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1. Introduction

Among all developing nonvolatile memory technologies, the
resistive random access memory (ReRAM) has attracted
much attention due to features such as fast switching speed,
complementary metal–oxide–semiconductor compatibility and
good scalability.[1–3] Moreover, the potential applications

of neural network computation[4,5] and
hardware security[6,7] make it a promising
candidate for the next-generation informa-
tion technologies.

The operation of ReRAM relies on
switching between a high-resistance state
(HRS) and a low-resistance state (LRS) by
reversing the polarity of the applied bias.
A variety of oxides, such as HfO2, ZrO2,
TiO2, and Ta2O5, have been shown to be
suitable for developing filamentary-type
valence change memory (VCM), which is
a subgroup of the ReRAM technologies.[3]

It is widely accepted that a conductive
filament (CF), which consists of oxygen
vacancies (VO), is responsible for the
LRS while the dissolution or rupture of
the CF leads to the HRS.[8–12] To initiate
a virgin ReRAM cell, a large voltage is
applied, leading to dielectric breakdown
in the insulating layer. This step is termed

as electroforming or FORMING, and the LRS is reached when
the CF connects both electrodes. The ReRAM cell switches to the
HRS in the RESET process, when the CF is partially ruptured by
an applied bias of opposite polarity. The following LRS is
achieved by reversing the polarity again and the gap in the CF
is closed during the SET process. During the electroforming
and SET process, a current compliance (Ic) is usually attached
to avoid thermal runaway.

Despite the general consensus that the switching is based on a
CF of oxygen vacancies, the microscopic details are still not fully
understood, and various modeling approaches exist. For exam-
ple, the atomic resolution is lost for models based on continuum
approaches,[13,14] while the dynamics of vacancies is not dis-
cussed for models treating vacancies as point defects.[15–19]

In contrast, the cycle-to-cycle (C2C) statistics of the resistances
in the LRS and the HRS have been observed in measurements
to follow different power laws[1,20–23] for the HfO2-based devices.
That is, the relative standard deviation is proportional to the
square root of the median value (μR) in the HRS while the expo-
nent varies from 0.5 to 1 in the LRS for a large Ic. In addition, the
median resistance over cycles obtained at a small voltage (Vmeas)
has been observed to be proportional to the inverse of the Ic and
V trans ¼ Ic � μR ¼ 0.4V is reported.[21] However, both the con-
stant, V trans, and the power law relation in C2C statistics do
not hold in the small Ic regime. Instead, an increased Ic � μR
and a leveling off of the relative standard deviation are observed.
In contrast to existing simulation works, measurements have
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While scaling down resistive random access memory devices can bring many
benefits, it also introduces uncertainties during operation. One example is the
wide distribution of the resistances in the low-resistance state (LRS) when the
device is connected by a small current compliance (Ic) in the microampere range.
During the operation under such small Ic, it is believed that the stochastic
migration of oxygen vacancies in the oxide layer plays an important role for the
variability. To this regard, the model where oxygen vacancies are treated as point
defects and the kinetic Monte Carlo method is applied for the stochastic migration
of vacancies is extended. The relation between the macroscopic observations in
measurements and the microscopic vacancy distribution are discussed. It turns
out that three representative configurations are sufficient to describe the vacancy
distribution in the LRS. The large spread of the resistance seen in the cycle-to-cycle
statistics is then due to the change from one of the configuration to the other. The
origin for the change between configurations is discussed in terms of the ani-
sotropic zero-field energy barrier of the diffusion of vacancies.
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already shown a large C2C variability. To understand the origin
of the large C2C variability in the small Ic regime, the dynamics
of vacancies treated as point defects should be resolved. On the
contrary, recent ab initio calculations have shown that local struc-
tures such as the CF[24,25] and the grain boundary (GB)[26] would
lead to an inhomogeneous and anisotropic vacancy mobility,
which are not captured by existing models. Therefore, the structure-
induced vacancy mobility in terms of different zero-field energy
barriers is considered to extend our physics-based model.

