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A B S T R A C T

We present a simulation framework to simulate the switching behavior of Ag/a-SiO2 conductive bridging
random access memories (CBRAM). Whereas the dynamics of the switching process is investigated with
classical molecular dynamics simulations using a force-field, the electrical properties are determined through
ab initio calculations. With a structural analysis of the oxide, we shed light on the switching mechanism, which
relies on preferred channels containing wide SiO2 rings through which Ag+ ions migrate. Also, we demonstrate
that moving only few atoms in such channels can change the resistance state by several orders of magnitude.
1. Introduction

Resistive random access memories (ReRAM) such as conductive
bridging RAM (CBRAM) have attracted a lot of attention due to their
non-volatility and fast switching speeds, providing a promising alter-
native to today’s leading memory technologies such as flash. CBRAM
cells are composed of a metal/oxide/metal structure where the typ-
ically amorphous insulating layer can be switched between a high-
and low-resistance state through the reversible growth of a metallic
filament upon application of an external potential (Fig. 1). To drive
this technology towards its limits, the device sizes have been scaled
down such that only few atoms are involved in their ON/OFF switching
processes [1]. To increase the device performance and reliability, a
clear understanding of the switching mechanism is needed at the
atomic level. Models based on molecular dynamics have been suggested
to investigate the migration of metal ions through the oxide [2]. Such
approaches typically include a subsequent percolation analysis of the
filament atoms to identify the ON- and OFF-states without considering
the actual geometry and electronic structure of the filament.

In this work, we present a model for Ag/a-SiO2 cells taking ad-
vantage of force-field molecular dynamics (FFMD). In contrast to ab
initio MD (AIMD) [3], it is possible to simulate time lengths of several
nanoseconds with FFMD, covering full SET and RESET processes. To
determine the resistance state of the obtained filamentary structures,
we then perform ab initio quantum transport (QT) calculations. Through
this scheme, we benefit from both the computational efficiency of
FF-based methods and the accuracy of ab initio calculations. With
a structural analysis of the amorphous oxide, we identify preferred
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Fig. 1. Illustration of the switching process occurring in CBRAM cells. Typically, the
cell is made of an inert, e.g., Pt, and of an active, e.g., Ag electrode. Here, for simplicity,
it is built of two Ag electrodes and an insulating a-SiO2 layer in between through which
an Ag filament grows and dissolves, depending on the applied voltage.

migration paths for Ag+ ions during the switching process. We further
demonstrate that the device can switch its resistance state by moving
only few atoms.

2. Approach

Ag/a-SiO2/Ag cells have been created by placing two Ag electrodes
with a cross section of 2.06 × 2.04 nm2 around a layer of amorphous
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Fig. 2. Schematic view of the investigated Ag/a-SiO2/Ag CBRAM cell. The Ag, Si,
and O atoms are displayed as gray, yellow, and red spheres, respectively. A truncated
cone-shaped Ag filament is inserted into the oxide as a seed, leaving a gap of 1.2 nm
between the filament tip and the counter electrode. The blue arrows represent the local
electric field to which the Ag filament atoms are exposed when an external potential of
𝑉 = +7 V is applied to the left electrode while the right one remains grounded. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

SiO2 (a-SiO2) with a density of 2.20 g/cm3. This symmetrical CBRAM
stack was chosen for computational convenience to reduce the com-
plexity of the FF. Additionally, two different electrode materials, as
typically used in experiments, could cause unphysical strain-induced
defect states in the SiO2 band gap through lattice mismatch and alter
the conductivity of the oxide. The a-SiO2 is generated by the melt-and-
quench method [4]. Only samples free from structural defects were
selected to avoid negative effects such as Fermi level pinning in the
QT calculations. A truncated cone-shaped filament made of 36 to 50
Ag atoms was then inserted into the oxide as a seed, leaving a gap
of 1.2 nm between the electrodes (see Fig. 2). One-fold coordinated
oxide atoms at the interface to the filament were removed to construct
a smoother and more realistic interface.

