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We present a multiscale simulation framework to compute the current versus voltage (I-V) character-
istics of metal-oxide-metal structures building the core of conductive bridging random-access memory
(CBRAM) cells and to shed light on their resistance switching properties. The approach relies on a
finite-element model whose input material parameters are extracted either from ab initio or from machine-
learned empirical calculations. The applied techniques range from molecular dynamics and nudged elastic
band to electronic and thermal quantum transport. Such an approach drastically reduces the number of
fitting parameters needed and makes the resulting modeling environment more accurate than traditional
ones. The developed computational framework is then applied to the investigation of an Ag/a-SiO, /Pt
CBRAM, reproducing experimental data very well. Moreover, the relevance of Joule heating is assessed
by considering various cell geometries. It is found that self-heating manifests itself in devices with thin
conductive filaments with few-nanometer diameters and at current concentrations in the tens-microampere
range. With the proposed methodology it is now possible to explore the potential of not-yet fabricated
memory cells and to reliably optimize their design.
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I. INTRODUCTION

Driven by Moore’s scaling law and the introduction of
innovative technology boosters, the speed of microproces-
sors has increased much faster than that of storage units,
giving rise to the well-known “memory wall” issue in com-
puting [1]. Well-established memory technologies such as
Flash and dynamic random-access memory (DRAM) cells
are reaching their limit both in terms of dimensions scaling
and integration density so that the three-dimensional (3D)
stacking of multiple memory layers has already started
[2,3]. Besides the speed and scaling issues, the energy effi-
ciency of individual memory cells is becoming an aspect
as well. Particularly, the nonvolatile storage of information
might pave the way for advanced applications such as edge
[4], neuromorphic [5—7], or in-memory [8,9] computing
where the energy consumption must be minimal. There-
fore, several memory technologies have recently emerged
[10-12].

One promising candidate that could address all afore-
mentioned challenges is the conductive bridging random-
access memory (CBRAM) technology, also known as elec-
trochemical metallization (ECM) cells. The most primitive
form of CBRAM consists of a capacitorlike metal-solid
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electrolyte-metal structure that switches between a high-
(HRS) and a low-resistance state (LRS) through the
reversible growth and dissolution of a conductive metallic
filament [10]. This process occurs within the solid elec-
trolyte, typically an insulating layer, upon application of
an external voltage, as can be seen in Figs. 1(a)}-1(b).
CBRAMs are characterized by an extremely low power
consumption (write energy down to approximately 0.1
pl/bit [14]), a large high-to-low resistance ratio (> 10°
[15]), and excellent scalability with cross sections smaller
than 50 x 50 nm? [16]. Furthermore, CBRAM cells allow
for nonvolatile storage so that programmed states are
retained for long times (> 10 years [14]), even when the
supply voltage is turned off. Their “current versus voltage”
(I-V) characteristics exhibit a hysteretic behavior and com-
prises a SET and RESET phase between its two distinct
resistance states, LRS and HRS, as depicted in Fig. 1(c).
Lastly, the fabrication process and the materials compos-
ing these memories can be made CMOS compatible, which
enables CBRAMs to be readily integrated into today’s
microprocessors [17].

A wide range of electrode and insulator materials have
been combined with each other to enhance the CBRAM
performance [18]. To drive this technology towards its lim-
its, the device sizes have been scaled down such that only
few atoms are involved in their HRS-to-LRS switching
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(a) Scanning electron microscope view of an Ag/a-SiO, /Pt CBRAM cell that is fabricated on a silicon-on-insulator (SOI)

wafer [13]. The bottom and top contacts are Pt and Ag, respectively. They surround a 20-nm-thick layer of amorphous SiO, (a-SiO,).
The inset shows the bottom Pt electrode, including a buried Si waveguide to confine the active switching region. (b) Illustration of the
active region of a typical CBRAM structure with Pt and Ag contacts. A dc voltage is applied to the Ag contact; the Pt one remains
grounded. This bias triggers the growth of a nanoscale Ag filament starting from the Pt side, eventually bridging the two contacts
through the SiO, network (not shown in this subplot). (c) Typical “current versus voltage” (I-V) characteristics of a nonvolatile
CBRAM as in (a),(b). Starting from the HRS, the cell switches into its LRS at V. A compliance current /.. is applied to avoid
current-driven damages. The RESET back to the HRS occurs at Vieset, which must be negative for nonvolatile storage.

process [16]. This downsizing towards the atomic scale,
however, leads to microscopic differences in the atomic
arrangements of different devices and cycles. The fact that
resistance switching may rely only on few atoms might
negatively impact the reliability and retention times of
CBRAM cells [12].

To support the on-going experimental activity on
CBRAM, physics-based simulation of such devices has
gained in significance. Required are modeling tools that
can shed light on the operational principle of CBRAMs
while accounting for the atomic scale variation that occurs
from cell to cell or even from cycle to cycle. Ab initio
quantum mechanical modeling methods such as density-
functional theory (DFT) [19] can describe the electronic
structure of any given atomic configuration. Thanks to
their high accuracy and versatility, they are frequently used
to derive the material properties of CBRAM structures
[2022]. With ab initio molecular dynamics (AIMD), it
is also possible to study chemical processes at the atomic
level, e.g., the formation of metallic clusters during the
SET process [23]. However, the high computational costs
limit such studies to time ranges of a few hundred picosec-
onds and structures comprising of ca. 1000 atoms. Since
even the fastest reported CBRAM cells exhibit switching
times in the order of a few nanoseconds [24], full SET
and RESET processes of entire CBRAM cells cannot be
studied with ab initio methods. On the other hand, a com-
plete CBRAM switching cycle at the atomic level has been
demonstrated using classical MD based on semiempirical
force-field (FF) approaches [20,25-28]. In such simula-
tions, a parameter set describes the different types of atoms
and their interactions. The parameters are fitted to repro-
duce reference data typically from quantum mechanical
calculations and are tailored to a specific material system.

Although recent approaches using machine-learning algo-
rithms [29,30] have facilitated the fitting of the required
parameters, the generation and validation of force-field
parameter sets remains challenging and computationally
expensive. Furthermore, the SET and RESET processes
can typically only be triggered by applying voltage pulses
of constant biases with ab initio and FF approaches.

To simulate full hysteretic CBRAM switching cycles
following a voltage sweep similar to the one in Fig. 1(c),
the kinetic Monte Carlo (KMC) method can be applied
[31-33]. The KMC simulation domain is typically dis-
cretized into a grid with fixed atom sites. The movement
of atoms between the sites is governed by rate equations
obeying Arrhenius-type relations. It is generally challeng-
ing to determine realistic material parameters for these rate
equations, often leading to a substantial amount of fitting
parameters that limits the accuracy of such models. Fur-
thermore, it is difficult to account for temperature effects
and the current is often computed by using rudimentary
network models that analytically look for a connecting
path between the two electrodes [25].

As an alternative to KMC, continuum models [26,27,
34-42] have been proposed to investigate the switching
process of CBRAM cells. They mostly rely on the classical
physics and consist of differential equations that describe
the underlying physical phenomena, e.g., ion transport,
electrostatics, or heat generation. Their underlying solvers
take advantage of a broad range of modules that describe
the physical phenomena and that can be selected and
combined with each other. The resulting set of equations
must be typically solved self-consistently. In contrast to
the aforementioned methods, continuum models do not
capture the atomic granularity of the metallic filaments
nor the amorphous nature of the insulating layers. The
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loss in accuracy is thus compensated by a high computa-
tional efficiency. Finally, continuum models provide a high
versatility in terms of time scales (from picoseconds to
hours), sample size (from nanometer to meter), and sample
geometry. Continuum models can produce full I-V cycles
so that the described data can be directly compared to
experiments.

Examples of continuum models are those relying on
the finite-element method (FEM). In the case of CBRAM
cells, they generally comprise an active top electrode, a
solid electrolyte acting as the switching layer, and an inert
bottom electrode. All regions are discretized with finite
elements. The description of the growth and dissolution
of the metal filament within the insulator represents the
key kernel of any CBRAM switching model. To do so, the
most relevant electrochemical and physical processes must
be taken into account, namely redox reactions (oxidation
and reduction) at the metal-solid electrolyte interfaces and
metal ion migration through the solid electrolyte. To cir-
cumvent the physical description of the nucleation phase
during the filament formation, a truncated metal filament
attached to the inert electrode is often inserted into the
switching layer as a seed. The model of Ref. [34] is an
excellent illustration of this approach. It describes both
the SET and RESET operations of CBRAMs by using a
deformed two-dimensional (2D) geometry algorithm that
iteratively moves the filament boundary. The full /-V char-
acteristics are then calculated with the help of analytical
formulas. Besides FEM, the level-set method, which takes
advantage of a fixed instead of moving mesh, is also fre-
quently employed, as proposed in Ref. [35]. There, the
metal-solid electrolyte interface is treated more explicitly
by including a Helmholtz double layer. Additionally, this
model can be implemented in 3D by assuming rotational
symmetry so that more precise filament shapes can be
examined. However, the electrical current flowing through
these structures cannot be directly extracted. To reduce the
complexity of Refs. [34] and [35], alternative models have
been developed that can only simulate the forming and/or
SET [36] or the RESET step [27,37,38]. Focusing only
on the RESET operation is of particular interest as it is
influenced by Joule heating: it has been shown that the
filament dissolution can be thermally assisted [34,37—40].
The numerical model of Ref. [40], for example, accounts
for Joule heating, featuring the temperature evolution of
the conductive filament during the RESET process and its
impact on the /-V characteristics. Also, this model provides
a physical insight into the microscopic morphology of the
filament in the low- and high-resistance states.

All continuum models generally suffer from the same
limitation: the parameters needed to describe the involved
electrochemical, ionic, electronic, and thermal processes
are either derived from experiments or serve as fitting
quantities. This considerably limits their predictive power.
Due to the large number of required material parameters,

typically more than ten depending on the complexity of
the model, it is very challenging to derive all of them from
experiments, thus preventing the exploration of device
concepts or material combinations beyond state-of-the-art
approaches. Of note, the increasing structural complexity
and the decreasing dimensions of the currently fabricated
devices call for an investigation of the material properties
at the atomic level. At this scale, the reported bulk val-
ues might no longer be exact and should be replaced by
system-specific parameters [43].