In the framework of our model, the charge transport and the
dynamics of vacancy distribution are treated separately. The charge
transport model is solved together with the Poisson equation for the
quasi-static potential and the Fourier heat equation under stationary
conditions for a given vacancy distribution. Once the self-consistent
solution is obtained, the potential and temperature distribution
inside the device are fixed and the vacancy distribution is updated
by the kinetic Monte Carlo (KMC) method.[27–29] That is, the gen-
eration, recombination, and diffusion of vacancies are regarded as
Poisson processes with rates given by the Arrhenius equation.[30]

Only the randomly selected process among all processes can take
place and the time step for the evolution is determined in relation to
the rate of all processes. To compare with measurements,[21] the
simulated device has the structure of a 5 nm thick HfO2 layer sand-
wiched by a TiN layer and a hafnium (Hf ) layer as the top and bot-
tom electrodes, respectively. While the thickness is the critical
dimensionality for filamentary-type VCM devices, the cross section
is less relevant, and thus a cross section of 5� 5 nm2 is chosen to
reduce the computational effort. Furthermore, a crystalline instead
of the amorphous structure of the HfO2 layer is assumed to incor-
porate parameters obtained from density-functional theory (DFT)
calculations.

In this work, different levels of the LRS resistance and their
corresponding vacancy distribution are identified. In addition, a
possible scenario that drives the change of the distribution, and
thus the large C2C variability is proposed. The discussion is cen-
tered around the simulation of the specific value, namely,
Ic ¼ 2 μA.

2. Modeling

In contrast to refs.,[31,32] recent ab initio studies consider the local
VO distribution and show that the neutral charge state is
energetically favored under certain conditions.[33,34] In short,

the formation energies of the neutral and the þ1 charge states
are lower than the þ2 state in a vacancy-rich region, while þ2 is
energetically favored in a vacancy-poor region. We model VO to
be neutrally charged if it is attached to an adjacent VO in the
charge transport direction, or it is connected to a VO chain with
at least two more vacancies shown in Figure 1a.

From the formation energy perspective, the most and the sec-
ond most favored charge states of the VO differ only by one elec-
tron in the most relevant part of the Fermi-level interval for both
vacancy-rich and vacancy-poor regions.[33] That is, theþ0 andþ1
charge states are energetically preferred over the þ2 charge state
in the vacancy-rich region. Therefore, we assume the VO can only
be in one of the two lower charge states. Similarly, the VO in the
vacancy-poor region is assumed to be either in the þ2 or þ1
charge state. In this work, we refer to the þ0 (þ2) charge state
as the most favored charge state of a VO, and it will switch
betweenþ0 andþ1 (þ2 andþ1) due to an incoming or outgoing
electron in the dynamical process.

2.1. Charge Transport

The trap-assisted-tunneling (TAT) mechanism is used to model
the charge transport process of ReRAM devices driven by an
applied voltage.[16–19] It considers two types of charge transport
schemes, namely tunneling between vacancies and electrodes,
and hopping among vacancies. The quasi-stationary condition
applies and the corresponding master equation takes the form

ð1� piÞ
X

M¼A;C

PMi � pi
X

M¼A;C

PiM

þð1� piÞ
X
j 6¼i

pjhji � pi
X
j 6¼i

ð1� pjÞhij ¼ 0
(1)

where pi and pj denote the electron occupation probabilities of
the ith and jth vacancies, respectively. PMi and PiM are the tunnel-
ing probabilities from the electrodes (anode: M ¼ A, cathode:
M ¼ C) to the vacancy site and vice versa given by the Wentzel–
Kramers–Brillouin approximation and the Fermi–Dirac
distribution.[16,35–37] hij is the Miller–Abrahams hopping rate[38]

from the ith vacancy site to the jth vacancy, which takes the form

(a) (b)

Figure 1. a) The scheme for modeling intrinsic charge states and b) the energy levels of each charge states during the dynamical process.
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hij ¼

8>>><
>>>:
νeexp � 2dij

a0
γ

� �
, ΔEf ,ij < 0

νeexp � 2dij
a0

γ

� �
exp �ΔEf ,ij

kBTi

� �
, ΔEf ,ij ≥ 0

(2)

kB is the Boltzmann constant and the Ti is the temperature at
the ith vacancy site. ΔEf ,ij ¼ ðEQ

f ,j � eϕjÞ � ðEQ
f ,i � eϕiÞ is the total

energy difference where ϕi is the potential and EQ
f ,i (E

Q
e,i) is the

filled (empty) energy level of the ith vacancy. Both energy levels
depending on the favored charge state are denoted by the super-
script, Q . For an intrinsically þ0 charge state VO, the empty
energy level Eþ0

