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Understanding Filamentary Growth in Electrochemical
Metallization Memory Cells using Kinetic Monte Carlo
Simulations

Stephan Menzel,** Philip Kaupmann” and Rainer Waser®”

We report on a 2D kinetic Monte Carlo model that describes the resistive switching in electrochemical metallization cells.
To simulate the switching process, we consider several different processes on the atomic scale: electron-transfer reactions
at the boundaries, ion migration, adsorption/desorption from/to interfaces, surface diffusion and nucleation. These
processes result in a growth/dissolution of a metallic filament within an insulating matrix. In addition, the model includes
electron tunneling between growing filament and counter electrode, which allows for simulating multilevel switching. It is
shown that the simulation model can reproduce the reported switching kinetics, switching variability and multilevel
capabilities of ECM devices. As a major result, the influence of mechanical stress working on the host matrix due to the
filamentary growth is investigated. It is demonstrated that the size and shape of the filament depends on the Young's

Modulus of the insulating matrix.
Young’s

Introduction

Resistively switching devices relying on the electrochemical
metallization mechanism (ECM) also known as CBRAM are
thought to be used in future non-volatile memory.l’ 2 Recently,
a 16 GB memory test chip based on ECM cell has been

demonstrated.” * The digital information in ECM cells is
encoded as different resistance states, which can be
programmed by applying appropriate electrical stimuli.

Thereby, the switching from a high resistive state (HRS) to a
low resistive state (LRS) is called SET operation. In contrast,
during the RESET operation the cell is switched back to the
HRS. Typically, an ECM cell consists of an ion conducting
insulating layer sandwiched between an electrochemically
active electrode such as Ag or Cu and an inert counter
electrode.” ® Thereby, solid electrolytes such as GeSX7' 8, GeSe”
0 or Agl,“' 2 6r metal oxides such as Ta205,13 SiOz,”’ B or
A|20316 can serve as ion-conducting layer. If a positive voltage
is applied to the active electrode, the active electrode is
oxidized, Ag/Cu ions are injected into the insulating material
and migrate in direction of the electric field. At the inert
electrode the Ag/Cu ions are reduced and a Ag/Cu filament
starts to grow towards the active electrode until an electronic
contact is established. Prior to the filamentary growth a stable
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nucleus has to be formed." Depending on the current
compliance level this electronic contact can either be a
tunnelling gap or an galvanic contact.”” *® In this way the LRS
can be varied over many orders of magnitude.17 This behaviour
has been observed in dynamic voltage sweep experiments for
various types of ECM cells using the current compliance of the
measurement setup. 11151921 £0r fast switching the response
time of this current compliance might be too slow to control
the LRS resistance. In this case a transistor in series to the ECM
cell (1T1R configuration) can be used to effectively control the
maximum current.” * It has been reported in literature that
is unstable when no galvanic contact is
established and the LRS can already be lost while sweeping the
voltage to 0 V due to non-equilibrium states, i.e. volatile
switching. 2224 But, it has been also demonstrated that stable
resistance states can be obtained at about 100 kQ,4’ 16 which is
higher than the single atomic contact resistance of 12.9 kQ. By
applying a negative voltage the filament is dissolved.
Depending on the LRS regime, i.e. tunnelling or galvanic
contact, the RESET mechanism differs slightly. For the
tunnelling regime, the electrochemical processes are reversed
and the filament dissolves. When a galvanic contact is present
the current is high enough to enable Joule heating and the
dissolution becomes thermally-assisted.z“'27