All FFMD simulations were performed with QuantumATK S-2021.06
[5,6] and the moment tensor potential (MTP) framework [7] with a
time step of 1 fs at 300 K. The MTP parameter file was trained using a
set of representative AIMD trajectories of different Ag/SiO2 interfaces,
clusters, and filaments. The influence of the external electric potential
is included by modifying the forces acting on each atom with an addi-
tional term ⃖⃖⃗𝐹 ext(𝑟𝑖) = 𝑞(𝑟𝑖)⃖⃖⃗𝐸, where 𝑞(𝑟𝑖) and ⃖⃖⃗𝐸 are the atomic charge
of atom 𝑖 at position 𝑟𝑖 and the applied electric field, respectively. The
electric field is evaluated by a generalized Poisson solver [8] treating
the various filament shapes accurately (Fig. 2). The charges on the Ag
atoms are assigned based on their coordination number and whether
they are connected to an electrode or dissolved in a-SiO2. To find
a relationship between coordination number and charge, 20 different
CBRAM structures with the aforementioned embedded truncated cone
were prepared. Then, the Mulliken charge and its coordination number
to nearby Ag atoms were calculated for all Ag atoms using CP2K [9] and
taken as a reference. Similarly, for dissolved metal ions, the Mulliken
charge for single Ag+ ions and small Ag clusters dissolved in cubes
of a-SiO2 with 1.5 nm length was evaluated. Unlike before, a charge
equivalent to the number of Ag atoms was applied to mimic the ionic
nature of the dissolved species.

For selected structures obtained by FFMD, ab initio QT calculations
were performed to extract their resistance state. To do so, the struc-
tures were annealed for 0.1 ps with AIMD at 300 K. As a next step,
the Hamiltonian and overlap matrices were prepared in CP2K using
contracted Gaussian-type DZVP orbitals as basis set, the PBE exchange
correlation functional [10], and GTH pseudopotentials [11]. They were
finally passed to OMEN [12], a quantum transport device simulator
that relies on density functional theory and the non-equilibrium Green’s
function (NEGF) formalism.
2

Fig. 3. Electrical conductance (in conductance quantum G0) of pristine Ag/a-SiO2/Ag
CBRAM structures as a function of the length of the oxide. Three different samples
similar to the one shown in the inset were constructed with three different oxide lengths
each. The average conductance decreases exponentially with the length of the oxide.

3. Results

To verify that the high-resistance state is not limited by intrinsic
defects in the oxide, we first performed QT calculations of pristine oxide
structures with three different lengths. To eliminate the influence of the
metal/oxide interfaces, equivalent a-SiO2 blocks of 2.1 nm length were
repeated one, two, and three times. Fig. 3 shows that the conductance
decreases exponentially with longer oxides, indicating that the current
is dominated by tunneling effects and not by structural defect states.

FFMD simulations under an applied voltage of +7 V show the
growth of a filament consisting of a single atom chain towards the
counter electrode (Fig. 4(a)). The growth occurs incrementally with
bursts lasting only a few picoseconds in which the atoms move individ-
ually or as a chain towards the counter electrode by several angstrom.
During the remaining time the shape and length of the filament does
not change. Fig. 4(b) demonstrates that different resistance levels can
be achieved during the SET process, depending on the geometry of
the filament and its distance to the counter electrode. The movement
of one single atom can lead to a change in resistance of more than
one order of magnitude. Unstable configurations may be reached that
results in partial disruption of the filament and a temporary decrease
in conductance.

After 6.5 ns, the device reached its ON-state with a bridging filament
containing as few as five atoms originally located at the tip of the
truncated cone. An ON/OFF conductance ratio of 104 is recorded. Fig. 5
confirms the conductive nature of the filament. When a read current of
0.1 V is applied, the current density is maximum in the single atom
chain. The ON-state was kept during 2 ns without any applied voltage
before the filament was disrupted by applying −1 V, which pushes
the bridging atoms back. Similar to the SET process, the resistance
does not change gradually during the RESET process. In fact, bursts of
disruption are noted, leading to a change in resistance of several orders
of magnitude within only a few picoseconds. The negative RESET
voltage confirms a non-volatile switching behavior. A reason for the
high SET voltage (+7 V) compared to the low RESET voltage (−1 V)
could rely on the simplified modeling of the redox reaction taking
place at the Ag/a-SiO2 interface, which is solely driven by ⃖⃖⃗𝐹 ext. The
assignment of the atomic charges based on the coordination number
potentially underestimates the actual charges being present during the
redox reactions at the Ag/a-SiO2 interfaces. Consequently, the SET
voltage might be overestimated.