In this work, we propose a multiscale simulation plat-
form where the advantages of some of the aforementioned
methods are combined: the versatility and computational
efficiency of FEM models are leveraged to capture the geo-
metrical features of CBRAMs, while the required input
parameters are determined through ab initio and force-field
calculations. This avoids the usage of sometimes complex
fitting procedures. Specifically, the essential parameters
describing the physical processes occurring in CBRAM
cells are computed at the atomic level by using either
ab initio methods or, for the thermal aspects, semiempiri-
cal parameters trained on first-principles calculations. The
result is an advanced, multiscale tool chain where param-
eters are extracted from DFT calculations using AIMD,
nudged elastic band (NEB), and electronic and thermal
quantum transport simulations. As an illustration, the mod-
eling environment is applied to a silver/amorphous sil-
icon dioxide/platinum (Ag/a-SiO,/Pt) CBRAM cell, as
reported in Ref. [13]. We demonstrate that the experi-
mental /-V characteristics are well reproduced with almost
no fitting parameters. Finally, we assess the role of Joule
heating by varying the original CBRAM structure and
highlight internal temperature behavior as a function of the
filament geometry and the drive current magnitude.

The paper is organized as follows: the modules of the
FEM model are discussed in Sec. II, stressing out the
necessity of accurate input parameters. The determina-
tion of the reaction barriers at the metal-solid electrolyte
interfaces is introduced in Appendix A while the eval-
uation of the diffusion and tunneling current parameters
are described in Appendix B and C, respectively. The
approach to extract the electrical and thermal conductiv-
ity of the metallic filament is presented in Appendix D.
Section III A summarizes the key features and outputs of
the implemented model with a concrete example. The rel-
evance of Joule heating is examined in Sec. III B. Finally,
conclusions are drawn in Sec. IV.

II. MODELING APPROACH

Our multiscale simulation environment is made of dif-
ferent components. In this section, the features of the
FEM part, which derives inspiration from Refs. [34,35],
its underlying physics, and its implementation are dis-
cussed. The FEM model is capable of providing full SET
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FIG. 2. (a) Schematic view of the axially symmetric CBRAM
geometry considered in the FEM model. In the case of an
Ag/a-Si0O, /Pt cell, the active top electrode is made of an Ag
slab, the ion-conducting solid electrolyte layer consists of an
a-Si0, switching layer, and a Pt slab acts as an inert counter
electrode. A moving cone-shaped Ag filament seed is initially
placed within the switching layer. (b) Corresponding 2D sim-
ulation domain under the assumption of rotational symmetry
indicating the interfaces between the a-SiO, switching layer and
(1) the Ag electrode, (2) the moving Ag filament, and (3) the Pt
electrode. The dimensions of the structure are indicated by dou-
ble arrows and are inspired by the experimental CBRAM cell
from Ref. [13].

and RESET cycles of CBRAM cells including their cor-
responding /-V characteristics. The time evolution of the
filament shape during these cycles gives insights into the
filament growth and dissolution process. Furthermore, the
model sheds light on the relevance of Joule heating in
CBRAM devices by capturing electrothermal effects. The
discussion of the FEM part is complemented by a descrip-
tion of the modules to extract the material parameters
governing the chemical, diffusion, electronic, and ther-
mal processes with an Ag/a-SiO,/Pt CBRAM cell as an
example. The implementation of these modules and the
detailed derivation of the material parameters are presented
in Appendix A to D.

The CBRAM geometry as implemented in the FEM
model is made of a metal-solid electrolyte-metal stack. The
top and bottom electrodes are electrochemically active and
inert, respectively, while the ion-conducting, but electri-
cally insulating dielectric layer is placed in between. A
schematic of the Ag/a-SiO, /Pt structure considered in this
work is shown in Fig. 2. In addition, a truncated cone-
shaped seed of the same material as the active electrode
is attached to the inert electrode to enable the growth of a
metallic nanofilament. Rotational symmetry along the fil-
ament axis is applied to reduce the simulation complexity
from 3D to quasi 2D.

The switching between the low- and high-resistance
state of CBRAM cells is achieved by electrochemically
growing and dissolving a conductive metal filament in the
switching layer. When a positive voltage is applied to the
anode of a cell in its HRS [interface (1) in Fig. 2(b)], an
oxidation reaction takes place. Metal ions are dissolved
in the electrically insulating solid electrolyte layer. These
cations migrate along the electric field towards the counter
electrode [interface (2) and (3) in Fig. 2(b)] where they
are reduced and deposited as bulk metal. This growth pro-
cess towards the anode continues as long as a voltage is
applied and until the gap between the filament tip and the
anode becomes short enough so that quantum mechanical
tunneling produces a substantial electrical current. Eventu-
ally, the filament bridges (short circuits) the two electrodes,
giving rise to the device low-resistance state. To prevent
damaging the cell the current is usually limited to a maxi-
mum compliance value, called /... By applying a negative
voltage, the process is reversed and the device switches
back to its high-resistance state.

To capture all physical processes that are relevant to
the operation of CBRAM cells, the FEM model is split
into six interdependent modules, as summarized in Fig. 3.
Three processes are essential to describe the underlying
physics of the SET and RESET operation of CBRAM
cells: (i) the electrochemical, (ii) the ion transport, and (iii)
the electrostatics module. The first one includes the oxida-
tion and reduction reactions taking place at the metal-solid
electrolyte interfaces. They are described by the Butler-
Volmer equation, which provides a net reaction rate r.
The second module, ion transport, simulates the migra-
tion of the metal ions through the solid electrolyte based
on the drift-diffusion equation. The final module (elec-
trostatics) calculates the potential of the solid electrolyte
Delectrolyte through Poisson’s equation. These three modules
are self-consistently coupled via Peiecirolyte and 7. The size
and shape of the filament at a specific time are determined
by a fourth, deformation module. One of the key features of
the FEM model resides in its capability to generate the full
I-V characteristics of the studied CBRAM devices. Hence,
a fifth module to calculate both the electric and ionic
currents must be implemented. Finally, Joule heating is
captured by a sixth module.

All six modules of the FEM model require material
parameters as input. These material parameters can be
divided into three categories. The first one is made of
parameters derived from experimental studies of typically
bulk structures, e.g., the density or the specific heat capac-
ity. The second category comprises the parameters that are
computed with ab initio or semiempirical methods. They
include device-specific quantities such as the electrical or
thermal conductivity of a nanoscale metal filament embed-
ded in a solid electrolyte, which are challenging to measure
experimentally. Instead, these parameters can be deter-
mined by the four modules described in Appendix A-D.

024058-4



MULTISCALE MODELING OF CBRAM CELLS

PHYS. REV. APPLIED 19, 024058 (2023)

- - 2 Appendix D
(i) Filament deformation (vi) Joule heating
Ofilament
Evolution of the filament shape Temperature change due to @
during SET and RESET q Joule heating in filament
M,
pme(al Basis: Eq. (1) Basis: Eq. (11) (heat equation)
et deposition velocity) Pmetal
(dep Y Input: 1, (electric current) Cp ag
Input:  r (reaction rate) x (filament shape) < :: Cp, pt
Output:  x (filament shape) Output: T (temperature) ’i(vS‘Oz
Ag
Kpt
Appendix A Appendix C
AE (ii) Electrochemistry at interfaces (v) Electric and ionic current z
a
AE Chemical processes at Calculation of the current density AE,,
metal-electrolyte interfaces
Basis: Eq. (8) (electron current),
a Basis: Eg. (2) (Butler-Volmer) Eq. (9) (ion current) =
OH™ . ) Eg. (10) (total current) eff
Input: ¢eleclrolyte (pOtemlal) ) z
anode = Vi Peathode = 0 Input:  x (fllamgnt shape)
Cion (ion concentration) r (reaction rate)
a T (temperature) Output: I, (total current) v
n Output: r (reaction rate) V., (measured voltage) oo
(iii) lon transport (iv) Electrostatics
lon movement in the electrolyte Calculation of the electrolyte P
Appendix B Baci Eas. (31 ( 0 potential Pejeciroyte ancde Ch
asis: gs. (3 ranspo )
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and/or semiempirical methods

Used as fitting parameters

Experimental parameters

FIG. 3.

Summary of the six modules implemented in the FEM model. Each box represents one module [anticlockwise starting

top left: (i) deformation, (ii) electrochemistry, (iii) transport, (iv) electrostatics, (v) currents, and (vi) Joule heating]. It includes the
underlying physical equation(s) in Sec. II, as well as the input and output parameters. All time-dependent variables that are calculated
by the model are listed in the boxes, while the material parameters are given on the side in colored arrows. The material parameters
can either be derived from ab initio and/or semiempirical methods (green boxes with a reference to the corresponding section in the
paper), used as fitting parameters (blue), or derived from experiments (yellow). The applied voltage (V) and the compliance current
(I.) are taken from the experimental measurement of Sec. III A (white). The dependence between the different modules is marked as
black arrows that indicate the flow direction of the exchanged data. The insets in the boxes show a schematic of the modeled geometry
following Fig. 2(b). The regions to which the respective module is applied are colored red.

They govern the diffusion, electronic, chemical, and ther-
mal processes of CBRAM cells. Lastly, the remaining
parameters are set through fitting. They are typically cho-
sen such that the model output fits experimental reference
data. Their values must nevertheless be physically mean-
ingful. A summary of all parameters used as inputs to
the FEM model is given in Table I, together with their
origin.

