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Kinetic Monte Carlo Simulation of Interface-
Controlled Hafnia-Based Resistive Memory

Xu Xu

Abstract—Kinetic Monte Carlo simulations of resistive
memory devices have been performed by paying attention
to the vacancy-interstitial generation near the Hafnia-metal
electrode interface. In our model, an oxygen vacancy is gen-
erated in Hafnia near the interface, with the corresponding
oxygen atom residing in the metal electrode. These oxygen
atoms form a thin insulating oxide layer at the Hafnia-
active electrode interface. This interfacial layer is essential
to thicken the filament, even after the filament bridges the
two metal electrodes at low current levels. This thickening
of the conducting filament is captured by the model and it
naturally explains the trend of resistance decrease with an
increase in compliance current found in some experiments.
Simulations results as a function of the bonding energy
between vacancies show a large increase in retention time
with an increase in bonding energy. We also find that
as the compliance current increases, the morphology of
the filament transitions from conical to dumbbell-shaped.
Finally, using a single set of values for various energies,
our simulations capture the SET, RESET, and retention
processes.

Index Terms—Kinetic Monte Carlo (KMC), resistive
random access memory (RRAM), resistive switching.

|. INTRODUCTION

ESISTIVE random access memory (RRAM) devices are

promising candidates to replace Flash memory, and their
memory switching characteristics have been demonstrated in
a variety of material systems [1]-[12]. RRAM devices can be
integrated in a crossbar architecture, enabling the realization of
large and dense memory arrays. The switching speeds of these
devices are high (less than 10-ns switching time [11]), and they
exhibit long retention times (over 10° s at 100 °C [6]). Recent
work also points to the potential of using RRAM devices
for neuromorphic computing [2], [9], [13], and for efficiently
realizing logic operations [1], [14]-[18]. All these applications
require a comprehensive physics-based understanding and a
physical model that captures the dynamics of the filament
formation process, including its stability and switching times
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Fig. 1. Device structure with a partially formed filament. The various
formation and diffusion processes are also shown. The top electrode is
made of an active metal, whereas the bottom electrode is made of a
passive metal.

between resistance levels. The model should have the ability
to simulate statistically relevant device parameters such as
resistance values and switching times because of the stochastic
nature of filament formation.

Although prior Monte Carlo modeling work shows filament
formation, it has been difficult to capture the decrease in
resistance with increase in compliance current that is observed
in some experiments [16], [19], [20], [21]. We will now
discuss the possible reasons for this. Before the filament
bridges the two electrodes, the electric field in the region
of maximum filament growth (tip of the filament) is much
larger than Wyias/fox (a closer approximation for the electric
field is Vbias/tgap). Here, Vpias is the applied voltage, fox is
the oxide thickness, and tg,, is the distance between the
partially formed filament and the electrode (Fig. 1). Once
the filament bridges the two electrodes, the electric field in
the oxide becomes more uniform, is smaller in magnitude
(~Vbias/tox), and is almost perpendicular to the Hafnia-
electrode interface (figure shown in Section III). As the
electric field in the lateral (along the oxide-electrode interface)
direction is small, vacancies are unlikely to move in the lateral
direction. Therefore, the growth of the filament slows down
once the filament bridges the two electrodes even when current
levels are smaller than the compliance current. As a result,
the device resistance does not decrease, if the magnitude of the
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compliance current is increased (figure shown in Section III).
In this article, we discuss a novel physical mechanism to
explain the relationship between current compliance and resis-
tance. The new mechanism includes the surface generation of
vacancy and the corresponding oxidization of the electrode.