Unlike its crystalline counterparts such as 𝛼-quartz, a-SiO2 possesses
a broad Si–O bond length and Si–O–Si angle distribution. This has a
direct impact on the atomic structure, which in its core can be regarded
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Fig. 4. (a) Evolution of the bridging filament in an Ag/a-SiO2 CBRAM cell as a function of time. The structure displayed in Fig. 2 is used as starting point. Ag atoms are displayed
as gray spheres, those contributing to the filament are colored. The a-SiO2 matrix is shown in orange. To simulate the SET process, FFMD was performed at 300 K for 6.5 ns
under an applied voltage of +7 V that is applied to the left electrode while the right one is grounded. A filament consisting of atoms originally located at the tip of the truncated
cone grows into the oxide as a chain of single atoms. When the applied voltage is set to −1 V, the filament ruptures and the Ag atoms forming the filament move backwards. (b)
Time evolution of the applied voltage and corresponding CBRAM conductance state. Following an unstable phase, the filament finally reaches the ON-state after 6.5 ns. This state
is kept during 2 ns. The RESET to the OFF-state is achieved in less than 0.5 ns. The ON/OFF conductance ratio of the device is equal to 104. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Ballistic current (illustrated as two different isosurfaces) through the structure
representing the ON-state displayed in Fig. 4(a). An external read voltage of 𝑉 = 0.1 V
was applied. The maximum current is measured in the single atom chain of the filament.

as connected silica rings. A ring analysis on the basis of the King
criteria [13] for the modeled a-SiO2 structures reveals that silica rings
containing three to nine Si atoms are present, with six-fold rings being
the most common ones (Fig. 6(a)). Additionally, a-SiO2 exhibits pores
of different sizes in which the Ag+ ions can reside. This stochastic
inhomogeneity of the structure is the key for the switching process in
Ag/a-SiO2 CBRAM cells.

By comparing the ring sizes with the migration trajectories of Ag+
ions during the switching process, a correlation between the filament
growth path and the local silica ring distribution can be noted. Similarly
to the observation from diffusion studies [14], Ag+ ions require more
energy to pass through tighter rings than looser ones. Hence, the
filament particularly forms in regions of many silica rings containing
at least six Si atoms, whereas migration through five-fold rings could
not be observed. Fig. 6(b)–(c) illustrate these findings exemplarily for a
structure that did not result in a bridging filament. A filament started to
grow through six- and eight-fold silica rings, filling up pores. However,
denser areas with tighter rings close to the interface to the right contact
prevented the filament from growing further.
3

Therefore, the filament probability of becoming a bridge between
both electrodes directly depends on the local structure of the oxide. The
silver ions can only find a continuing channel if the SiO2 regions to pass
are locally sparse enough. Between passages through two wide SiO2
rings, the Ag+ ions reside in pores and are stabilized through cohesion
by adjacent Ag filament atoms.

4. Conclusions

We have developed a model to simulate the growth and dissolution
process of bridging filaments in Ag/a-SiO2 CBRAM cells using FFMD.
Based on a SiO2 ring analysis, we have identified specific paths through
which Ag+ ions preferably migrate. The resistance states of these
devices have been evaluated through ab initio QT methods, highlighting
out that the movement of only few atoms can lead to resistance changes
of several orders of magnitude.
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Fig. 6. (a) Ring size distribution of the a-SiO2 structure that was used to create the CBRAM cell displayed in Fig. 2. A 𝑛-ring is defined as a ring containing 𝑛 Si and O atoms each.
(b) Illustration of the filament growth in an Ag/a-SiO2 CBRAM structure that did not result in a bridging filament. The oxide consists of inhomogeneously distributed SiO2 rings
whose centers are colored according to their ring size. The Ag filament (gray spheres) preferentially grows through regions with a sparser ring population, while it is prevented
from entering dense regions with tight (five-fold) rings at the interface to the right contact. (c) Zoom into the green rectangle in (b). It can be seen that the upper part (orange
circle in (b)) of the filament has entered a pore (depicted by the red network) through an eight-fold SiO2 ring (green). The bottom part (yellow circle in (b)) has grown through
two six-fold SiO2 rings (blue) whereas tighter rings could not be passed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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