The FEM model is implemented in COMSOL Multi-
physics version 5.5 [44] assuming a rotationally symmet-
ric, quasi-2D Ag/a-SiO,/Pt CBRAM structure, as dis-
played in Fig. 2. Time-dependent simulations are per-
formed to model the switching cycles with the same mea-
surement settings as in the reference experiment that is
detailed in Sec. IIT A. The implicit backward differentia-
tion formula (BDF) method [45] is used for time stepping.
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TABLE I. Summary of the input parameters used in the Ag/a-SiO, /Pt CBRAM FEM model. They are divided into five categories:
diffusion, electrical transport, chemical processes, thermal properties, and general device and experimental parameters. The values
are either derived from ab initio and/or semiempirical calculations (%), fixed based on experiments (), or fitted ({). The chemical
parameters derived from ab initio simulations have to be increased by 0.05 eV (max. 11% change) to guarantee the numerical stability

of the FEM model (H).
Diffusion * AEp Energy barrier for diffusion 0.196 eV
* Dy Diffusion at co temperature 2.96 x 1073 cm?/s
Electrical transport * C Fitting factor for Simmons equation 5.1
* AEy Tunneling barrier height 1.03 eV
O Mefp Effective electron mass 0.63 moy?
Chemical processes | AE, Energy barrier for oxidation and dissolution 1.85b eV
| AE, Energy barrier for reduction and deposition 0.49°¢ eV
Thermal properties * Ofilament Electrical conductivity Ag filament in a-SiO, 1.18 x 10° S/m
* K filament Thermal conductivity Ag filament in a-SiO, 8.85 W/(m K)
O Kag Thermal conductivity bulk Ag 429 W/(m K)
O Kpt Thermal conductivity bulk Pt 71.6 W/(m K)
O Ksi0, Thermal conductivity bulk SiO, 1.1 W/(m K)
O Cpoag Specific heat capacity Ag 235 J/(K kg)
O Gy pt Specific heat capacity Pt 133 J/(K kg)
O Cy sio, Specific heat capacity SiO, 730 J/(K kg)
General parameters O Cy Helmbholtz layer capacitance 1073 F/m?
% Con- OH™ concentration 0.3 mol/m®
O Mag Molar mass of Ag 107.87 g/mol
O PAg Density of Ag 10.49 g/em®
O Opt Density of Pt 21.45 g/em®
O 0si0, Density of a-SiO, 2.20 g/ cm?
O T Temperature 293 K
O o Electron transfer coefficient 0.5
O n Number of transferring electrons 1
O £sio0, Relative permittivity of SiO, 3.9

2 my: electron’s mass
b AE, derived from ab initio calculations: 1.80 eV
¢ AE, derived from ab initio calculations: 0.44 eV

The entire structure is meshed into triangular elements
with different granularity for computational efficiency. The
finest mesh is generated along the filament-solid elec-
trolyte interface with element sizes from 43 to 344 pm,
while the elements of the remaining solid electrolyte can
measure up to 2 nm.

To simulate the filament growth and dissolution a mov-
ing mesh algorithm with Laplace mesh smoothing as
implemented in COMSOL Multiphysics is applied within the
deformation module of the FEM model [inset (i) of Fig. 3].
The filament-solid electrolyte interface depicted as inter-
face (2) in Fig. 2(b) moves according to the normal mesh
velocity vgep, which is defined as [34]

M, metal
2

Pmetal

(D

Udep = —

In Eq. (1), Minetas and ppetar are the molar mass and the den-
sity of the filament metal (i.e., Ag in the structure shown in
Fig. 2), respectively, while » denotes the net reaction rate

and will be detailed below. At all other boundaries, i.e.,
interfaces (1) and (3) in Fig. 2(b), the normal mesh veloc-
ity is set to zero. When the filament has grown such that the
compliance current value is reached, vqep is set to zero until
r switches polarity. During the filament growth and dis-
solution process the mesh is constantly deformed, which
lowers its quality. Therefore, remeshing steps are per-
formed to ensure numerical stability when the minimum
element quality as defined under the deformed geometry
node of COMSOL Multiphysics becomes below 0.2. For the
geometry in Fig. 2, about five remeshing steps are needed
per switching cycle.

The net reaction rate r describes the electrochemical
reaction kinetics at the metal-solid electrolyte interfaces
(1)~(3) in Fig. 2(b), i.e., Ag = Ag" + e~ with e~ being
an electron. At these interfaces, two opposing reactions
take place at the same time. On the one hand, interface
metal atoms are oxidized and dissolved as metal ions into
the oxide. On the other hand, dissolved metal ions are
reduced and deposited as bulk metal at the interface. These
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two processes are described by the Butler-Volmer equation
[46,47]

kgT AE, (1 - neACD
= ——| € —_—— m c _—
r 7 Xp ksT Cmetal CXP

AE, ane
— €Xp —m Cion €Xp —kB—TAq) . (2)

Here, kp is the Boltzmann constant, T’ the temperature,
and / Planck’s constant. The variable AE, represents the
energy barrier for the oxidation and dissolution of bulk
metal into metal ions dissolved in the oxide. Reversely,
AE, is the barrier for the reduction and deposition of dis-
solved metal ions to bulk metal at the electrodes or at the
surface of the filament. Accordingly, the first and second
summand in Eq. (2) are called anodic and cathodic reac-
tion rate, respectively. Depending on whether the anodic
or cathodic rate is larger, the net reaction rate has a
positive or negative sign and metal dissolution or deposi-
tion is observed. Both AE, and AE, critically affect the
behavior of . As such, they are derived from ab initio
calculations, as presented in Appendix A. The remain-
ing variables in Eq. (2) are the number n of exchanged
electrons in the redox reaction, the electron transfer coef-
ficient o, and the elementary charge e. The value A® =
®Dmetal — Pelectrolyte denotes the potential drop over the dou-
ble layer between the metal electrode (Pmeta1) and the solid
electrolyte (@electrolyte). The potential ¢merar is set to the
applied voltage V" at interface (1) in Fig. 2(b), Ganode = V,
and t0 @eathode = 0 at interfaces (2) and (3). The poten-
tial @electrolyte 1 calculated in the electrostatics module, as
shown in inset (ii) of Fig. 3. Finally, r also depends on
the reactant and product concentration in the electrode,
Cmetal, and in the solid electrolyte, cjon, the latter being time
dependent and passed from the transport module.

Other factors that impact the switching characteristics
of CBRAM cells are the ion transport properties of the
solid electrolyte. They are evaluated in the transport mod-
ule [inset (iii) of Fig. 3]. The motion of ions through the
electrolyte under ion influx and efflux at its interfaces to
metal is governed by the following drift-diffusion equation
[48]:

de;
LY T =0, G)
with
D
Jion = =DV cion — nﬁFcionV(Pelectrolyte- 4)

The first term of the ion flux density, Ji, is the Fick dif-
fusion flux density, which is driven by the concentration
gradient of the ions dissolved in the solid electrolyte. The
diffusion coefficient D determines how fast the dissolved

cations migrate through the electrolyte. It is expressed as

[49]
AE
D = Dy exp (——kB]l,)). (5)

Both the diffusion coefficient at infinite temperature Dy and
the energy barrier for diffusion AEp can be derived from
ab initio calculations (Appendix B). The second term in
Eq. (4) represents the drift flux density driven by the elec-
tric field, E = —V ¢cicctrolyte. Furthermore, R is the molar
gas constant and F is the Faraday constant. The trans-
port module is linked to both the electrostatics and the
electrochemical modules. On the one hand, @eiecirolyte 1S @
direct input to Eq. (3). On the other hand, r enters Eq. (3)
as a boundary condition Jio, =  at interfaces (1)~3) in
Fig. 2(b) and Jjo, = 0 at the remaining interfaces.

The electrostatic potential in the solid electrolyte
(@electrolyte) 18 calculated in the electrostatics module [inset
(iv) of Fig. 3] by solving Poisson’s equation

V. (5 electrolyte \% d)electrolyte) = —Q. (6)

Above, Eclectrolyte 1S the relative permittivity of the solid
electrolyte. The charge density o is directly proportional
to cion, Which is obtained from the transport module,
according to

0 = nFcio. )

At the metal-solid electrolyte interfaces, diffusive double
layers are formed through the accumulation of ions, which
impacts the potential distribution. Due to the nanoscale
dimensions of our investigated CBRAM devices, these
double layers may overlap [50]. We therefore treat
the metal-solid electrolyte interfaces as a double layer
described by a plate capacitance Cj;. It is included in
Eq. (6) with the surface charge boundary condition —n -
8electrolyteE =G (d’metal - ¢electrolyte) at interfaces (1)_(3)
in Fig. 2(b). At all other interfaces, —n - &¢jectrolyie E = 0
applies, where n is the unit vector.

The current flowing through the CBRAM cell upon
application of an external voltage is evaluated in the cur-
rent module [inset (v) of Fig. 3]. The total current density
Jiot 18 the sum of the electric Ji, and the ionic J;,, current
density. In the LRS Jy, is dominated by quantum mechani-
cal tunneling from the filament tip to the closest electrode.
Therefore, it can be evaluated with a modified Simmons
equation [34]

2meg AL 2 4
= CYEIRE (2 exp (- o )
X
®)

In Eq. (8), C is a fitting factor, m.gy the electron effec-
tive mass within the solid electrolyte, AEy, the tunneling
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barrier height, x the tunneling distance, and V the voltage
across the tunneling gap. Both AEy, and C can be obtained
from ab initio quantum transport calculations, as detailed
in Appendix C. The variable x is time dependent and is
defined by the actual filament shape, as provided from the
deformation module. The ionic current density is directly
related to  from Eq. (2) through

Jion = nFr. ©)]

Above, n is the charge of the ionic species. The total
current is then obtained by integrating over the filament
surface A4,

fo = f / (i + Jon) dA. (10)

Joule heating can occur under high electrical current
densities. It is the process by which electrons transfer
energy to the surrounding lattice, thus exciting crystal
vibrations and producing heat. To determine the temper-
ature distribution around the filament resulting from this
phenomenon, a Joule heating module must be introduced
into the FEM model [inset (vi) of Fig. 3]. It solves the heat
equation [34]

2

C or V.- «&VTD) u (11)
wCpr— — V - (k = =,
p P ot o

In Eq. (11), p,; is the mass density of the heated material,
C, its specific heat capacity, « its thermal conductivity,
and o its electrical conductivity. Since Jy, is evaluated
numerically according to Eq. (8), a virtual current source
is inserted into the FEM model by placing a current-driven
terminal at the tip of the moving filament. The value of the
current at this terminal is set to 7, in Eq. (10). To account
for the nanoscale dimensions of the filament, both kgjament
and Oflament are derived from electrical and thermal quan-
tum transport simulations presented in Appendix D. In
contrast, the conductivity of bulk materials are well estab-
lished and taken from Refs. [51—54]. As the black arrows in
Fig. 3 indicate, all six modules of the FEM model, i.e., Egs.
(2), (3), (6), (10), and (11), depend on each other. Hence,
they must be solved self-consistently.