The Kinetic Monte Carlo (KMC) method has been used
to simulate resistive switching before and the models imple-
mented in prior work are varied [22]. Aldana et al. [19]
and Menzel ef al. [23] showed that the migration of metallic
atoms was responsible for resistive switching in Al,O3/Cu and
HfO,/Ni systems, respectively. Bersuker er al. [10], an early
work that the community draws upon, used a vacancy gen-
eration rate that is dependent on both the electric field and
local temperature. The generation primarily occurred at the
intersection of grain boundaries in Hafnia; the role of the
oxygen atom generated was neglected. Huang et al. [24]
considered the generation of a vacancy in the bulk oxide
in the context of a 2-D model. Guan et al. [25] and
Yu et al. [26] modeled the current using a tunneling for-
malism while the vacancy generation and recombination
rates are determined by the concentration of oxygen ions.
Berco and Tseng [27] used a free energy formulation to model
filament growth and used a tunneling formalism to calculate
the current. Although these works all provide insights, the rela-
tionship between the resistive memory cell’s resistance and
current compliance remains unclear; this provides motivation
for our work. A second motivation for our work stems from the
fact that it is not clear from the experimental work if oxygen-
interstitial pairs are generated in the bulk of the oxide or at
the oxide—metal interface. Ab initio calculations [28]-[30]
show that the formation energy for the process where the
oxygen atom resides in the Ti electrode and the vacancy in
the oxide (generation at the interface) is much lower than the
formation energy for a Frenkel pair in the bulk oxide. A recent
calculation shows that the formation energy in the bulk can be
lowered when the oxide is charged [31]. This is an interesting
proposal, which requires the evaluation of the population of
electrons in the large bandgap oxide. In experiments where
this is the case, the bulk generation event hardly occurs,
and surface generation should be responsible for filament
formation.

Our work in this article provides an analysis of the pos-
sibility of surface generation explaining the characteristics
of Hafnia-based RRAM. We propose a mechanism for the
experimentally observed decrease in resistance of the memory
cell with an increase in compliance current that has been
observed in some experiments. The oxygen atoms generated
with the vacancies near the metal-oxide interface can partially
oxidize the metal electrode and form a thin layer with high
resistivity. As a result, the electric field points into the filament
instead of perpendicular to the metal-oxide interface. This
electric field enhancement helps the rapid growth of a thicker
filament. Concomitantly, our model where surface generation
plays a dominant role also provides a unified description of
the set, reset, and retention processes. This article is organized
as follows: in Section II of the article, we describe the model
in detail. The results are presented in Section III. We conclude
the article in Section IV.

Il. MODEL

We now describe a 3-D model for HfO,-based RRAM
devices, based on the physics underlying oxygen vacancy—
interstitial generation, recombination, and diffusion. The
KMC method is used [2]-[4], where the oxygen interstitial (O)
and vacancy (Vo) diffusion rates are determined by
Arrhenius law. The local temperature and electric field that
determines the diffusion rates are obtained by solving the
time-independent heat and Poisson’s equations. The current is
calculated using the resistive network model that is outlined
in [3].

The metal-Hafnia—metal structure model is shown in Fig. 1.
The bottom electrode is an inert electrode, which is usually
made of TiN or Pt. The top electrode is called an active
electrode because it is made with a metal such as Ti which can
react with oxygen. Oxygen vacancies can be generated both
in the interior of the oxide and at the oxide—active electrode
interface. The oxide thickness used in our study is 8 nm.
We are using the cubic lattice where only one oxygen vacancy
per unit cell can exist. The oxygen vacancy can diffuse to its
six nearest neighbors. The Hafnium atoms are not explicitly
included. The grid spacing is 0.5 nm in the x-, y-, and
z-directions. The vacancy generation in the interior of the
oxide forms a Frenkel pair, where one vacancy is generated
together with its paired interstitial oxygen. On the other hand,
the generation process at the HfO,/Ti interface involves an
oxygen atom being placed directly in the Ti electrode and the
vacancy residing in the oxide (Fig. 1). The rate of vacancy-
interstitial generation at the Hafnia—Ti interface (called surface
generation) is given by

E Vbias) — gFd/2
RG(s) = Rpexp (_ form(s)( blaS) q / ) .

kT

The bulk generation rate has a similar form and is given by
Eform(b) (Vbias) — qFd/ 2)

kT

Ry is the attempt frequency, Eform(s)(Vbias) (Eform(b) (Vbias)) is
the surface (bulk) formation energy, k is Boltzmann’s constant,
and T is the local temperature. Here, g is the charge of the
vacancy, F is the local electric field, and d is the lattice con-
stant of HfO,. The formation energy depends on the applied
voltage, Eform(s/b)(Voias) = Eform(s/b)(0) — & Vpias, because of
the field enhancement factor in McPherson’s theory [32]. Since
the Fermi level on the Ti electrode is lower than the defect
energy level of the oxygen vacancy, the generated vacancies
are likely to be positively charged, and therefore, their diffu-
sion will be guided by the electric field. The diffusion rate for
vacancies is given by [3]-[5]