The shape of the filament has been investigated using
scanning electron microcscopy (SEM)Zs, transmission electron
microscopy (TEM)ZQ'31 and conductive atomic force microscope
(C-AFM) tomography.32 A dendritic filament structure was
observed in a Ag/H,0/Pt cell, %
found to be a small solid crystalline Ag wire in a Ag/SiO,/Pt
cell.?* Using C-AFM microscopy a conically shaped filament

the filament

whereas the filament was
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was observed in Cu/Al,O3/TiN based ECM cells. 32 It has been
demonstrated that counter charges are inevitable for the
resistive switching to happen.®® For Cu/SiO,/Pt*® and
Cu/TaZO_r,/Pt34 cells moisture, i.e. residual water, supplies the
relevant counter charges. In contrast, in Agl based ECM cells
Ag+ ions are already present and no counter charge is required.
To understand the variability of an ECM cell it is crucial to
model the processes on the atomic scale. A first 2D Kinetic
Monte Carlo (KMC) model was developed by Pan et al. in order
to describe the filamentary growth.35 This model was later
applied to describe the switching kinetics of the electroforming
and SET switching of ECM cells.® Recently, a similar 2D KMC
model was employed to study the influence of the electrode
materials on the switching characteristics’’  and the
filamentary growth direction has been discussed using 2D KMC
models.?” 38 In all these models, a percolation/resistor model is
used in order to describe the LRS state conduction. Thus,
multilevel switching over many orders of magnitude cannot be
explained using these models. Furthermore, the mechanical
stress working on the host matrix due to the filamentary
growth has not been included in an ECM model yet.

In this paper, we present a 2D KMC model for ECM switching
that has three new features. First, the potential drops at the
metal insulator boundaries due to the electron-transfer-
reaction are considered. Second, the
mechanical stress on the filamentary growth is investigated.
Third, the model includes electron tunnelling between growing
filament and counter electrode, which allows for simulating
multilevel switching. It is shown that the simulation model can
reproduce the reported /-V characteristics switching kinetics,
switching variability and multilevel capabilities of ECM devices.

influence of the

Simulation Model

A suitable simulation model needs to account for the atomic
process, the filamentary growth and the electric properties of
the devices. In the proposed model, the ionic processes and
the filamentary growth are modelled using a kinetic Monte
Carlo approach, whereas the electric properties are described
using a continuum model.

Kinetic Monte Carlo model

Fig. 1 illustrates all processes that are described by the KMC
model: (a) oxidation, (b) surface migration, (c) desorption, (d)
migration within the insulating matrix, (e) adsorption, (f)
reduction and (g) nucleation. In the model the structure is
discretized into a 2D grid with quadratic tiles, which resemble
the atomic positions. This describes technically speaking a
crystalline material and is the classical KMC approach. But, as
amorphous system have close-range order and the growing
filament is very small, this simplification is reasonable for such
amorphous system. The corresponding edge length is identical
to the hopping distance a. For all simulations the width of the
cell is 40 nm and the thickness of the insulating layer is
12.5 nm.

The different processes can be discriminated
different groups involving motion of ions by hopping,

into four
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oxidation, reduction reactions, and nucleation. The rate
. . L 39
equation for the ion motion is expressed by
& AWyop- 1/22¢Dj ©
Ghop = W expf —=> 7T =
hop 0,hop pé kBT 6 (1 )

Here, w, denotes the vibrational frequency, AW,,, the
migration barrier, z the ion charge number, e the elementary
charge, kg and T the
temperature. The potential drop A¢ is defined as the potential

the Boltzmann constant local
difference between two adjacent grid cells in vertical and
horizontal direction. Thus, an ion within the insulating matrix
(d) can possibly jump up/down or left/right. In the model it is
discriminated between surface/bulk migration (b)/(d),
adsorption to (e) and desorption from (c) an electrode. For
these different processes different activation energies are
chosen (cf. Table 1).

For the reduction processes the rate equation reads

& AW,q- azeh
Gred = kredW().red expg rcziT% (2)
B
and for the oxidation
& AWy + (1- a)zeh8
Gox = koxWo,0x exp§ — : (3)
B

In egns (2) and (3) k.eq and k., are reaction rate constants, a is
the charge transfer coefficient, AW, /AW,y the activation
energy for oxidation/reduction, and wq req and wg o denote the
vibrational frequencies for metal ions and metal atoms,
respectively. For oxidation and reduction it is discriminated

whether the process happens at an adatom site (a.1)/(f.1), at a
kink site (a.2)/(f.2) or a hole site (a.3)/(f.3). Again, different
activation energies are chosen to attribute for the energetic
differences.