Finally, a difference between a traditional electrolysis
setup, as used to derive the Butler-Volmer equation, and
our CBRAM model should be mentioned. Amorphous
Si0,, which is used as the solid electrolyte in our model
system, is classified as an untypical solid electrolyte [31].
Such solid ionic conductors do not initially contain any
metallic cation. To enable the dissolution of ions, e.g.,
Ag™, within the pristine oxide during the forming process
and the subsequent SET and RESET cycles, the pres-
ence of moisture is essential [55]. Moisture is naturally
absorbed within a-SiO, by direct contact with ambient

air. It can be detected experimentally e.g., with Fourier-
transform infrared (FT-IR) absorption spectroscopy [56].
It was shown that the dissolution of the active electrode
material and the incorporation of Ag™ cations in the oxide
layer is accompanied by a simultaneous water redox reac-
tion occurring at the inert electrode [57]. The amount of
incorporated metal cations in the electrolyte correlates with
the supply of hydroxyl ions (OH™) that act as counter
charges, maintaining electroneutrality during the anodic
oxidation of the active electrode [58]. Hence, the presence
of OH™ ions in the electrolyte originating from moisture is
vital for the switching operation of oxide-based CBRAM
cells. In the presented FEM model, we take this mechanism
into account by supplying OH™ ions from the passive elec-
trode to the electrolyte up to a predefined concentration at
the beginning of the forming process. The OH™ ions act
then as a descriptor of the Ag* concentration [36].

III. RESULTS

A. I-V characteristics

To validate the proposed FEM model with ab initio
inputs, the simulated “current versus voltage” (/-V) char-
acteristics of the Ag/a-SiO,/Pt CBRAM cell from Ref.
[13] is compared to experimental data. The device struc-
ture consists of an Ag and Pt electrode and a 20-nm-thick
layer of a-SiO; in between. The cell is fabricated on a
silicon-on-insulator (SOI) wafer. The two metal electrodes
are deposited by e-beam evaporation, followed by a lift-off
process. All layers are patterned using e-beam lithography.
The a-SiO; is grown through plasma-enhanced chemical
vapor deposition (PECVD) at 300°C. The active switch-
ing region is confined by including a 3D tapered Si wave
guide.

The implemented electrical circuit is illustrated in Fig.
4(a). As excitation a triangular dc voltage sequence Vpp
with a voltage amplitude going from +0.2 Vto —0.1 V and
a sweep rate of 6.5 mV/s is applied to the CBRAM device.
When the total current /i, reaches the compliance current
1.. = 7 WA, the circuit changes to a current controlled cell.
There, the potential drop over the CBRAM is no longer
Vpp, but the measurement voltage V,,.

Switching cycles with the same measurement procedure
as in the experiment are simulated with the model of Sec.
I and the geometry depicted in Fig. 2(a). A CBRAM
cell as close as possible to the experimental stack is cre-
ated, i.e., using a 20-nm-thick a-SiO, layer as the solid
electrolyte as in the experiment. Figures 4(b)—4(d) depict
the “voltage versus time” (V-f) and “current versus time”
(I-f) characteristics of the full equilibrated SET and
RESET cycle for both the modeled and experimental cell,
together with the calculated spatial distribution of the
Ag?' concentration at four selected times. Starting from
a pristine Ag/a-SiO,/Pt CBRAM cell, Ag™ ions are gen-
erated at the anode and dissolved in the a-SiO, layer
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FIG. 4. (a) Equivalent electrical circuit measurement setup for the considered Ag/a-SiO,/Pt cell. A voltage Vpp is applied to the
CBRAM device. It follows the sequence 0 V.~ 40.2 V — —0.1 V — 0 V with a sweep rate of 6.5 mV/s. If the total current
Iyt reaches the compliance current /.. = 7 (LA, the circuit representation changes to a current controlled cell. There, the potential
drop over the CBRAM is no longer the applied voltage, but the measurement voltage V,,. (b) “Voltage versus time” (V-f) and (c)
“current versus time” (/-f) characteristics of the experimental CBRAM (dashed blue line) and the simulated device (solid red line). The
largest deviations between the measured and simulated currents are indicated by double arrows. (d) Spatial distribution of the Ag™ ion
concentration within the a-SiO; layer (ca4+) at four different times in subplots (b),(c) (marked therein with black circles): at the start
(HRS) of the hysteretic cycle (0 s, at ¥pp = 0 V), during the SET process (12.0 s, at Vpp = 0.08 V), in the LRS (60.6 s, at Vpp = 0.0
V), and during the RESET process (77.0 s, at Vpp = —0.1 V). The OH™ background concentration is set to coy- = 0.3 mol/m>. Ag"
concentration gradients are established during the SET and RESET processes.

upon application of a positive voltage to the active elec- Vpp = —0.02 V, the filament has dissolved enough so that
trode. At the same time, OH™ ions are introduced into  the measured current rapidly goes back to very low values
the oxide up to the predefined average concentration of  although the voltage keeps decreasing. The filament con-
0.3 mol/m® to maintain charge neutrality (f= 0.0 s in tinues to dissolve during the whole time where the voltage
Fig. 4). The dissolved Ag" ions get reduced on the fila-  Vpp is negative (¢t = 77.0 s in Fig. 4). The modeled V-t and
ment seed such that the gap between the growing filament /-t curves agree very well with the experimental measure-
and the active electrode continuously decreases according ~ ments with equivalent HRS and LRS values and similar
to Eq. (1) (#=12.0 s in Fig. 4). Once the gap is short =~ SET and RESET voltages, thus validating the presented
enough to establish an electrical bridge, i.e., when the = model.

applied voltage Vpp approaches 0.1 V (experiment) and The simulated [-V characteristics exhibit a slower
0.12 V (simulation) in the SET process, the measured cur-  switching between the two resistance states than in exper-
rent abruptly increases. This steplike behavior is due to the ~ iments, as can be seen by the two delays indicated with
exponential relationship between the tunneling current and ~ double arrows in Fig. 4(c). This discrepancy is a con-
the oxide gap, which enables the current to rise by sev- sequence of the assumption of the FEM model that the
eral orders of magnitude until the current compliance is  filament grows according to Eq. (1) where the net reac-
reached. Under current control [when the device is in its  tion rate r is the only parameter that determines the growth
LRS (¢ = 60.6 s in Fig. 4)] the measured voltage V,, drops  velocity. Since the filament shape influences the extracted
to below 0.02 V and the filament geometry does not change  tunneling current through Eq. (8), a continuous change of
anymore. By applying a negative voltage, the reaction rate ~ the gap between the filament tip and the counter electrode
r changes its direction and filament dissolution sets in. At results in a steady current variation. This simplification is
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FIG. 5. “Current versus voltage” (I-V) characteristics of the
nonvolatile Ag/a-SiO,/Pt CBRAM cell shown in Fig. 1. Three
experimental SET and RESET hysteretic cycles are reported in
blue. Individual data points are drawn every 1 mV (experimen-
tal sampling resolution) during the SET and RESET process and
every 0.02 V otherwise. The compliance current is set to 7 jLA.
The dashed orange (forming step) and red (SET and RESET)
lines represent the simulated /-7 characteristics with the model of
Sec. II. The arrows indicate the direction of the hysteretic curve.

solely valid at the macroscopic level. In fact, at the atomic
level, the a-SiO; network is heterogeneous and the fila-
ment grows discontinuously, which can lead to a sudden
increase of the measured current [28]. Such processes can-
not be captured adequately in the chosen continuous model
due to its lack of atomic resolution.

The corresponding [-V curve for the considered
CBRAM cell is reported in Fig. 5. It features the typi-
cal hysteretic behavior expected for nonvolatile memory
devices. Besides the SET and RESET cycle, the forming
step (first SET process) is shown as well. The properties
of the forming step primarily depend on the initial filament
geometry and dimensions. It follows that the forming volt-
age is given by the initial gap between the filament tip and
the anode. At the same time, the slope of the I-V curve
around 0 V, when the voltage is ramped down, is indirectly
proportional to the resistance of the filament, and, hence,
to the shape of the filament tip. Therefore, only the sub-
sequent equilibrated cycles denoted as “SET and RESET”
in Fig. 5 can be used for comparison with experimental
data. In this case the filament has reached a repetitively
stable configuration that is independent from the original
configuration.

The energy barriers for the oxidation and dissolution
(AE,) and for the reduction and deposition (AE,) in Eq.
(2) determine the reaction kinetics of the metal-solid elec-
trolyte interfaces. To analyze the impact of these parame-
ters, one can reformulate Eq. (2) by substituting AE, and
AE, by the following quantities:

AE, + AE,

AEtot = B

(12)

and

AE, — AE,
AEgiy = — (13)

Then, Eq. (2) can be reformulated as

kgT AL
r=——¢€X —
n P\ T
AEdiff (1 — 0[) ne
T A meta —Aq>
X |:exp ( kBT )C tal EXP ( kBT )

AEg
— exp < kB;"ff)cion exp (—%ACD)]. (14)

Equation (14) illustrates that E, controls the speed during
both the SET and RESET process while Egis sets the pref-
erence for oxidation or reduction. In this model Egs plays
only a subsidiary role due to the enforced charge neutral-
ity within the SiO, switching layer. The charge neutrality
condition states that the number of dissolved Ag™ ions in
the solid electrolyte remains constant after the initialization
process. Each Ag™ ion that is reduced to Ag and deposited
on the cathode is replaced by another Ag® ion coming
from the anode. Therefore, the kinetics is limited by either
the cathodic or the anodic rate. Since a truncated filament
must remain available after a full SET and RESET cycle
as a seed for the next SET process, AE, and AE, cannot
be arbitrarily chosen. We realize that the calculated bar-
rier heights AE, and AE, in Appendix A lead to a high
dissolution velocity during the RESET process and to the
elimination of the filament seed, which is no more avail-
able for subsequent SET processes. To avoid numerical
instabilities, the extracted AE, and AE. values have to be
increased by 0.05 eV. This modification increases AE, by
also 0.05 eV and hence reduces » [and vge, through Eq. (1)]
such that a sufficiently large filament seed remains after
the RESET process. Such modifications of AE, and AE,
can be anticipated even for not-yet fabricated devices by
monitoring the filament height. As a rule of thumb, the fila-
ment height should never drop far below the initial filament
height at the start of the simulation.