e,i refers to the same energy as a filled energy level

of a þ2 charged VO, E
þ2
f ,i , as illustrated in Figure 1b. The value of

Eþ2
e,i and Eþ2

f ,i are adapted from ref. [16] while Eþ0
f ;i is chosen close

to the DFT calculation.[31] νe is the attempt frequency and dij is
the distance between the initial and final positions. The localiza-
tion length a0 is related to the overlap of electron wave functions
at the initial and final site and the solution of the wave function
exists under approximation.[39] Here, we keep the analytical form

a0 ¼
ℏffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m�ðEc � EQ
f ,iÞ

q (3)

where m� is the effective electron mass different from the
electron rest mass m0, ℏ is the reduced Planck constant, and
Ec � EQ

f ,i refers to the energy separation of the trap level and
the conduction band while an extra factor γ ¼ 3=4 is introduced
to match the value used in ref. [16]

The electron current through an ReRAM cell is obtained by
summing the tunneling contributions from all vacancies to
the anode

Ie ¼ e
X
i

½piPiA � ð1� piÞPAi� (4)

2.2. Poisson Equations

The Poisson equation with the space charge at the vacancy sites is
used to calculate the quasi-stationary potential. At the top and
bottom electrodes, Dirichlet boundary conditions are used fixing
the potential to the values 0 and V cell, respectively, while homo-
geneous Neumann boundary conditions are applied at the other
surfaces. In the FORMING and SET processes, the Ic might
reduce the voltage across the cell (V cell) from the applied voltage
(Vapp) to avoid an overshoot of the current.

Lastly, the local temperature is obtained by solving the Fourier
heat equation under quasi-stationary condition

kth∇2T þ q ¼ 0 (5)

where kth is the thermal conductivity and q is the local heat dissi-
pation given by Equation (6). The quasi-stationary approximation
is made due to the typical thermal response time being less than
a nanosecond.[13,40] Similar to the Poisson equation, Dirichlet
boundary conditions with T ¼ 300K at both electrodes and
Neumann boundary conditions are applied at the other surfaces.

Since the electron transport processes described by the TAT
are hopping and tunneling, an electron is considered to absorb
or dissipate energy only at the initial or final vacancy site. The
power density dissipated at the ith VO site takes the form

qi ¼

8>>>>>>>>>><
>>>>>>>>>>:

1
eΩi

X
M¼A;C

IeMiðEQ
e,i � EQ

f ,iÞ, ΔEf ,ij < 0

1
eΩi

X
M¼A;C

IeMiðEQ
e,i � EQ

f ,iÞ

þ 1
eΩi

X
j 6¼i

ðIeji � IeijÞΔEf ,ij, ΔEf ,ij ≥ 0

(6)

where Ωi is the volume of the grid cell; IeMi is the electron cur-
rents flowing to the ith vacancy from an electrode; and Ieji � Ieij is
the net electron current from the jth vacancy. Since electrons
involved in the tunneling process are assumed to have the same
energy, EQ

e,i, and will fall to a lower energy level, EQ
f ,i, at the

vacancy site, the term IeMiðEQ
e,i � EQ

f ,iÞ is the power density due
to the energy level shift from an empty to a filled state, while
the energy dissipation at the electrode is neglected. Similarly,
an electron hopping from a vacancy site with the higher energy
level will dissipate the energy difference, ΔEf ,ij, at its final site.
On the contrary, the electron hopping from a lower energy level
would absorb the same amount of energy at the initial site to
reach the energy level of its final site.

The emergence of the CF introduces oxygen-poor regions,
where the thermal conductivity is expected to be close to that
of the metallic hafnium, kth;Hf ¼ 23Wm�1K�1. The thermal
conductivity kth is assumed to be linear with respect to the
vacancy number density n[13] with

kthðnÞ ¼

8><
>:

0.5, n ≤ n0
0.5þ λ ⋅ ðn� n0Þ, n0 < n < n1
23, otherwise

(7)

where the vacancy number is averaged over a 1 nm cube,
n0 ¼ 1.0 nm�3 corresponds to one vacancy inside the cube
and n1 ¼ 29 nm�3 corresponds to the volume such that
kthðnÞ � 23Wm�1 K�1. The thermal conductivity at a low vacancy
density kth;ox ¼ 0.5Wm�1K�1 is chosen from measurements.[41]

After a self-consistent solution of the occupation probability,
potential and temperature is obtained, the KMC algorithm is
applied for determining the evolution of the vacancy distribution.