(d),
4 ;7 (f.1) o
&
~
( ) AV
e
S— (f.2)
X2 (9)
QOO QO ¥, ®)
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.‘".’O’C’.’.‘O‘.‘l‘.’.‘.’.’.’.‘.’.’.‘l’t’.‘!’.’.‘0‘.’0’.‘.‘.’!’ ’.‘I’O‘O‘O

FIG. 1: lllustration of the processes involved in the resistive switching process:
Oxidation at adatom site (a.1), at kink site (a.2), and hole site (a.3), surface migration
(b), desorption (c), bulk migration (d), adsorption, reduction at adatom site (f.1), kink
site (f.2) and hole site (f.3), as well as nucleation (g).

As the model geometry is 2D, the 3D information of the
asymmetry between a small filament and the larger active
electrode area cannot be accurately modelled. This issue is
compensated by assuming that an atom remains at its position
with a certain probability p = 1-pgissonve. If the atom keeps its
position, the oxidized ion is positioned randomly at one of the

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

Nanoscale

adjacent grid positions. The dissolution probability depends on
the distance between filament tip and active electrode x and
the filament diameter dy according to
Paissore = —S—
dissolve CZ . E (4)
dg
The constants C;, and C, are chosen to achieve a realistic
dissolution behavior. Initially, the filament consists of the
single atomic nucleus, i.e. dg = 0.25 nm, and the tunnelling gap
is equal to the ion conducting layer thickness of 12.5 nm. This
yields an initial probability of p = 1/200, which is decreasing
when the filament approaches the counter electrode.
Prior to filamentary growth a stable nucleus has to be formed
on the inert electrode.’ ***! As the simulation time is quite
long for simulating the nucleation process, it is neglected in
the present model and the simulation starts with a stable
initial nucleus. Thus, all simulations are performed at higher
voltage, at which the nucleation process is too fast to be rate-
limiting. Nevertheless, an additional formation of a second
nucleus is included in the model by allowing for reduction of a
metal ion on the inert electrode. This process, however,
requires an additional energy AW,.. Thus, the activation
energy this process is given by AW, eq e = AW, eq + AW,y
For the KMC simulation the rates for all possible events N are
calculated and summed up to the cumulative rate

R=3% G

1

i (5)

G o

for a process i, wherei=1 ... N. The event i is randomly chosen
according to

R,'_] < uR< Ri' (6)

Here, u is a uniformly distributed random number between 0
and 1 and R = Ry. The event i is executed and the time step At
is updated by

Di=- log(v)/ Ry (7)

where v is a second uniformly distributed random number
between 0 and 1.

Calculation of the electric potential

In order to calculate the KMC transition rates the potential
distribution within the cell has to be known. The potential
calculation is implemented as 2D finite element model using
COMSOL Multiphysics©. To calculate the electronic and ionic
currents within the cell the current continuity equation is
solved. Due to the electron transfer reaction at the boundary
between ion conductor and electrode a potential drop occurs.
To account for this discontinuity two continuity equations are
used

-NsNj ;=0 (8)
and

- NS ioan 2= 0. (9)

This journal is © The Royal Society of Chemistry 20xx
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FIG. 2 FEM model for calculation of electric potential ¢ and currents based on solving
the stationary electric continuity equation for electrode (¢1) and electrolyte domains
(¢p2) according to Egs. (8) and (9). At the electrolyte-(Ag)-electrode interfaces the
Butler-Volmer equation serves as a boundary condition, leading to the reaction
overpotentials n (cf. Egs. (11) and (12)). The colour code illustrates an exemplary
potential distribution for @, =1.5 V.