According to Table I, the OH™ concentration cqy- and
therewith the maximum Ag' concentration Cag+ In the
solid electrolyte as well as the Helmholtz layer capaci-
tance Cj, are the only free parameters left in the model.
A higher Ag" concentration in the solid electrolyte leads
to a smaller potential drop AP over the electrode-solid
electrolyte interface. In the absence of large Ag® con-
centration gradients in the solid electrolyte, as is the case
at high Ag" concentrations, the electric potential of the
solid electrolyte shows similar values at both the anodic
and cathodic electrodes so that changing c,,+ has only
a minimal impact on the switching characteristics of the
CBRAM cell. In contrast, low Ag™ concentrations tend to
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lead to significant gradients, as can be seen in Fig. 4(d) for
Cagr =03 mol/m>. There, Cag+ 18 highest at the anode
where the Ag™ ions are injected during the SET process,
while ¢+ becomes smaller in the region close to the bot-
tom of the filament and to the cathode where the Ag™ ions
are deposited. Here, the finite diffusion velocity of the Ag™
ions within the a-SiO; come into play so that the reduced
Ag™ ions cannot be replaced, thus establishing a concen-
tration gradient within the electrolyte. This concentration
gradient results in slightly different electric potentials in
the electrolyte close to the anode and cathode interfaces,
which gives rise to slightly less sharp SET processes that
take place at lowered voltages. The last free parameter, the
Helmbholtz capacitance Cj, has only a negligible impact
on the switching characteristics of the simulated device.
When Cj, is small, the potential drop occurs mostly over
the Helmholtz part of the double layer, leading to slightly
sharper HRS-to-LRS transitions during the SET process
than with a larger C,.

B. Joule heating

In the simulation setup outlined in the previous subsec-
tion, the Ohmic contact between the tip of the Ag filament
and the active Ag electrode measures ca. 5 nm in diam-
eter in the LRS. Because of the low compliance current
of only 7 pA and the thick filament base, which enables
heat to be carried away very efficiently, the influence of
Joule heating is very limited when the parameters of Sec.
IITA are used in the FEM model. Although the thermal
conductivity « and the electrical conductivity o are cal-
culated for ultranarrow filaments with a diameter of 7 A
the lattice temperature increases only by few kelvins when
Joule heating is turned on. This effect could thus have been
neglected here, but this is not always the case. The con-
ditions under which Joule heating becomes relevant and
should be absolutely considered in the modeling effort, are
discussed in the next paragraph.

To determine geometries and current amplitudes that are
subject to Joule heating, Ag/a-SiO,/Pt CBRAM cells in
their LRS are constructed with the same dimensions and
materials as in Sec. Il A. Bridging cone-shaped Ag fila-
ments are inserted into the switching layer with a bottom
diameter of 20 nm. The diameter of the filament tip in con-
tact with the active electrode is varied between 1 and 10
nm. For simplicity, the material parameters from Table I
are used in all cases, regardless to the filament size. As
larger filament geometries are expected to display higher
electrical and thermal conductivities, our simulations can
be seen as the worst-case scenario. Stationary simulations
are then performed for different compliance currents up to
500 pA. Figure 6 shows an exemplary temperature distri-
bution for a current of 300 A and a filament tip diameter
of 3 nm. A temperature hot spot of 459 K can be observed

I 450

1400

20 nm

1350

Temperature (K)

Agﬁlament

300

FIG. 6. 2D temperature distribution within an Ag/a-SiO,/Pt
CBRAM cell similar to the one shown in Fig. 2. A bridging, rota-
tionally symmetric, cone-shaped Ag filament of 20-nm height
with top and bottom diameters of 3 and 20 nm, respectively,
is embedded within an a-SiO, matrix. A current of 300 pA is
applied to the Ag top electrode. The temperature is displayed
according to the color bar on the right. A maximum tempera-
ture of 459 K is measured in the hot spot marked with the black
circle labeled with Tijax.

in the upper part of the filament, close to the active elec-
trode. This indicates that the thermally well-conducting
metallic electrodes efficiently remove the produced heat,
contrary to the filament itself and the a-SiO, matrix, which
is known to be a poor thermal conductor.

Assuming that the bridging filament behaves as a per-
fect resistor and that the input electrical power is fully
converted into heat, Joule’s law states that

]2
Pyigs = E (15)

In Eq. (15), P4 1s the dissipated power, / the measured
current, and R the filament resistance. Figure 7 confirms
that this relationship is valid in our devices, further reveal-
ing that Joule heating is particularly relevant for cells with

narrow filaments (i.e., filament diameters below 4—5 nm)
and when high currents larger than 100 A start to flow.

IV. CONCLUSIONS AND OUTLOOK

We present an advanced multiscale framework to sim-
ulate the switching properties of CBRAM cells based on
a continuum solver relying on the finite-element method.
The developed rotationally symmetric 3D model captures
both the growth and dissolution of metallic filaments
within an amorphous oxide layer and provides full -V

024058-11



JAN AESCHLIMANN et al.

PHYS. REV. APPLIED 19, 024058 (2023)

800

~
o
o

D
o
o

Maximum temperature (K)

0 100 200 300 400 500
Current (pA)

FIG. 7. Evolution of the maximum temperature measured
within Ag filaments embedded in a-SiO, as a function of their
tip diameter and compliance current. The temperature hot spots
are determined as indicated in Fig. 6.

characteristics. The required electronic, ionic, and thermal
input parameters are derived from ab initio calculations
using a broad range of computational materials and device
techniques, among which molecular dynamics, nudged
elastic band, density-functional theory, and quantum trans-
port calculations. To extract these parameters, atomic
systems featuring the nanoscale device size and the het-
erogeneous nature of amorphous oxides are constructed.
Furthermore, atomic phonon transport calculations are per-
formed via dynamical matrices obtained from a machine-
learned moment-tensor-potential. This allowed us to obtain
the thermal conductivity of metallic filaments embedded
within an oxide. Thanks to the systematic elimination of
free parameters, our model overcomes the typically limited
predictive capabilities of traditional continuum models.

In particular, we demonstrate that the modeled /-V char-
acteristics of an Ag/a-SiO,/Pt CBRAM cell agree very
well with available experimental data. By taking Joule
heating into account, we observe that this effect becomes
relevant in structures consisting of thin filaments of only
few nanometers in diameter and when high currents of at
least 100 wA flow through the CBRAM cell.

The developed tool chain is ready to explore opti-
mized, not-yet-fabricated CBRAM-like memristors. Not
only could other material stacks be considered, but also
structures with different geometries. As an example, the
cone-shaped silver filament could be replaced by an
hourglass-shaped copper system. Considering the simili-
tude between the principle of operations of CBRAM and
valence change memory (VCM) cells, the latter devices
could also be investigated with our model. This requires
replacing the metallic filament with randomly distributed
oxygen vacancies [32,59]. Finally, the created procedure
to extract material parameters from representative atomic

samples could be used within kinetic Monte Carlo (KMC)
models where similar equations with the same input
parameters as in FEM models must be solved.
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APPENDIX A: EVALUATION OF THE REACTION
BARRIERS AT THE METAL-OXIDE INTERFACES

At the metal-solid electrolyte interfaces, redox reactions
take place according to Eq. (2). Two parameters that crit-
ically affect the behavior of » in Eq. (2) are AE, and
AE.. To recall, AE, is the energy barrier for the oxida-
tion and dissolution of bulk metal into metal ions dissolved
in the oxide. Reversely, AE, is the barrier for the reduc-
tion and deposition of dissolved metal ions to bulk metal
at the electrodes or at the surface of the filament. In this
section, a procedure to derive AE, and AE,. from ab initio
calculations is presented.

For the metal atoms from the bulk electrodes or from the
nanofilament seed to be dissolved in the oxide, an energy
barrier AE, must be overcome, as depicted in Figs. 8(a)
and 8(b). There are several factors contributing to the shape
of this energy barrier: (i) The transition from bulk metal to
a metal cation is associated with a charge transfer, which
depends on the energy barrier of the corresponding redox
reaction. (ii) Cohesion energy is lost when an ion leaves
the bulk metal. (iii) The dissolved metal cation and the
surrounding oxide matrix atoms may interact with each
other and even form bonds, thus contributing to the total
energy barrier. This also includes diffusion barriers as the
cation migrates through the oxide. (iv) Once cations have
overcome the maximum barrier height, we find that they
typically settle into a pore of the host oxide. This process
releases energy in the form of solvation and electrochem-
ical bonding energies with nearby atoms. In the reverse
case, when a solvated metal cation is deposited back onto a
bulk metal interface, an energy AE. is needed to overcome
the reaction barrier. Typically, AE. is lower than AE,.
The aforementioned four contributions to the energy bar-
riers can significantly differ in solid-state electrolytes, as
compared to well-studied electrolysis systems with liquid
electrolytes. Owing to the lack of dedicated experimental
data it is necessary to determine AE, and AE, from first
principles. To this end, we employ DFT and the nudged
elastic band method.

To study the reaction barriers in an Ag/a-SiO,/Pt
device, 25 different structures of amorphous SiO, free
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(a) Atomistic illustration of the nudged elastic band method used to extract AE, and AE,.. The constructed structure com-

prises an Ag electrode with an attached filament (left, gray spheres) surrounded by an a-SiO, matrix (orange network). The bottom
green Ag atom at the filament tip is taken as the starting point for the NEB calculation [reaction coordinate (RC) 0]. The upper green
sphere represents the same Ag™' ion now residing in a pore after dissolution. It is taken as the end point (reaction coordinate 1). The
blue spheres depict the positions of the Ag™ ions in the intermediate replica. (b) Evolution of the energy (blue line with circles) and
Mulliken charge (red line with squares) of the diffusing Ag™ cation as a function of the reaction coordinate of the NEB calculation
shown in (a). The collected barrier heights (c) AE, and (d) AE. are summarized as histograms containing the results from 25 samples.

The dashed red lines represent the mean values of AE, and AE.,.

from coordination defects are created by the melt-and-
quench approach [60] with classical force-field [61] molec-
ular dynamics (MD), as implemented in the LAMMPS
[62] tool. Specifically, oxides with a predefined density
(2.20 g/cm®) and volume (2.06 x 2.04 x 2.88 nm?) are
melted at 4000 K before the melt is quenched to 300 K
with a cooling rate of 15 K/ps using MD in the NVT
ensemble with a time step of 1 fs. Then, the samples of
force-field oxides are annealed with DFT to equilibrate
the obtained atomic structures. A cave is carved out from
these oxide matrices such that a crystalline cone-shaped
Ag filament containing 37 to 49 Ag atoms can be inserted.
This allows filaments with different sizes and shapes to be
considered. Before the filament is introduced, the oxide
interface is smoothed by reducing the number of dangling
Siand O bonds through manual adjustment of the interface
atoms and multiple annealing steps with AIMD at 600 K.
With this procedure, more realistic Ag/a-SiO, interfaces
can be realized, as the filament grows through a chain of
pores. After inserting the Ag filament into the oxide, two
(111)-oriented bulk Ag electrodes with a cross section of
2.06 x 2.04 nm? are attached to both extremities of the
oxide layer. The resulting structure is annealed again with
AIMD during a short time and optimized. It is then ready
for subsequent ab initio NEB calculations, as shown in
Fig. 8(a).