Evarr(q) — qu/Z)

R @) = Roexp (—

kT

and the diffusion rate for interstitials is given by the same
equation with the same parameters. Here, the migration barrier
for vacancies Epar(g) depends on the vacancy’s charge g
(which is +2 for the isolated vacancies [28]). After the
vacancies attach to the inert anode, electrons can be injected
into the vacancy energy levels, making them neutral. As the

Rp = Rpexp (—
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interaction between the vacancy charge and the surrounding
ions is Coulombic in origin, the ability of the vacancy to
nudge the ions in the crystal away and then move depends
on the vacancy charge. Guy et al. [6] and Padovani et al. [7]
showed that the positively charged vacancy has a lower
migration barrier than the neutral one.

As mentioned before, our work is also motivated by ab initio
calculations [6], [29] which show that the formation energy
for surface generation at Hafnia—Ti interface is much lower
(2.2 eV) than the formation energy of a vacancy-—interstitial
pair in the bulk oxide (6.8 eV). The factor a in (1) and (2) is
taken to be 0.4e. In experiments where this is the case,
the bulk generation rate is many orders of magnitude smaller
than the surface generation rate. A valid question then is
if a surface generation-based model can explain the RRAM
characteristics. Our goal here is to study the possibility of
surface generation explaining the characteristics of Hafnia-
based RRAM. We hypothesize that the metal in the active
electrode can be oxidized by the oxygen atoms generated at
the Hafina-Ti interface, and therefore, a thin insulating layer
of TiO, is formed near the Hafnia—Ti interface [9], [10].

In this model, the center of the simulation box is taken
to be a region with small formation energy near the
Ti—Hafnia interface. The smaller formation energy may be
due to crystal structure variation, such as grain boundary
intersection [2] or mechanical stress [4]. The low formation
energy helps in filament growth in the region of the grain
boundary. The charge on an isolated vacancy is taken to
be +2e since the vacancy energy levels are higher than the
Fermi level on the electrode. When the vacancy is attached
to the inert electrode or other neutral vacancies which are
electrically connected to the TiN electrode (this electrode is
at a lower voltage during SET), electrons can fill the vacancy
energy levels, and the vacancy charge is taken to be zero.
Since the electrons are injected from the anode, vacancies near
the negative electrode have a very small net charge and their
activation energy for diffusion is high. On the other hand,
because of the voltage drop in the filament, vacancies near
the Ti have a higher probability to be charged and hence
have a smaller activation barrier for diffusion. The parameters
in our simulation are guided by prior calculations and are
taken to be Efommp) = 6.8eV (formation energy in the bulk
oxide) [6], [13] and Eform(s) = 2.2 €V (formation energy at the
interface) [6], [29]. In the resistive network [3], the resistance
between vacancies on the same island is ry = 1kQ and tun-
neling resistance is modeled as rr = rroexp (aL/d), where
L is the minimum distance between islands and a = 1.5,
rro = 1kQ (Fig. 1 shows these resistances). For Poisson’s
equation, Dirichlet’s condition is applied to the electrode.
The filament is represented by a large imaginary dielectric
constant (1000i) following the classic work of [33] to represent
its conductive nature. The thermal conductivity of HfO; is
taken to be 1.1 W/m - K, and periodic boundary conditions
are applied in the lateral direction (left and right boundaries).
On the oxide—electrode interfaces, mixed boundary conditions,
T 4+ L(T)/(06x) = 300K are applied to solve for the
temperature distribution, where Lis 2.5 nm [10]. The dielectric
constant is 25 for HfO,. The calculation shows that the
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Fig. 2. (a) and (c) Contour plot of electric potential at two instants
of time during the evolution of the filament without the TiOx layer.
(b) and (d) Electric potential for the identical flaments as in (a) and (c),
respectively, with the TiOx layer (yellow). The electric field is enhanced
near the tip of filament only in (d). The arrows represent the electric field.

vacancy cluster has lower formation energy than the isolated
ones [8], [14], which suggests a positive bonding interaction
between vacancies. The bonding energy (Epong) is the energy
needed to separate two vacancies after clustering together.
We show results for a high and a low value of Ep,,q because
there are no clear experimental estimates. Epyy = 1.1€V is
the energy barrier for vacancy diffusion [29].