Here, eqn (8) is solved for the electric potential ¢, within the
top/bottom electrode and filament area (cf. Fig. 2), whereas
eqn (9) solves for the electric potential ¢, within the ion
conducting Iayer.25 In eqn (8) o denotes the electronic
conductivity of the active electrode, inert electrode and
filament material. In contrast, denotes the
conductivity of the ion conducting layer. It depends on the
and the ionic mobility i,
according to Ojon = Z€CionMlion- The local ion concentration is
extracted from the KMC model by averaging the number of
ions in a surrounding square with edge length 5a.

The two continuity eqns (8) and (9) are coupled to each other
by defining that the local current densities at the boundaries
are calculated according to the Butler-Volmer equation

Oion ionic

local ion concentration cigp,

1- 6 @ &
g( a)ze % exph azehlu

: 1
keT 3 kp % (10)

€
Jey = jo@xp

&
which describes the electron-transfer process at the two
electrode/ion conducting layer interfaces as shown in Fig. 2.
The first term in eqn (10) describes the oxidation process and
is related to the oxidation rate egn (3). In contrast, the second
term describes the reduction process, which is expressed as
the reduction rate egn (2) in the KMC model.
In eqn (10) j, denotes the exchange current density and obeys
an Arrhenius-type law

x
Jo = zeCionket expé‘ (1 1 )

with the activation energy AW, and the reaction rate constant
ke.. The overpotential n at the active electode/insulator

interface is defined by
hac = .] lac ~ ] 2,ac ” Vref (12)

and at the filament/insulator interface according to

J. Name., 2013, 00, 1-3 | 3



Nanoscale

hen=J 16 J 2607 Vet (13)
The reference potential Vs gives the equilibrium potential
drop across the corresponding interface, for which the net
current through the interface is zero without applied bias, i.e.
n = 0. At the inert electrode/ion conducting layer interface the
normal current density is set to zero, as nucleation is
neglected.

When the filament approaches the active electrode a
significant tunneling current sets in. The corresponding local

tunneling current density is calculated using the linear
Simmons equation according to
") .
3\2mDWy 28 & 4px )
Jry = —————§6F exp§ ——+/2mD Wy 3V. 14
Tu Py g;ﬁ Pé’ . ertD Wo 2 (14)

It depends on the effective electron mass mgg, the tunnelling
barrier height AW,, the tunnelling distance x, and Planck’s
constant h. The potential drop V is determined by V = @ o¢ —
@1,5- As the electrode and filament electric conductivity is
significantly higher than the ionic conductivity, the potential ¢,
at the metal/insulator interfaces is almost constant, which is
shown exemplarily by the simulated potential distribution for
an applied voltage of 1.5 V in Fig. 2. The equation system
eqns (8)-(13) is completed by appropriate

boundary conditions. Direchtlet boundary conditions are
chosen at the top and bottom of the cell, which read
Prop = Vapp and @porom =0V, respectively. Furthermore, the
normal current density is set to zero on the remaining left and
right edges of the cell, i.e. J, = 0.

Simulation procedure

The whole simulation process is illustrated in Fig. 3. After an
initialization step the first KMC step is executed. This means
that all possible transition rates are calculated according to
eqgns (1)-(3). Then the cumulative event transition rates are
determined (egn (5)) and an event is randomly chosen through
a random number u (egn (6)). Afterwards the time step is
adjusted according to eqn (7) and the event i is executed. The
electric field/potential is updated according to the equation
system eqns (8)-(14), which is implemented in COMSOL
Multiphysics. To save computation time an electric field and
current calculation is not performed after every step, but only
when a geometry change occurred. If the calculated current is
bigger than the set compliance current I, the applied voltage
is reduced so that the current is kept constant. This
implementation mimics an ideal current compliance and can
be best compared to the current control in a 1T1R
configuration. Subsequently, a new KMC step is executed.
Note that only the electric field update is calculated using a
finite element continuum model, whereas the KMC solver is
based on self-written code.