2.3. Vacancy Dynamics

The rates of generation and recombination of vacancies at an
electrode interface[36,37,42] are given by

G¼ G0exp �EG � bFext

kBT

� �

R¼ R0exp � ER

kBT

� � (8)

where b is the bond polarization adopted from measurements
and Fext is the vertical component of the electric field.[37,43,44]
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G0 and R0 are characteristic vibration frequencies of the genera-
tion and recombination processes, respectively. EG and ER are
the corresponding zero-field activation energies. The generation
barrier is lower at a GB.[42,45] We do not consider the generation
of vacancies by Frenkel pairs in the oxide,[16,46] because Schie
et al.[47] argue that the high energy barrier of the Frenkel pair gen-
eration[34,48] together with the weak modification by the electric
field[49] make it an unfeasible mechanism for the observed resistive
switching.[50–53] In contrast, the metallic electrodes are shown to
modify the formation energy of vacancies.[34,54,55] Consequently,
vacancies can be generated or annihilated only at the low-work-
function electrode. In the case of an intersection of a GB and
the interface, the generation barrier is further lowered. The energy
barrier is then chosen between EG;0 and EG;GB. EG;0 is chosen to be
close to the bond breaking energy obtained from the melting tem-
perature of bulk c-HfO2. EG;GB is adapted from time-dependent
dielectric breakdown measurements. The GB is assumed to be
composed of several column-shaped regions shown in Figure 2,
with each column extending from the bottom to the top electrode

interface.[42] Furthermore, physical properties, i.e., the generation
barrier and the anisotropic diffusion barrier, are assumed to vary
a little. For the column where the generation barrier is modulated
stronger, the change of the diffusion barrier is also larger.

The hopping rate inside the oxide takes the form

D ¼ D0exp �ED � QeffFloca=2� kBΔT=2
kBT

� �
(9)

whereD0 is the characteristic vibration frequency, ED is the zero-
field activation energy of diffusion, a is the migration distance,
and Qeff is the effective charge of the vacancy. Floc is the local
electric field calculated from the macroscopic electric field and
the self-potential is excluded.[36] While some models include a

factor of ε=ε0þ2
3 for the local electric field, Schie et al.[47] argue

that this factor should not be applied in the case of the discussed
device. The temperature gradient ΔT ¼ Tðr 0Þ � Tðr0Þ is the driv-
ing force coming from the thermal effect, which indicates the
preferred migration toward higher-temperature regions.[56]

Note that the factor of 1/2 refers to the assumption that the
energy barrier peak is located in the middle of its moving path.

With the introduction of different intrinsic charge states, the
dependence of the zero-field energy barrier with respect to
the charge state is included in the model. In addition, the local
structure also plays a role in modulating the energy barrier.
More specifically, recent DFT studies have shown an anisotropic
energy barrier for vacancies near the filament[24,25] and a GB.[26]

The zero-field activation energy has to be distinguished in the
parallel and normal direction with respect to the filament direc-
tion. For c-HfO2,

[24] it is shown that the energy barrier of the VO
leaving the consecutive VO channel in the normal direction is
much larger compared to the one leaving in the parallel direction,
see Figure 3a. Furthermore, a VO inside the CF is very mobile,
see Figure 3b. The same trends of anisotropic modulation are
shown by Duncan et al.[25] for m-HfO2. An anisotropy of the
energy barrier is also shown for vacancies near the GB and
the trend is similar to the CF effect, i.e., a reduced energy barrier
parallel to the GB direction inside the twin GB, and a decreased
(increased) energy barrier for moving toward (outward) the GB in
the normal direction.[26] However, the lowering in the normal
direction is dominant only within about 2 Å, roughly to be the
nearest distance of two oxygen atoms. Therefore, only the local

Figure 2. The modulation of energy barriers is visualized by colors where
red columns refer to regions with a larger energy barrier change.