I1l. RESULTS

We first describe the effect of the thin TiO, layer on
the electric field in the device, starting from the high resis-
tance state. We perform Monte Carlo simulations without the
TiO, layer and plot the electric field distribution at two
different time instants in Fig. 2(a) and (c), along with the
corresponding equipotential lines. For the same filaments in
Fig. 2(a) and (c), we show the electric field distribution
with a TiO, layer (yellow region) in Fig. 2(b) and (d).
The calculations show that when the filament is small,
the electric field in the device is not affected significantly
by the TiO, layer. This feature is clearly seen by comparing
Fig. 2(a) and (b). However, after the filament has bridged
the two electrodes, the electric field with the TiO, layer is
larger at the tip of the filament because the TiO, layer is
less conductive than the filament. In the Poisson solver, the
TiO, layer is modeled as a 2-nm thick insulating layer. The
electric field without the TiO, layer is more uniform as shown
in Fig. 2(c). Note that the electric field enhancement near the
filament tip implies that vacancies are formed more easily
there. These vacancies diffuse to thicken the filament as shown
in Fig. 2(d). Therefore, the resistance of the switched device,
which is roughly inversely proportional to filament thickness,
decreases with an increase in compliance current and enabling
multilevel programmability in the RRAM cell.

The typical switching characteristics (current and voltage
versus time) for a device with an 8-nm thick oxide are shown
in Fig. 3 when the applied bias is 2 V. The current through the
memory cell abruptly rises at ~200 us, and the voltage across
the oxide drops once current compliance is reached. At low
current compliance (100 @A), we find that the shape of the
filament is conical as seen in the insets of Fig. 3(a). In contrast,
at higher current compliance (200 xA), the filament develops
a dumbbell shape, with an overall thickening of the filament
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Fig. 3. Current (blue) and voltage (orange) versus time for (a) 100 ©A
and (b) 200 nA compliance currents. Insets show the shape of filament
at different stages of formation. (c) Temperature distribution at the central
cross section of the filament. Time is as marked in the insets of (a) and (b),
respectively.

as shown in Fig. 3(b). The temperature distribution is shown
in Fig. 3(c). The hottest region is located at the most resis-
tive part of the filament. The maximum temperature is less
than 400 K after switching has occurred for current compliance
of 200 yA.

An important behavior of RRAM is that it can be programed
to intermediate resistance levels in a single cell. Usually,
intermediate resistance levels can be controlled by applying
different current compliances, which results in the switch-
ing layer having a different resistance. The mean value for
resistance versus current compliance is shown in Fig. 4(a),
for different values of Epong. We observe that for both large
(0.1 eV) and small (0.03 eV) Epond values, the mean resis-
tance decreases as the compliance current increases. However,
there are two important differences. First, for large Epond,
the resistance values are much higher for a given com-
pliance current (see from 100 to 500 uA). Second, for
large Epond, the decrease in resistance when the compliance
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Fig. 4. (a) Filament resistance versus compliance current. Inset: The
filament resistance versus compliance current when oxide thickness
is 5 nm is in overall agreement with the experimental work of [34].
(b) CDF of Epong = 0.1€V.

current changes from 100 to 500 A is negligible. On the other
hand, for small Epona(0.03€eV), the resistance continues to
decrease with the magnitude of compliance current. To demon-
strate the importance of the TiO, region, we compare our
results using the same parameters without a TiO, layer on top
of the filament. These results are shown by the dashed lines
of Fig. 4(a). The inverse scaling of resistance seen with the
TiO, layer is not seen in these simulations. The reason for this
is that once the filament bridges the electrodes, the electric
field is no longer much larger than Viias/tox. We now discuss
the reason for the resistance saturation with compliance current
seen in the case of the large bonding energy in Fig. 4(a). When
the bonding energy is large, the electric field is not effective in
pushing the vacancies because it takes large energy to break
the bond between vacancies. Therefore, the resistance stops
decreasing in the high current compliance regime. On the
other hand, with smaller bond energy, the vacancies diffuse
more freely, which helps to thicken the filament resulting
in a corresponding decrease in resistance. In calculations,
we compute the current through the filament at a given voltage
across the device. If the computed current is found to be higher
than the compliance current, the voltage across the device is
decreased in the next few computational steps so as to not
exceed the compliance current value. Our assumption mimics a
memory cell in series with a MOSFET where the source—drain
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voltage drop across the MOSFET is zero before the current is
over compliance.