For the simulations the previously published experimental data
of an Agl-based ECM cell are used as a reference.”> * Thus, the
simulation parameters are chosen to fit these data and are
given in Table 1. Furthermore, in Agl a large amount of Ag ion
interstitials is already available within the film and a counter

4| J. Name., 2012, 00, 1-3

charge is not required. Thus, an initial injection of Ag ions and
a
Initialization
Y A

Calculate cumulative event transition rates Decrease voltage if
R =T, I>Icc

Y 1

Recalculate electric
fields and currents

Choose event i though random number u
Ry <uR<R;

Increment time by

At = —log(v)/Ry

> Execute event i

FIG. 3: Flow chart representing the implemented KMC algorithm. Here, u and v are
independent random numbers between 0 and 1. The electric fields and currents are
recalculated using the FEM model illustrated in Fig. 2.

migration through the complete insulator thickness, which has
been taken into account by other groups,43 is not required.

Table 1: Simulation model parameters

Symbol Value Symbol Value
@0 hop 2'1013 Hz AWox,adalom 0.41eV
@0,red 1-10" Hz AWox xink 0.46 eV
@0.0x 2:10" Hz AWox pote 0.58 eV

Kred 1 AWied adatom 0.58 eV
kox 1 AWied xink 0.52eV
o 0.3 AVV,-ed‘]m[e 0.45¢eV
z 1 AWhnp,bulk 03eV
T 300 K AWhop surt 0.27 eV
Mefr 05'}"0 AWhnp,dcmrplion 031eV
AW() 4 eV AWhnp,admrplion 0.25eV
a 0.25 nm AWiaue 0.6 eV
Vet 2 mV Lion 1-10” cm¥ Vs
ket 1 C 0.5
AWy 0.6 eV C, 0.8
Results

Voltage dependence of filament evolution

To study the filament evolution SET simulations were
conducted using voltage pulses of V,,,=1V, 1.5V, and 2 V.
The simulations are terminated as soon as the device current is
larger than a compliance current of /¢ = 100 nA. Note that the
filament evolution is independent of the applied current
compliance. The filament would only grow a little bit further
for higher current compliances. The simulated filament shapes
are shown in Fig. 4. The current compliance has been achieved
after tser = 447.9 ns, 116 ns, and 21.3 ns for 1V (Fig. 4a), 1.5V
(Fig. 4d), and 2 V (Fig. 4b), respectively. In all cases a dendritic-
shaped structure rather than a single wire has formed. This is
consistent with the experimentally observed dendritic
structures in water-based ECM cells.?® Furthermore, the
simulation reveal that the filament shape strongly depends on
the applied voltage. For 1V a relatively wide uniform growth is
observed. For increasing voltages the growth becomes more
anisotropic resulting in a more dendritic structure with a
filament diameter of only a few atoms. This behavior can be
explained by different limiting mechanism. For 1V the

This journal is © The Royal Society of Chemistry 20xx
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electron-transfer reactions are limiting the growth speed. As
the potential at the metal insulator/interfaces is almost
constant (cf. Fig. 2), the

v

FIG. 4: Simulated filament shapes for cell voltages of (a) 1 V, (b) 2V, and (c), (d) 1.5 V.
For voltages of 1V and lower a primarily uniform filament growth is observed (a). (c),
(d) In the intermediate voltage range a dendritic filament growth is observed as a result
of the non-constant ion concentration at the filament surface. If higher voltages are
used (b) the growth becomes more anisotropic resulting in a more dendritic structure
with a filament diameter of only a few atoms. A movie of the filament evolution for 1V
is given in ESI.

corresponding rates are very similar. Thus, a rather
homogeneous growth occurs. At higher voltages ion migration
becomes also limiting, i.e. the ions cannot be supplied fast
enough to the growing filament tip. Thus, a local depletion of
Ag ions develops leading to higher electric fields in this region.
Since ion migration is electric field dependent a self-
acceleration of the filament growth sets in locally. This results
in the observed dendritic structures with small twig diameters.