All DFT calculations within this work are carried out
with the CP2K package [63] with contracted Gaussian-
type, double-¢ wvalence-polarized (DZVP) orbitals as
the basis set [64], the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [65], Goedecker-Teter-
Hutter (GTH) pseudopotentials [66], and periodic bound-
ary conditions along all three dimensions. No k-point grid

is used; all calculations are performed at the I'" point.
Geometry relaxations are performed using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) [67] optimizer with a
convergence criteria of 4.5 x 10~% Ha/Bohr for forces, 3 x
1073 Bohr for the geometry variations, 3 x 10~ Ha/Bohr
for the rms forces, and 1.5 x 1072 Bohr for the rms geom-
etry variations. Ab initio molecular dynamics (AIMD)
simulations are carried out in the NVT ensemble using
the canonical sampling through velocity rescaling (CSVR)
thermostat [68] with a time step of 1 fs. The band of NEB
calculations is split into five to ten replica so that two adja-
cent replica are located ca. 1 A apart from each other.
The direct inversion in the iterative subspace (DIIS) [69]
algorithm is applied for the band optimization with the
convergence criteria as before for the forces, but 2 x 1073
(10~%) Bohr for the (rms) geometry variations.

To model the transfer of a bulk Ag atom from the fil-
ament tip into the surrounding oxide, which gives rise to
an Ag" ion, appropriate starting and end points must be
chosen and passed to the nudged elastic band method. As
solvated Ag™ ions typically reside in pores of the host
oxide at equilibrium, a structural analysis of the a-SiO,
is first performed. Pores within a-SiO, are defined as a
region free from any Si or O atom neighbors within a range
of 3 A. This cutoff definition is inspired by the dimen-
sions of pores in cristobalite (about 6 A in diameter), a
crystalline phase of SiO, with a similar density as used
here. It is found that each sample contains two to nine
pores. They are defined as potential end points for the
NEB. After evaluating potential migration paths between
these pore sites and Ag surface atoms on the filament tip,
the most promising combination is selected as starting and
end points for the NEB. For each starting and end point,
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improved-tangent-NEB [70] calculations are performed.
An exemplary NEB trajectory is displayed in Fig. 8(a).
Its corresponding energy and Mulliken charge [71] evolu-
tion in Fig. 8(b) reveals that the already slightly positively
charged Ag tip atom is fully oxidized upon solvation in the
oxide.

The collected energy barriers AE, and AE, are dis-
played as histograms in Figs. 8(c) and 8(d), respectively.
Mean values AE, = 1.80+0.57 ¢V and AE. =0.44 &+
0.30 eV are extracted. As discussed in Sec. III A, AE,
and AE, must be slightly adjusted in the FEM-based
CBRAM model (AE, = 1.85 eV and AE. = 0.49 eV) to
ensure numerical stability. However, it is worth noting
that the adjusted values still clearly lie within the standard
deviation of our DFT results.

APPENDIX B: EVALUATION OF THE IONIC
DIFFUSION PARAMETERS

The ionic transport properties of metallic ions in a
solid-state electrolyte largely depend on their diffusion
parameters. To model ionic transport in oxides from first
principles, we develop a DFT-based module that provides
the diffusion coefficient D of metals in amorphous insula-
tors by combining the Einstein-Smoluchovski relation and
the Arrhenius equation. The Einstein-Smoluchovski rela-
tion connects the mobility of a diffusing particle with the
square of the mean free path (?) and the time ¢ through [72]

D= @ (B1)
o6t
The influence of the temperature is described through
Arrhenius’ Eq. (5) so that the diffusion constant at infinite
temperature Dy and the energy barrier for diffusion AEp
are the only parameters to be computed [21,72].

To calculate Dy and AEp in Eq. (5), cubes of amorphous
oxides with a side length of 1.5 nm are generated with
the melt-and-quench approach from Appendix A. Only
samples without coordination defects nor large pores are
chosen for the subsequent diffusion studies to minimize
the influence of trapping centers [73]. To obtain statistics,
several configurations are selected and a single charged
metallic ion interstitial is inserted into each sample. Given
the small simulation volumes, structures with more than
one metal cation are not considered to exclude interaction
and correlation effects (e.g., clustering of metal atoms).
Next, AIMD is performed for at least 40 ps at different
temperatures. For our Ag/a-Si0,/Pt CBRAM stack, 11
different a-SiO, samples with a density of 2.20 g/cm? are
examined. Diffusion trajectories are sampled at six differ-
ent temperatures (700, 800, 900, 1000, 1200, and 1500 K)
for a duration of ca. 40 ps. An in-depth analysis of the
created diffusion trajectories, as shown in Fig. 9(a) for an
Ag™ cation in a-SiO,, revealed that the metal ion oscil-
lates around equilibrium centers in pores during most of
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FIG. 9. (a) Diffusion trajectory of an Ag* ion through a cube
of a-SiO, with a side length of 1.5 nm at 1200 K. The position
of the Ag™ ion, displayed as gray spheres, is shown every 0.1 ps
for a duration of 39 ps. The yellow and red spheres represent Si
and O atoms, respectively. (b) z component of a 12-ps-long inset
of the diffusion trajectory in (a) before (thin line) and after (thick
line) the application of the smoothing algorithm of Ref. [72].

the time. Transitions between pores are recorded only a
few times per sample and typically last less than a picosec-
ond. Note that the available time scale of 40 ps for the
simulation is not long enough to fully reach equilibrium
[74]. Hence, longer simulation times would potentially
lower the measured diffusion coefficients, particularly at
low temperatures far below the glass transition one. As a
consequence, the evaluated diffusion coefficients might be
overestimated and should be regarded as the upper limit of
these parameters.

Before (r2> can be calculated and inserted into Eq. (B1),
thermal noise in the ion diffusion trajectories is elimi-
nated by applying a smoothing procedure [72]. It consists
of two main steps. First, a moving average over 2n, + 1
time steps is applied. The resulting positions are calculated
according to

/
xl‘ = mean(xi—na:xi—ng+la e ;xi+ng—lzxi+na)

i+n
1 a

Z X

k=i—ng

= B2
2n, + 1 (B2)
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In the second step, the positions of the final smoothed
trajectory are constructed through the application of a
median filter with a symmetric window of 2#n,, + 1 time
steps,

/ /

"o .
x; = median(x/_, ,x_, .|,..

*o xl/'Jrnmfl s xl/'+mm)‘ (B3)
The performance of the smoothing method can be opti-
mized by tuning the two time range parameters n, and
n,,. They must be chosen such that thermal oscillations are
removed as much as possible without blurring transitions
between oscillation centers. We realize that a smoothing
procedure combining mean and median averages satis-
fies this criterion better than considering only the mean
(n,, = 0) or the median (n, = 0). For Ag" ions in a-SiO,
we find that n, = 500 and #n,, = 1000 (with a time step of
1 fs in the MD trajectory) leads to the best smoothing per-
formance. Exemplary results of this procedure are shown
in Fig. 9(b).

An Arrhenius plot, as displayed in Fig. 10, can be cre-
ated with the smoothed ion trajectories. The first 5 ps
of each AIMD trajectory is discarded for equilibration.
Then, the square mean free path is evaluated by calcu-
lating the distance between the start and end point of the
diffusion trajectory for each sample. Using Eq. (B1) the
diffusion coefficient D can be determined for each sam-
ple and temperature. Figure 10 indicates that the obtained
diffusion coefficients can significantly differ between dif-
ferent samples, which likely originates from the short
simulation times of 40 ps. The spread of the diffusion
coefficients could potentially be reduced by taking longer
simulation times. Nevertheless, their average follows the
expected Arrhenius-type behavior predicted by Eq. (5). To
avoid that (rz) depends on the chosen time length ¢ of the
considered diffusion trajectory, the described procedure is
repeated for various ¢; € [1 8,19,..,27, 28] ps for the afore-
mentioned trajectories of Ag™ through a-SiO,. Based on
the averaged diffusion coefficients over all evaluated ¢, the
parameters Dy [Fig. 11(a)] and AEp [Fig. 11(b)] can be
extracted. For an Ag™ cation in a-SiO,, AEp = 0.196 &
0.013 eV, and Dy = 2.962 x 107> +2.907 x 10~° cm?/s
are found.

To validate the chosen approach, the value of AEp
obtained through the Arrhenius fits is confirmed by per-
forming NEB calculations with the underlying cation
dynamics. All ionic transitions between oscillation cen-
ters recorded during AIMD are collected, leading to a total
of 33 different transitions. The corresponding equilibrium
center of each pore is evaluated through atomic relaxation
upon fixed lattice cells and taken as the start and end
point of the NEB trajectories. A NEB chain is formed of
six to ten replica, depending on the distance between the
start and end point. The energy barrier height of both the
forth and back reaction of the NEB trajectories are then
calculated using climbing-image-NEB [75]. Figure 11(c)
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FIG. 10. Arrhenius plot of the diffusion coefficient D of Ag™
cations dissolved in a-SiO;, versus the reciprocal temperature
based on 25-ps-long trajectories. The light blue diamonds repre-
sent individual measurements of the diffusion coefficient coming
from 11 different samples, the dashed blue line is their average
at each temperature, the error bars denote the standard deviation,
and the red line is a linear fit of the mean values.

shows the histogram for all 66 investigated transition bar-
riers. An average diffusion barrier of 0.234 £ 0.122 eV is
obtained, close to the 0.196 eV determined with AIMD.
The slightly higher mean in the validation experiment
might result from the aforementioned short simulation time
scales and their implications. In contrast to the mean, the
spread of the two data sets is not directly comparable
to each other: while the data shown in Fig. 11(b) sum-
marizes the Arrhenius fits obtained with AIMD (each fit
relying on several ionic transitions so that the AEp mea-
surement entering the histogram represents an average),
Fig. 11(c) shows a collection of all individual Ag" tran-
sitions. In summary, the obtained mean values for AEp
with the two approaches are close so that the error result-
ing from the short simulation time scales remains within
an acceptable range. We confirm that a potentially reduced
diffusion constant would have a negligible impact on the
“current versus voltage” characteristics simulated with the
FEM model.