Our calculations compare favorably to the experiments [34]
for a 5-nm thick oxide as shown in the inset of Fig. 4(a).
We note that in the inset of Fig. 4(a), the resistance continues
to drop significantly for larger current compliances in com-
parison to the thicker oxide devices modeled. The underlying
reason is that the local temperature is dependent on the oxide
thickness.

Our calculations of formation time as a function of applied
bias also compare well with [34] and [35] (results not shown).

Another important device metric is the distribution of resis-
tance values. We plot the cumulative distribution function
(CDF) of the device resistance at different current compli-
ances. In the simulations, the randomly distributed vacancies in
the device vary, and the seeds of the random number generator
are changed from sample to sample. We find that at compliance
currents of 100 and 200 A, the lower 90% of resistance
values cluster over a narrow range, and the higher 10% of
resistance values have a wider distribution. When the compli-
ance current is high (500 xA), the distribution of resistance
values is wider. The wider distribution of resistance stems
from the larger local Joule heating in the filament at high
current compliance, which leads to a variation in the precise
geometry of the narrow spot. We contrast this result to the
resistance distribution without Joule heating in Fig. 4(b). When
Joule heating is artificially turned off, the resistance decreases
with an increase in compliance current and the resistance
distribution is narrower at large current compliance [dashed
line in Fig. 4(b)]. We note that the CDF remains qualitatively
similar at the smaller binding energies considered (not shown).

The increase in resistance at the largest compliance current
of 500 uA considered is due to the high temperature. The high
temperature causes the resistance spread to be larger because
vacancies are more mobile. An interesting question is what
should happen in an experiment (That is, “Should the tail at
high compliance current increase?”’). Our claim in this article
is that: 1) as the compliance current increases, the resistance
spread will initially decrease as seen in Fig. 4(b); but 2) as
the current compliance becomes very high (perhaps close to
device breakdown), there should be an increase in resistance
spread (that is, a larger tail in resistance). The precise value
of compliance current when this would occur would depend
on the device details. We now model the bipolar RESET
process which occurs when a negative voltage is applied to the
Ti electrode. RESET is modeled with an applied bias of —2 V,
as shown in Fig. 5. The device is RESET in a short time
and the current decreases smoothly with time. The TiO, layer
serves as a reservoir of oxygen, and when an oxygen vacancy
is close to the interface, the recombination of vacancy and
oxygen occurs: oxygen in the TiO, reservoir diffuses back
to the oxide and fills the oxygen vacancy. The diffusion
process of oxygen going back to fill the vacancy is fast as
the recombination process is energy favorable and the electric
field direction aids recombination. Moreover, the insulating
gap helps to enhance the electric field between the filament and
metal electrode, and therefore, oxygen atoms in the insulating
layer can overcome the barrier from the metal [8], [15].

-400

current (uA)

-600

-800

-1000
107

real time(s)

Fig. 5. RESET, with and without recombination. (a) and (b) are for the
model where the oxygen atom can migrate back to the oxide and form a
high resistance state. (c) and (d) are for the model where vacancies move
away from the filament due to Joule heating (oxygen does not diffuse back
from Ti here). (e) Blue curve shows the current in the RESET process
where oxygen in Ti diffuses back to the oxide and recombines with the
vacancy, which leads to a RESET time of ~3 x 1078s. Ifthe oxygeninTi
cannot diffuse back, the memory cell can still be reset with Joule heating
as shown in the red curve but the RESET time is longer.

These oxygen atoms can recombine with the vacancy to
form the insulating oxide at the filament tip. Therefore, the
resistance increases [Fig. 5(a) and (b)]. Our simulation shows
that the current can jump to several intermediate values,
and then the cell is RESET to a high resistance state. The
RESET process occurs in relatively short time scales, as few
oxygen atoms are sufficient to fill the vacancy in the filament.
To analyze the RESET process further, we artificially removed
the process of oxygen-vacancy recombination at the Ti—Hafnia
interface in the simulations to test if RESET can occur without
this recombination. We find that resistance can increase but
the underlying mechanism involves the filament breaking due
to Joule heating. The temperature gradient established due to
Joule heating causes the vacancies to diffuse away from the
filament. Our simulations show that the RESET time is longer
when surface recombination is turned off as shown in Fig. 5(e).
The temperature here can reach 1800 K. The simulation shows
that the current fluctuates for a longer period of time, and
finally settles to a small value. The current fluctuations arise as
the filament growth process is controlled by thermal hopping at
high temperatures. The vacancies can disconnect and connect
to the filament, and therefore, the current fluctuates. The high
temperature drives the vacancy away from the central region,
and finally, the memory cell is RESET to a high resistance
state.