Multilevel switching

A further simulation study was performed to study the
multilevel switching behavior for current compliances of
Icc=1nA, 10nA, 100nA, and 1pA. For each -current
compliance level 10 simulations were conducted for an applied
voltage of 1.5 V. The resulting medium LRS resistances R zs are
given in Fig.5a as blue diamonds and the corresponding
filament shapes are shown in Fig. 5b. These results coincide
with the calculation results of our previously published
analytical model (blue Iine)40 and are thus also consistent with
our 1D KMC and numerical model.” * In the present model it
is possible to distinguish between the contributions of
tunneling distance and filament diameter in explaining the
multilevel switching of ECM cells. On the one hand, the
medium tunneling gap decreases with increasing current
compliance shown as black squares in Fig. 5a. On the other
hand a widening of the filament tip radius (red squares) is
observed at higher current compliance. The widening of the
filament tip radius can be partly attributed to the fact that the
filament grows “into” a retreating active electrode, which in
turn enlarges the active tunneling area as shown in Fig. 5b for
a filament formed at 1 pA. The simulation results suggest that
the LRS resistance is determined by the microscopic tip
topography, i.e. effective tunneling area and tunneling gap.

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the latter appears to dominate at lower current
compliances.
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Current compliance (A)
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FIG. 5: (a) Simulated LRS resistance as a function of the current compliance for the
presented KMC model shown as blue diamonds connected by a dashed line compared
to the results of an analytical 1D model depicted as blue solid line. “The corresponding
tunnelling gaps x.¢s and effective filament tip radius reg are illustrated in black and red,
respectivly. (b) Filament evolution in multilevel switching using the extended model for
four different Icc. When the tunnelling gap decreases, the vertical filament growth
velocity and anode dissolution velocity above the filament tip are converging due to
the law of mass conservation. Depending on the chosen current compliance different
filament tip topologies result. The dashed lines mark the initial active
electrode/insulator interface.

Influence of mechanical stress

The previous simulations do not include the mechanical
response of the insulating layer on the growing filament. The
filament growth can take place in any direction, which reflects
the situation in a liquid very well. As mentioned before, the
simulated dendritic shape agrees well with the experimentally
observed shape in a water-based ECM cell.?® In contrast, for a
solid ion conducting layer, i.e. a SiO,-based ECM cell, the
filament was identified as a small metal wire.** In fact, it
should be expected that the filament growth induces
mechanical stress in the host matrix. This should constrain the
filament to some finite small size for solid ion conducting
materials in general.

To model the evolution of mechanical stress a radial two-
spring model as depicted as inset in Fig. 6a is introduced. This
model resembles an existing nanotemplate, where the
filament grows preferentially, and a surrounding host matrix.
The small spring (I) models relaxation processes within the
nanotemplate and yields a nonlinear Young’s modulus that

J. Name., 2013, 00,1-3 | 5
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changes from a lower value E;, =500 MPa to a E; .= 1TPa
within the first /; =5 nm according to

X X @
E = El,()expgilng l.max =
h Eyo 7%

(15)

Spring (1) describes the mechanical properties of the bulk host
insulator and a constant Young’s modulus E, is assumed. The
Young’s modulus is connected to the spring constant k
according to k = EA,/L, where A, denotes the cross section on
which the force works on, i.e. the grid size az, and L is the cell
thickness. The overall radial spring constant is then calculated
using ke = k1k>/(ki+ky). The mechanical work AW, ., that is
stored when the spring is compressed by r results from the
integration of Hooke’s law, which yields

d
AWinech = eb rklZ(d ')dd"
0

(16)