(a) (b)

Figure 3. The modulation of the diffusion barrier due to the conductive filament (CF) effect in different directions. a) The barrier is increased (decreased)
for the vacancy leaving (entering) the CF in the normal direction. b) The energy barrier is getting lower for a VO being deeper inside the CF with the lowest
energy barrier being ED;min ¼ 0.51 eV. This value sets the minimal zero-field energy barrier for migration.
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structure at the initial and the final sites are considered while
other local structures in a larger distance are neglected. The ani-
sotropic zero-field energy barrier takes the form

ED ¼ EQ
D;0 þ ΔEd

D;str (10)

where EQ
D;0 refers to different charge states and ΔEd

D;str is the ani-
sotropic energy barrier modification in the normal or parallel
direction arising from different local structures, i.e., CF or
GB. Note that the modification is assumed to be identical for dif-
ferent charge states. Due to the preference of vacancy aggrega-
tion at the GB, the condition of a VO being inside a GB and a
CF does not exclude each other and makes the ΔEd

D;str ambigu-
ous. In such cases, the one with the larger change of energy bar-
rier is chosen since the changes of zero-field energy barrier result
from the local lattice distortion. On the contrary, superposition of
individual modification is employed based on the assumption
that the lattice distortion in the middle of the migration path
is induced by both local structures at the initial and final sites.
Important parameters are summarized in Table 1.

Note that the electric field has a different impact on the diffu-
sion, generation, and recombination processes. We interpret the
physical scheme behind the generation and recombination being
ion transfer processes and vacancies are treated as charged ions
in the diffusion process. In terms of ion diffusion, the peak of the
energy barrier is assumed at the middle of the migration path
in most cases. In contrast, the energy barrier modified by the
electric field �αbFext and ð1� αÞbFext for the generation and
recombination processes are adopted from empirical relations.
To match the abrupt increase of the current in the SET process
and the muchmore gradual decrease of the current in the RESET
process seen in experiments,[22,51] the asymmetry factor α is cho-
sen to be 1.

3. Simulation Results

Preliminary to the switching of different resistance states, a cycle
including the FORMING process followed by a RESET process is
simulated. It starts with only one VO inside the GB, which refers
to a fresh device. Results do not depend on initial vacancy num-
bers provided that a filament does not preexist. The maximum
Vapp of 2.5, 1.5, and�1.5 V are used for the FORMING, SET, and
RESET processes, respectively, and the same Ic is applied in the
FORMING and SET process, which are aligned with the setup in
measurements.[21]

Figure 4 shows the simulation result of a device for a very low
Ic of Ic ¼ 2 μA for 100 switching cycles, where the FORMING
process is excluded. The LRS resistance and HRS resistance
are obtained by Vmeas=I, where Vmeas ¼ Vcell ¼ �0.1V at the
early and late stage of the RESET process, respectively. The prob-
ability plot of the cumulative distribution function (CDF) with
respect to the log scale of the resistance is shown in Figure 4a.
Steep straight lines are observed in the large Ic regime in ref. [21]
and the resistances follow the log-normal distribution. However,
the measured CDF is more gradual and bents for small Ic, which
is captured by our simulation. In addition, the lowest LRS resis-
tance as well as the spread of roughly two orders of magnitude
are in a good agreement with the measurements for the same
Ic.

[21] For the HRS resistance, the overlap with the higher value
of the LRS resistance is also seen in our simulation results. To
check if the change of the resistance is stochastic over the cycles,
the resistances are plotted over 100 cycles. No fixed pattern of the

Table 1. Parameters used in this work.

Symbol Value [eV] Symbol Value

EG;0 5.7 ED;min 0.51 eV[24]

EG;GB 4.1 D0,G0,R0 70 THz[42]

ER;0 1.1 νe 70 THz

Eþ2
D;0 0.7[42] b 90 eÅ

Eþ0
D;0 1.1 λ 8� 1026 WK�1m�4

ΔEn;in
D;GB

�0.2 kth;ox 0.5 W K�1 m�1[41]

ΔEn;out
D;GB

0.2 ε 29ε0
[58,59]

ΔEn;in
D;CF

�0.3 m� 0.1 m0
[16]

ΔEn;out
D;CF

0.3 Ec � Eþ2
e,i

1.83 eV[16]

ΔEp;1
D;CF

�0.4 Ec � Eþ2
f ,i

1.97 eV[16]

ΔEp;2
D;CF

�0.43 Ec � E0f ,i 2.11 eV

ΔEp;3
D;CF

�0.59 a 2.5 Å

(a) (b)

Figure 4. Simulation results of a) the cumulative distribution function and b) the LRS resistance and HRS resistance versus cycles. Dashed lines in (a) and
(b) are the 30%, 50%, and 70% values, following the same definition as measurements.
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resistance occurs in Figure 4b. It thus suggests that the vacancy
migration is stochastic during the dynamical process.