Retention of the memory state is an important device metric
for RRAM, which we study next using our model. Since the
resistance of the filament is determined by the configuration of
vacancies, small changes in the vacancy configuration can lead
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Fig. 6. Retention of filament cell for (a) low and (b) high bonding

energy. The ambient temperature is 300 K. The migration barrier is
Eparr = 1.1€V. Current is computed from a test voltage of 0.3 V after
the KMC simulation. For low bond energy (a), Epong = 0.03eV, the
vacancies diffuse away from the central region and as a result, the current
drops. In the high bond energy (b), Epong = 0.1€V, the vacancies are
retained in the central region, and the current is stable for a longer
duration.

to significant changes in device resistance. For the retention
simulations, a voltage is not applied to the memory cell and
the vacancies are neutral. Therefore, the migration barrier
is higher than that for a charged vacancy. In the simula-
tion, the migration barrier is taken as Epyr = 1.1eV [29].
To calculate the resistance as a function of time, the KMC
simulations are interrupted and the current is calculated by
applying a small test voltage of 0.3 V. As shown in Fig. 6(a),
when Epond = 0.03 eV, the low resistance is maintained for
about 10°s (~10 days) at 300 K. The vacancies diffuse away
from the filament region, and the resistance increases (current
decreases). The evolution of the filament is shown in Fig. 6(a).
We observe that the filament dissolves at the tip, which is
the thinnest region. On the other hand, in the case of high
bonding energy, Epong = 0.1eV, the filament lasts much
longer. As shown in Fig. 6 (b), the low resistance state can
last for 10%s (~3 years). The large bonding energy helps to
keep the filament intact as the time scale for vacancy diffusion
is much higher. We also see that with time, the thickness of
the filament smoothens to minimize the surface free energy.

IV. CONCLUSION
We have developed a comprehensive 3-D model to simulate
the formation, SET, and RESET processes in HfO,-based
resistive memory devices with Ti reservoir layers. Our studies
suggest that most vacancies are generated at the metal/oxide

interface, as the formation energy of vacancies on the surface
is much lower than the formation energy of vacancy—interstitial
pairs in the bulk oxide. The charged vacancy can migrate
under the electric field and get neutralized near the cathode.
As the neutralized vacancy has a higher migration barrier,
the conductive filament which consists of these neutralized
vacancies can retain the resistance for a long time. Since the
generation location is different from the filament location,
the thickness of the oxide can affect the filament shape.
For sufficiently thick oxides, the filament shape is found to
change from conical to a dumbbell with increasing compliance
current. The oxygen generated in the forming of the filament
can partially oxidize the Ti electrode. This partially oxidized
metal forms an insulating cap near the filament tip, which
helps to enhance the electric field near the tip. As most of
the vacancy generation occurs near the Hafnia—metal interface,
this enhancement increases the generation rate of vacancies.
Also, the partially oxidized layer changes the electric field
from a direction perpendicular to the Hafnia—metal interface
to having a large component that points toward the tip of the
filament. The change of direction guides the generated vacancy
to diffuse toward the filament tip. As a result, the filament can
continue thickening after it bridges the two electrodes until
current compliance is reached. Therefore, the resistance of the
switched cell can be controlled by current compliance. We find
that the most dominant process in RESET is recombination at
the filament-active electrode interface. When a reverse voltage
is applied to the memory cell, the partially oxidized Ti layer
acts as an oxygen reservoir. Oxygen atoms can migrate back
to the oxide and fill the vacancies. Then, an insulating gap
forms in the oxide and the memory cell is switched back to a
high resistance state. Our simulation of the retention process
suggests that the vacancies diffuse away from the filament
region and an insulating gap is formed on top of the filament
at sufficiently long time intervals. It is important to note that
while the filament may be dumbbell-shaped in the short time
scale, in the long time scale, the vacancies redistribute to
form a more uniform filament before an insulating gap finally
forms. We also find that higher bonding energy helps vacancy
clustering which helps in improving the retention time.
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