Within the present model the quantity d equals the filament
diameter along the vertical axis. Fig. 6a shows the mechanical
work as a function of filament diameter for £, = 10 GPa (blue)
and 500 MPa (red). This mechanical work is added to the
reduction rate AW,egeff = AW,eq + AWpech, hence modelling the
influence of the mechanical stress of the host matrix imposed
on the growing filament. For E, =500 MPa the increase in
barrier height is very small, but for 10 GPa an increase in the
range of about 0.1 eV is calculated. This is in the range of the
activation energies of ion reduction. For the reference Agl-
based ECM cell it has been shown by X-ray diffraction that the
Agl exhibits a zinc blende structure.™ For this type of structure
a Young’s Modulus of 10-40 GPa has been reported.44

To study the influence of the additional mechanical stress, SET
simulations were performed using 1V voltage pulses, 100 nA
current compliance and different Young’s moduli E,. The
resulting filament shapes are shown in Fig. 6b and c for
E, =500 MPa and 10 GPa, respectively. In both cases a very
homogenous filament wire results in contrast to the more
dendritic structure, when mechanical stress is neglected (cf.
Fig. 4). Furthermore, the diameter of the grown filament
depends on Young’s modulus. If the Young’s modulus is higher,
the mechanical stress working on the filament is bigger
resulting in a smaller filament diameter. The simulated
filament growth is comparable to a layer-by-layer growth
mode, which has been

assumed in our previous 1D KMC model.*? The influence of
mechanical stress has been first considered by Ambrogio et al.
to explain the asymmetry in SET and RESET current using
compact modeling.24 In contrast to the implementation in this
study, the ion migration was influenced by mechanical stress
rather than the lateral filament growth. In fact, the study of
Ambrogio et al. predicts further lateral growth due to stress
relaxation.

6 | J. Name., 2012, 00, 1-3

(a)
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(b) 500 MPa
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50 (c)

10 GPa

Energy (meV)
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0O 1 2 3 4 5
Filament diameter (nm)

FIG. 6: (a) 1D model of the mechanical stress inside the electrolyte layer depending on
the filament diameter. Spring (1) models relaxation processes and yields a nonlinear
Young’s modulus. Spring (2) describes the mechanical properties of the bulk
electrolyte. The corresponding simulated filament shapes at V,p, = 1 V are shown in (b)
and (c) for a Young’s modulus of £, =500 MP and 10 GPa, respectively.

Switching kinetics

In a next step the KMC model is applied to simulate the
switching kinetics of a reference Agl-based ECM cell.* *? For
this, SET simulations are conducted for pulse voltages V=
0.5Vv,0.8V,1V, 1.5V, and 2 V. Voltages smaller than 0.5V are
not applied as nucleation limits the switching speed in this
regime, which is not included in the KMC model. Fifteen
iterations are performed for the latter three voltages, five for
0.8V and a single simulation for 0.5 V. In all simulations the
two-spring-model with E, =10 GPa is applied to account for
the mechanical stress within the insulating matrix. The
simulation results are shown in Fig. 7a as open squares
compared to the experimental data of the Agl-based ECM cell
(red circles). The simulation results are in a reasonably good
agreement with the experimental data. The fit is very good
between 1V and 2V, which is the voltage regime we used for
most of the simulations. Note that only one simulation was
performed at 0.5 V. Thus, the deviation from experiment
might be lower. Consistent with our previous findingslz’ 2 6ne
can distinguish between an electron-transfer limited regime
and a mixed control regime, in which the electron-transfer
reaction and the ion hopping transport limit the switching
speed. This is illustrated by the time evolution of the
overpotentials during filamentary growth for V=1V and 2V in
Fig. 7b and c, respectively. For V=1V the hopping
overpotential npo, (red solid line) is almost zero and the whole
voltage drop is divided between the two electron-transfer
overpotentials n,. (green solid line) and ng (blue solid line). In
contrast, a significant portion of the applied voltage is taken
up by the hopping overpotential np, for V=2V indicating the
mixed control regime. As very few voltage levels were
simulated due to the long simulation time, the exact transition
between those 2 regimes cannot be identified.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 shows the Weibull distribution for the simulations with
V=1V, 15V, and 2V compared to experimental data from
the Agl-based ECM cell.*? Both experimental and simulation
data show very steep distributions and are in good agreement to
each other. A similar result has been obtained for the 1D KMC
model published before,** indicating that the different models
give very consistent results.