APPENDIX C: DETERMINATION OF THE
TUNNELING CURRENT PARAMETERS

The electronic current flowing through CBRAM cells
is evaluated by fitting tunneling current results obtained
by ab initio quantum transport calculations to the mod-
ified Simmons Eq. (8). To determine AFEy and C in
this expression, atomistic filamentary CBRAM structures
with varying oxide lengths are first generated by combin-
ing DFT and MD. To begin with, two metal electrodes
are attached to a layer of amorphous oxide obtained as
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FIG. 11.

Histogram of (a) the diffusion prefactors Dy and (b) energy barriers AEp extracted from Arrhenius plots based on diffusion

trajectories evaluated at time lengths ranging from 18 to 28 ps for Ag' cations in a-SiO,. The dotted red line represents the mean
value. (c) Histogram of energy barriers derived via NEB calculations based on all Ag™ ion transitions recorded by AIMD.

described in Appendix A, resulting in metal-oxide-metal
systems of more than 3000 atoms. The amorphous oxide
is free from coordination defects to avoid a defect-induced
increase of the electrical conductance by, e.g., trap-assisted
tunneling. Then, a cylinder with a cross section Agjament
and a length /gjamene 1S cut out of the left part of the oxide
and replaced by a size-equivalent, crystalline nanofilament
of the same metal atoms as the electrodes. The insertion
of the filament affects only the oxide structure close to
the metal-oxide interface and typically does not result in
additional electronic states in the band gap. This proce-
dure results in structures as the one shown in Fig. 12(a)
for an Ag/a-SiO,/Pt CBRAM cell. Note that for compu-
tational convenience, two Ag electrodes are used instead
of an Ag and Pt one. This simplification has a negligible
impact on the current magnitude [76]. To obtain a set of
CBRAM cells with different oxide gaps separating the fil-
ament tip and its closest electrode only one single sample
of amorphous oxide is needed. The oxide is tailored to the
desired length by cutting away parts of it on the right-hand
side while the left-hand side with the embedded filament
remains untouched. This allows us to keep the shape of the
filament and hence its interfaces with the oxide the same
for all samples. Due to the varying oxide lengths of the
cells, the gap between the tip of the filament and the elec-
trode varies, mimicking different filament growth stages.
Finally, each structure is optimized and annealed for sev-
eral picoseconds with AIMD to reduce the overall strain
and minimize its total energy.

As next step, the Hamiltonian H and overlap matrices
S of the atomic configurations are calculated with CP2K.
While it is necessary to relax atomic geometries with a
DZVP basis set, SZV is generally sufficient to evaluate
the transport properties around the Fermi energy for the
atomic species present in this work [77]. The H and S
matrices are then passed to the OMEN quantum transport
solver [78], which solves the Schrodinger equation with
open boundary conditions using ab initio inputs. The trans-
mission function 7,(E) from one electrode to the other
is computed in this scheme with an energy resolution of

typically dE = 1 meV. By applying the Landauer-Biittiker
formula [79]

dE
Lpay = —% ST (E.Er, D) —f (E.Er. ).
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FIG. 12. (a) Schematic view of the 3D atomic CBRAM struc-
ture consisting of two (111)-oriented Ag plates surrounding a
chunk of @-SiO, used in quantum transport calculations. The
gray spheres represent Ag atoms, the orange network the a-SiO,
matrix. The cross section along the y and z axes (assumed peri-
odic) measures 2.06 x 2.04 nm?. A 1.69-nm-long, crystalline Ag
filament is inserted into the a-SiO, matrix. The left part with the
filament (marked with the dashed black box) remains the same,
regardless of the gap length. By varying the length of the gap
from 0 to 1.69 nm, different conductance states can be mimicked.
(b) Spatial distribution of the ballistic current flowing along the
x axis in the structure of (a) in an intermediate conductance state
with a gap of 0.47 nm. An external voltage V= 1 mV is applied.
The current is displayed as two different isosurfaces (solid and
wireframe).
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the ballistic electrical current can be obtained. In Eq. (C1),
f(EEr,T) (f (E,Erg,T)) is the Fermi-Dirac distribu-
tion function of electrons situated in the left (right) contact
with energy £, Fermi energy Er; (Erpr), and tempera-
ture T. Finally, / is Planck’s reduced constant. Note that
Epr=Er; —eAV, AV =1 mV being the applied volt-
age. In this approach we did not solve the Poisson equation
as the applied voltage in the order of millivolt is not large
enough to significantly modify the electrostatics obtained
in CP2K at equilibrium.

In OMEN, atomically resolved current trajectories can
be produced. An exemplary current map is reported in Fig.
12(b). As expected, the current density is highest in the fila-
ment region, but a non-negligible tunneling current density
is visible in the oxide. The electrical conductance G, can
then be derived from the expression

_dliay

G, .
dv

(€2)

The obtained results from the quantum transport calcula-
tions can eventually be used to determine C and AFEy, in
Eq. (8) through fitting. To do so, the tunneling resistance,
which is the inverse of G,, is plotted against the filament
gap length in Fig. 13. It can be seen there that the results
from 17 different Ag/a-Si0,/Ag CBRAM cells, with gap
lengths varying between 0 and 1.67 nm, can be very well
fitted by Eq. (8). The solid red line in Fig. 13 is obtained
by setting C = 5.1, AEy, = 1.03 eV, and meg = 0.63my
(fixed to the experimental value [80], with m being the
electron’s mass) in Eq. (8). To convert the tunneling cur-
rent I; oy to the tunneling current density J,, a filament
tip cross section of Agjament = 0.76 nm? is taken. Note that
the PBE functional used to calculate the Hamiltonian and
overlap matrices underestimates the band gap of a-SiO,. A
hybrid functional such as PBEO [81] can resolve this issue,
but at the expense of the computational efficiency. With a
higher band gap the electrical conductance corresponding
to the CBRAM’s high-resistance state is reduced. Simul-
taneously, AEy, must be increased in Eq. (8) to accurately
fit the quantum transport results. We expect that a higher
band gap has only a minimal impact on the “current versus
voltage” characteristics produced by the FEM model, the
electrical current being mostly carried by defect states.

APPENDIX D: DETERMINATION OF THE
ELECTRICAL AND THERMAL CONDUCTIVITY
OF THE FILAMENT

The extent of Joule heating in the CBRAM cell is mod-
eled by Eq. (11). Besides the geometry of the filament
embedded in the solid-state electrolyte, its electrical (o)
and thermal (k) conductivity are critical material parame-
ters. Because of the nanoscale dimensions of this filament
bulk values are expected to be significantly altered [77].
Hence, these parameters should be directly evaluated in
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FIG. 13. Tunneling resistance computed with an ab initio

quantum transport approach for the Ag/a-SiO,/Ag CBRAM
structures of Fig. 12(a). A total of 17 different samples with vary-
ing oxide gap lengths ranging from 0 to 1.69 nm are reported.
The ab initio data (black crosses) is fitted to the modified Sim-
mons Eq. (8) (red line) with the electronic parameters C = 5.1,
AEy, = 1.03 eV, and mer = 0.63my.

dedicated atomic systems. To create them, Ag/a-SiO,/Pt
CBRAM cells are constructed as in Appendix C. Ag elec-
trodes with a cross section of 2.06 x 2.04 nm? are placed
on the right and left side of an a-SiO; layer.

The electrical or thermal conductivity of samples can
be conveniently calculated with the “dR/dL” method [82],
which corresponds to the well-known transmission-line
measurements (TLM) in experiments. It consists of eval-
uating the dependence of the electrical or thermal resis-
tance of the considered device with respect to its length.
To establish this “resistance versus length” relationship,
a-Si0; blocks measuring 2.16 nm in length are repeated
2, 3, and 4 times along the axis joining both metallic elec-
trodes. Hence, the Ag/a-Si0O, interface remains the same
regardless of the device length. Next, following the same
procedure as in Appendix A, a cylindrical Ag filament
with a diameter of 7 A is inserted into the a-Si0, matrix
such that it bridges both electrodes. Eventually, the entire
device structure is optimized at the DFT level with CP2K,
resulting in CBRAM cells as shown in Fig. 14(a). When a
voltage is applied to such devices, an electrical (/; o) and
a thermal (/o ap) current start flowing, as illustrated in
Fig. 14(b). When instead a temperature gradient is applied,
an electrical (I;a7) and a thermal (/e ar) current car-
ried by electrons are present. They are accompanied by a
second thermal current carried by phonons (/i pn A7) [Fig.
14(c)]. These five different current types serve as inputs
to evaluate the electrical and thermal conductivity of the
CBRAM of interest.

To calculate the electrical conductivity of the embedded
Ag filament, the Hamiltonian (H) and overlap (S) matrices
of the CBRAM cells of different lengths are first created
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FIG. 14. (a) CBRAM structure consisting of two Ag bulk elec-

trodes and repetitions of 2.16-nm-long a-SiO; blocks (dashed
rectangular boxes). A bridging Ag filament with a diameter of
7 A is inserted in between. The a-SiO; blocks are repeated 2, 3,
and 4 times resulting in oxide lengths of 4.32, 6.48, and 8.64 nm.
(b) Electrical (Iz,oy) and thermal (/. Ay) currents flowing when
avoltage AVis applied to the left electrode of the CBRAM cell in
(a). (c) Electrical and thermal current contributions when a tem-
perature difference AT is applied between the left (T + AT) and
right (T) electrodes. An electrical (/;a7) and a thermal (/e a7)
current carried by electrons are present. They are accompanied
by a second thermal current carried by phonons (/i ph,a7)-

with CP2K using the same DFT settings as in Appendix C.
These matrices are then passed to OMEN, which produces
the electrical transmission function 7,(E) with an energy
resolution of 1 meV. With this quantity, the electrical cur-
rent ;Ao can be computed with the Landauer-Biittiker
formula (C1), which is given by

e [ dE df (E,Ep,T)
/ ET"(E)(T

) AV (D)
in the linear approximation, i.e., when a small voltage
AV is applied. In this equation, f (E, Ep, T) is the Fermi-
Dirac distribution function of electrons with energy E,
Fermi energy Ef, and temperature 7. The electrical con-
ductance G, can then be derived according to Eq. (C2).
All quantum transport calculations are performed in the
coherent limit because scattering is mainly caused by the
disorder of the a-Si0O, layer and the inclusion of electron-
phonon scattering has almost no influence on the value of
G,. To account for the stochastic variability of the amor-
phous oxide layers, ten different samples are created for
each device length. The average over the corresponding
electrical resistance R, = 1/G, is shown in Fig. 15 and is

4
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FIG. 15. Electrical resistance of the CBRAM cell in Fig. 14(a)

versus its oxide length. Ten Ag/a-SiO,/Ag samples with three
different oxide lengths each are evaluated. The crosses represent
the resistance of each individual sample, the circles are the mean
values at each length, and the solid line is a linear fit through the
three circles.

