) at a pressure of 9.6
x 1072 mbar [26]. Sulfur diffusion converted the Mo film into
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~20 nm thick VAMoS, layers, while ~10 nm of amorphous SiO,,
simultaneously formed on top of the VAMoS,/Au BE stacks in
the SiO,/VAMoS, devices and directly on the Au BEs in the SiO,-
only devices. Finally, the top electrodes (TEs) were defined via the
same lithography process as the BE. A 30 nm Ag layer capped with
a 30 nm Au layer was deposited via electron-beam evaporation,
followed by lift-off.

4.2 | Material Characterization

Transmission electron microscopy (TEM) analysis was carried
out to investigate the cross-sectional device structure, the ori-
entation of the MoS, layers, and the chemical composition.
TEM lamellae were prepared via a focused ion beam (FIB) in
an FEI Strata400 system. TEM imaging and energy-dispersive
X-ray spectroscopy (EDXS) were conducted with a JEOL JEM
F200 instrument operated at 200 kV. Raman measurements were
conducted via a WITec alpha 300R Raman system with a 532 nm
excitation laser operating at 1 mW power and an 1800 g/mm
grating.

4.3 | Electrical Characterization

Electrical measurements were conducted under ambient con-
ditions at room temperature using a Lakeshore probe station
connected to a semiconductor parameter analyzer (Keithley
4200S-SCS, Tektronix) equipped with two source measure unit
(SMU) cards (Keithley 4200-SMU) and preamplifiers (Keithley
4200-PA). A voltage bias was applied to the Ag TE, and the Au
BE was grounded. The applied voltage was monitored from the
Ag TE, and the output current was recorded from the Au BE.
For dc voltage sweeps, the voltage was applied from 0 to 1.0 V
(forward sweep, labeled ‘1) and returned to O V (reverse sweep,
labeled 2”) with a sweep rate of 0.3 Vs~! and a step size of 0.01 V
(see Figure 2a,b). The current compliance was controlled by an
external current limiter of the Keithley 4200-SCS. Pulsed voltage
measurements were performed using Keithley 4225-PMU pulse
measure units.

4.4 | Simulation Model

The JART ECM vl model [63] is a deterministic compact model.
It was used to capture the ECM device switching by tracking the
effective tunneling distance x between the active electrode (TE)
and the filament tip, which is modulated by filament growth [42,
43]. The device was represented by two parallel branches between
the active TE and inert BE: (i) an electronic tunneling path I, and
(ii) an ionic path I, that comprised nucleation, redox (electron-
transfer) reactions at both interfaces, and ion migration through
the switching medium.

The state evolution, i.e., the evolution of the tunnelling distance
X, is described by Faraday’s law [64]:

dx My .
= = T¥e g 1
dt Z€Pm Me Jion )

where ji,, is the ionic current density, M, is the atomic mass
of the deposited active electrode’s metal, z is the charge transfer
number, and p,, . is its mass density. The nucleation time, which
is the time needed to build a pre-filament seed at the inert
electrode/switching medium interface, is given as [65, 66]:

_ AGp, (Nc + c‘nuc) ze
tnuc = tO,nuc €xXp (kB_T) €Xp <_ kBT 7}nuc) (2)

Here, f;,, denotes the nucleation time prefactor, AG,, is the
nucleation activation energy, kz is the Boltzmann constant, T
is the temperature, N, is the number of metal atoms needed to
achieve a stable nucleation seed, a,,. is the charge transfer coeffi-
cient for nucleation, and 7,,,,. is the nucleation overpotential. The
electron-transfer (redox) processes are given by the Tafel equation
[67], a simplified version of the Butler-Volmer equation. At the
filament/insulator interface during switching, this equation is as
follows:

a.ez
Ii=jeAi<exp(_L77i>_1> (3)
fil 0,et43fil KT il

whereas at the active electrode/insulator interface during the
switching, it reads:

. (1 B act) €z ) )
Iac = Joe Aac ex 1 7 lac | T 1 (4)
Joet ( p ( kT Ui

The respective electron transfer overpotentials are given as
7m and 7,., where a, is the charge transfer coefficient. The
introduced areas were defined as Ay = 7ry? and A,, = 7r,°
(with rg the filament radius and r,. the active electrode radius).
The exchange current density in Equations (4) and (5) is portrayed
as:

AG
jo.e = zecky o exp | — et) )
Joet 0,et €XP ( T

where the electron transfer activation barrier is denoted as AG,,,
the ion concentration close to the interface is ¢, and the rate
constantis k, .. The ion migration through the switching medium
is described by the Mott-Gurney hopping:

, . aze "hop
Ihop = JO,hop Ais sinh <2kBT X > (6)
with:
. AGhOp
Jonep = 2z€caf exp ( =2 @)

a is the mean hopping distance, f the hopping attempt frequency,
AGy,, the migration barrier, A the ionic hopping cross-section
area (with r, the corresponding radius), and E = 7,,,/x the
electric field. The process in the electronic branch is the electronic
tunneling, given by a modified Simmons equation [68]:

3\/ 2m, ffAWO e 2 47rx
Ip=C—+—"—— (ﬁ) exp (_T v 2meffAWo> AgitV1u

2x
®
where C = 2.7 [42], my = m.m,, AW, is the effective tunneling
barrier, h is Planck’s constant, Vi, is the voltage across the
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tunneling distance, m, is the relative electron mass, and m is the
electron’s remaining mass.

To model the device’s cycle-to-cycle variability, two features were
applied within the simulation framework [43, 44]: (i) a simplified
version of a previously presented cycle-to-cycle variability model
and (ii) stochasticity simulation, both of which are presented in
the following.

The cycle-to-cycle variability has been imposed on the parameter
filament radius rg; thus, this value differs from cycle to cycle.
The corresponding simplified variability model was applied as
follows [43]: Before initiating the variability simulation, this
model parameter was assigned a truncated Gaussian distribution
with a certain standard deviation ry , centered at a defined mean
rs- Unlike a conventional Gaussian, which allows improbable
extreme values, the distribution was truncated by global physical
boundaries, 7 trunc,up @0 it grunc,low» tO €nsure realistic parameter
ranges. A filament radius value ry; was drawn randomly from
the truncated distributions for one cycle. During SPICE-level
simulations, 30 such values (r,; — 7g3), one for each cycle,
were generated in MATLAB and stored in a text file. This file
was imported by the circuit simulator (Spectre), which assigned
the tabulated values directly to the compact model written in
Verilog-A.

Noise was directly incorporated at each simulation step to
account for stochastic effects in the state variable x [43]. While
the deterministic update follows Faraday’s law [Equation (1)],
an additional stochastic term was added immediately after each
time step solution. The random update interval was chosen
simultaneously. This led to (the tunnelling distance’s length at
step k+1)

MMe

X1 =X — ———
k+1 k Zer,Me

jionAtsim,step + 6 Pjump (9)

where Aty ., is the simulation step size, x; is the tunnelling
distance length at step k, and § is the stochastic amplitude.
Typically, 6«1 nm. This choice can be motivated by atomic
dimensions: if a single Ag atom (d,, = 0.344nm, r,, = 0.1721nm)
is added or removed, the corresponding average stochastic step is

2
rAg

S=d,, - (10)

Feil®

with, e.g., ry values of 1.22 nm or 0.8 nm, giving § values
of 0.0068 nm or 0.0159 nm, respectively. The factor p;,,, was
randomly drawn between 0 and 1 and updated after w steps,
where w itself was randomly selected in each iteration.
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