This journal is © The Royal Society of Chemistry 20xx

I-V characteristic

Finally, the KMC model is used to simulate the current-voltage
behavior of an ECM cell. For this a triangular voltage is applied
Vs = 1.1V,
voltage Vi, = —0.4 V and a sweep rate of 0.1 V/us. The sweep
rate is chosen very high to save computation time.
Furthermore, the current compliance was set to /.. =100 nA
and the two-spring model was applied with £, = 10 GPa. The
resulting /-V characteristics are shown in Fig. 9a and the
corresponding filament shape for the points (A)-(F) is
illustrated in Fig. 9b. Initially, the current is zero and there is
only the assumed small nucleus present (A). When a positive
voltage is applied, the filament grows (B). A significant
tunneling current sets in as soon as the tunneling distance

with a maximum voltage of a minimum

between filament and active electrode becomes very small (C).
During the current compliance a slight reshapening of the
filament tip topography occurs (D) but the filament growth is
strongly suppressed. By reversing the voltage polarity, the
current drops as soon as the filament gap opens (E) and finally
the complete filament dissolves (F). The filament shape during
switching is identified as a very homogenous wire, whose
diameter is determined by the mechanical stress. In contrast,
wider dendritic structure evolved when mechanical stress was
neglected as shown in Fig. 4a. The /-V characteristics exhibits a
quite asymmetric behavior, which is typical for ECM cells. The
RESET current is smaller than the SET current and the RESET
voltage is lower than the SET voltage. This behavior can be
explained following based on the findings of a previous
study.45 The charge transfer coefficient in the present study is
a = 0.3 < 0.5 and the active electrode area is smaller than the
area at the filament tip. For this combination, it has been
analytically derived that the observed asymmetry should
45
occur.
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Conclusions

We presented a 2D KMC model for the switching behaviour of
ECM accounting for all experimental
phenomena: /I-V characteristics, multilevel switching, switching

cells observed
kinetics and switching variability. The simulation results are
consistent with our previous 1D models. Moreover, the
multidimensional nature of the model gives insight into the
evolution of the filamentary growth and dissolution. In
addition, a two-spring model is introduced, which models the
mechanical stress that evolves during filamentary growth.
Based on our simulation results we conclude the following:

(1) The size and shape of the growing filament depends on
the applied voltage, when the filament can grow freely in all
directions. This is related to the electrochemical processes
determining the switching speed. If the electron-transfer
reaction dominates (at low voltages), a rather homogenous
wider dendritic structure results. For high voltages the hopping
process becomes more prominent and a very small even more
dendritic structure with atomically thin twigs evolves.

(2) If mechanical stress is considered, a wire-like
filamentary growth is observed rather than a dendritic one.
The filament diameter is the determined by the Young's
modulus of the host matrix. Under these conditions the
filamentary growth can be described by a layer-by-layer
growth mode.
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(3) The LRS resistance state during multilevel switching is
determined by the tunnelling distance between filament tip
and active electrode and the filament tip topography, i.e. the
effective tunnelling area. Combined with the layer-by-layer
growth mode, the determining factor can be broken down to
the number of atoms within the filament in a 1D model.

(4) The 2D simulations confirm that the switching kinetics
are limited by the electron-transfer reaction at a medium
voltage range. At high voltages the switching time is controlled
by the electron-transfer reaction and the ion hopping process.
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