1.43 x 10* £8.33 x 10° ©, 1.71 x 10* £8.79 x 10° ,
and 2.39 x 10* £9.55 x 10> Q for the structures with
4.32-, 6.48-, and 8.64-nm oxide length, respectively. These
relatively large variations result from the stochastic nature
of the a-SiO; layer and the thin filament diameters so that
the initially straight cylindrical filaments are twisted differ-
ently depending on the local arrangement of their interface
with a-Si0,. Twisted filaments typically lead to a lower
electrical conductance than what is achieved by perfectly
straight cylinders. As expected for diffusive transport, R,
exhibits a linear dependence on the device length L

R.(L) = Ry + QﬁlamentL- (D2)
Above, R is the contact and ballistic resistance and Qfjament
the resistivity of the filament embedded within an a-SiO,
layer. Figure 15 confirms the validity of the “dR/dL”
method for our structures. As the electrical conductivity o
is the inverse of the resistivity, a value of ofjament = 1.18 X
10% S/m (with a 68% confidence interval of [0.84,2.01] x
10® S/m) is found for the filament in Fig. 14(a). This value
is 50 times smaller than in bulk Ag (oag buk = 6.14 X 107
S/m [83]).

The determination of the thermal conductivity « is more
complex since two factors contribute to «: heat can be
carried by electrons and by lattice vibrations (phonons).
Hence, x is made of two components, k. and «pn, the
former referring to the electronic contribution, the latter
to the phonon one. The electronic contribution typically
dominates in metals, while phonons carry more heat in
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semiconductors and oxides. Our metallic filaments being
embedded in an amorphous oxide, it is not clear which
transport mechanism dominates. Both should therefore be
evaluated. As for electrons, the “dR/dL” method is applied
in both cases. We first derive expressions for the thermal
conductance, demonstrate that the corresponding resis-
tance linearly increases with the device length, and finally
extract k. and kp,. The electronic component of the thermal
conductance, G ., is defined as [84]

dlthenr n (d[th,e,AV> s,

Gio =
t, dT dv

(D3)

where S is the Seebeck coefficient. Thermal current is car-
ried by electrons when a voltage AV (/ieay) Oor when a
temperature gradient AT (Iya7) is applied. These cur-
rents can be calculated from the transmission function
T.(E) as

dE d
Ihenr = —% E(E - EF)E@)(%) AT  (D4)
and
e [ dE df
Iheny = ~7 Z(E — Ep)T.(E) I AV.  (D5)

In both equations, Er is the Fermi energy of the source
contact. The Seebeck coefficient S is given by

g_ (d]d,AV)l (dld,AT)

S\ adr dT )’

Here, I; a7 is the electrical current flowing when there is
a temperature difference of AT between the two metallic
electrodes. It can be computed with the Landauer-Biittiker
formula (D1) by setting the same Fermi level to both elec-

trodes, but two different temperatures, 7 and 7+ AT, so
that

(D6)

e [ dE

Liar=— | &1k
dAT 7 | 5 ()(

df (E,Er,T)

o )AT. (D7)

Finally, the thermal current carried by phonons, fy ph T,
induces the following conductance:

dlinph AT

dT (D8)

Giph =
To compute Iy pn a7, the phonon transmission function
Ton(w) is needed so that the Landauer-Biittiker formula can
be utilized in this case too

db(w, T)

loar = [ 22 hoT () AT. (DY)
P 2 P dT

Here, b(w, T) is the Bose-Einstein distribution function for
phonons with frequency w and temperature 7.

It remains to determine 7p,(w), which can be done
with the help of phonon nonequilibrium Green’s func-
tions (NEGF) [85]. As input parameter, the dynamical
matrix of the CBRAM cell must be constructed. The
frozen phonon approach [86] is the method of choice to
generate the dynamical matrix of such large, disordered
systems. It relies on the displacement of individual atoms
and the evaluation of the first derivative of the forces
acting on each atom. A large number of device configu-
rations with a single displaced atom must be constructed
and simulated, which is computationally very expensive if
done at the ab initio level. Therefore, we create for our
Ag/a-Si0, system a force-field parameter set capable of
producing lattice dynamics and interatomic forces close
to DFT accuracy, but at much lower computational cost.
Since conventional force fields face severe difficulties at
describing metal-oxide interfaces at sufficiently high accu-
racy, we train a machine-learned moment-tensor-potential
(MTP) [87] using the Synopsys QuantumATK S-2021.06
software [88,89]. The MTP is trained based on a combi-
nation of bulk Ag and SiO, data and AIMD trajectories
of different interfaces, clusters, and filaments, extended by
active learning simulations, as described in more details in
Appendix E. Particular emphasis is set on the reproduction
of the phonon properties of Ag and SiO,. The dynami-
cal matrix produced by QuantumATK is then passed to
OMEN to perform the phonon transport calculations [90].

The thermal conductance components Gy, and G pn
are calculated with the same structures and at the same
device lengths as their electrical counterparts. Therefore,
R, and Ry, exhibit a strong correlation because they
are extracted from the same quantum transport calcula-
tions. The thermal resistances Ry = 1/Ge and Ry pn =
1/Gupn are reported in Fig. 16. Here again, a linear
increase of these resistances can be observed with increas-
ing oxide thickness. This fact is key to extract the thermal
resistivities

thh e
= ———, D10
Oth, dL ( )
and
AR ph
= . D11
Oth,ph T (DI1)
and the two thermal conductivities
1
Kthe = = 7.88 W/(m K), (D12)
ch,eA
and
Kth.ph = = 0.97 W/(m K). (D13)

Oth,phd
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FIG. 16. Electron and phonon contributions to the thermal
resistance as a function of the CBRAM oxide length. Ten
Ag/a-Si0,/Ag samples as the one in Fig. 14(a) are evalu-
ated with three different oxide lengths. The stars represent the
electronic contribution to the thermal resistance (Ry,.) of each
individual sample, the circles are the mean values at each length,
and the solid green line is a linear fit through the three circles.
Similarly, the crosses represent the phononic contribution to the
thermal resistance (R pn) of each individual sample, the squares
are the mean values at each length, and the solid red line is a
linear fit through the three squares.

In the above equations, 4 is the filament cross-section
area. The 68% confidence intervals for k. and Ky, pn are
[6.01,11.45] W/(m K) and [0.93, 1.02] W/(m K), respec-
tively. Obviously, the electronic contribution is much
larger than the phonon one indicating that the Ag filament
keeps its metallic character. The total thermal conductivity
K is finally given by

K = Kth,e + Kth,ph, (D14)
which is equal to 8.85 W/(m K) ([6.94,12.46] W/(m K))
for the simulated Ag filament. Note that the bulk ther-
mal conductivity of Ag is 50 times larger than this value
(kag, buik = 429 W/(m K) [52]). For the thermal conduc-
tivity of the bulk Ag and Pt electrodes and of the a-SiO,
layer, the experimental values from the literature [51,52]
are retained.

APPENDIX E PARAMETERIZATION OF THE
Ag/Si/O FORCE FIELD

We train a machine-learned force field (ML FF) using
the moment-tensor-potential (MTP) approach [87] imple-
mented in the Synopsys QuantumATK software [88,89].

As reference DFT method we use the linear combination
of atomic orbitals (LCAO) approach of QuantumATK.
Specifically, we use the pseudodojo pseudopotentials [91]
and the corresponding medium basis set with a k-point
density of 7 A. The training data is composed of the
following components: bulk crystal silver, bulk crys-
tal silica (quartz and cristobalite), (111)- and (110)-
oriented silver-silica (quartz and amorphous) interfaces,
as well as silver nanoparticles and nanowires embed-
ded in an amorphous SiO, matrix. The training data for
the bulk materials is generated using random atomic dis-
placements from the equilibrium crystal structures, com-
bined with isotropic and random anisotropic strain on
the cell, using the predefined crystal training protocol of
QuantumATK. The training data for the interface,
nanoparticle, and nanowire systems are generated by
first running short AIMD simulations with fast, reduced-
accuracy settings at medium temperatures of around 600
K to sample realistic configurations.

An initial training data set is then generated by recal-
culating energies, forces, and stress for equally spaced
snapshots from these raw MD trajectories using the final
reference DFT calculation method. Finally, for each sys-
tem the training data is extended by running 100—200-ps-
long MTP active learning MD simulations at temperatures
between 600 and 1000 K. The active learning simulations
start from the previously generated training data and auto-
matically identify additional configurations that are not
well represented in the training data based on an extrap-
olation grade criterion, as explained in Ref. [29]. After
calculating DFT energies, forces, and stress, the selected
additional configurations are added to the training data
and the MD simulation is restarted. For the final training
all training data sets generated by random displacements,
AIMD, and active learning MD are combined in a total
training data set. The final MTP is trained using 2000
MTP basis functions sorted according to their level. The
training root-mean-square error (RMSE) on energies and
forces is 11 meV/atom and 0.23 eV/A, respectively. The
RMSE on an independent test set are of equal magnitude.
We also evaluate the cross-validation score for the energy
and forces RMSE based on fivefold cross-validation. The
resulting mean values are 11 £ 0.5 meV/atom for the
energy RMSE and 0.24 4 0.008 eV/A for the force RMSE,
which indicates a very robust fit.

We validate that the resulting MTP model is stable in
MD simulations of various silver-silica interfaces at low
and elevated temperatures up to 1000 K. Additionally, we
take snapshots from these simulations and recalculate ener-
gies and forces with DFT and compare them to the MTP
predictions. In all cases we observe RMSE values com-
parable to the training errors. As a further test to validate
the applicability of the model with respect to the final tar-
get, we compare the phonon band structure of bulk silver
and quartz calculated with the reference DFT method and
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the trained MTP. The results are shown in Fig. 17. For a
simple crystal such as silver the phonon spectra are nearly
identical. Even for the more complex quartz crystal, which
has a more complicated phonon band structure, the agree-
ment between DFT and MTP remains within an acceptable
range.
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