To further investigate the relation between the resistance
and the microscopic vacancy distributions, three cycles with a
low, median, and high LRS resistance are selected. Figure 5a
shows current–voltage (I–V ) characteristic curves, where the volt-
age being applied to the bottom electrode is plotted against the
absolute value of current, and the corresponding vacancy distri-
butions when the resistances are measured are shown in
Figure 5b–d. It is clearly seen that the existence of the gap
has a large impact on the LRS resistance as expected. In
Figure 5b, a conductive path between the two electrodes appears
and thus the LRS resistance is in the low resistance regime.
However, the conductive path is not composed of a single col-
umn of vacancies. Instead, the connection between both electro-
des is due to two groups of vacancies, i.e., the more mobile and
less mobile vacancies belonging to the stronger and weaker GB
effect shown in Figure 2, respectively. The dynamics during the
SET process is demonstrated in Figure 6. In the early stage of the
SET process, the gap near the top interface is first filled by
the more mobile vacancies and thus an abrupt increase of the
current is observed. The migration of vacancies will slow down
due to the decrease of V cell, while the low resistance is obtained if

the less mobile vacancies can stay in the bottom region. For a
large enough Ic, the mobile vacancies are surrounded by a large
amount of less mobile vacancies generated in the FORMING
stage and the migration will be stopped. This leads to the con-
stant resistivity for large Ic. We then interpret the constant
V trans as a result of Poisson statistics, namely A ∝ Ic

[22] where
A is the cross section of the CF.

In contrast, the constant V trans ¼ Ic � μR does not hold for a
small Ic

[21] and a higher median LRS resistance is obtained. The
larger median resistance of the measurement, μR > R0 ≡ V trans=Ic,
implies that the resistivity is not a constant due to the interrup-
tion of the conductive path, such as a rupture of the CF or a large
gap after the SET process. It can be seen that the large gap still
exists at the top interface during the SET process in Figure 5c,
suggesting that even the mobile vacancies are not driven by the
applied voltage. As a consequence, a failure of the SET operation
happens and the resistance is still in the HRS level, i.e., R ≫ R0
with the vacancy distribution similar to the one corresponding to a
high HRS resistance shown in Figure 7a. If the gap persists for
multiple cycles, a FORMING process is required to make the
switching take place again. However, this is not observed in
the simulation and the resistance is reduced after a few cycles
(Figure 4b). At the cycle where the resistance is close to themedian

(a)

(b) (d)(c)

Figure 5. a) The current–voltage (I–V ) characteristic curves for three representative cycles in the main figure and the FORMING process in the inset. b–d)
The vacancy distributions along the grain boundary plane of the third, sixth, and sixteenth cycle at Vmeas ¼ �0.1 V for the LRS resistance, respectively.
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value, the broken connection to the bottom electrode by less
mobile vacancies is seen in Figure 5 d. Interestingly, the vacancy
distribution of R > R0 in the LRS can also be observed in the HRS
in Figure 7b. The difference is that the position of theminor gap is
close to the top interface due to the opposite polarity.

While different vacancy distributions at Vmeas for each resis-
tance level have been shown, the widespread of LRS resistance
suggests the vacancy distribution is changing from one type to
the other type instead of staying the same. The switching mech-
anism between different types of vacancy distribution can be
explained by two processes, i.e., the increasing and decreasing
of the LRS resistance compared to the previous cycle. Figure 8
shows the scenario responsible for the change from a low
LRS resistance to a higher value in the next cycle. In the early
stage of the RESET process, vacancies migration toward the bot-
tom interface is shown in Figure 8a,b. In general, it leads to the
formation of a gap near the top electrode followed by the appear-
ance of the hottest region around the interface of the CF and the
gap. In this region, the escape of vacancies from the longest col-
umn is possible with the aid of the high temperature while the
highest temperature is decreasing as the gap grows. As a conse-
quence, the length of shorter vacancy columns are increased

which results in the top vacancy of the shorter column entering
the high-temperature region in the next SET operation shown in
Figure 8c. Once this vacancy migrates upward, the second
vacancy in this column will also move upward due to the reduced
energy barrier of the CF effect, see Figure 8d. In this case, the
vacancies below will follow this migration pattern and thus leave
a gap at the bottom interface in the end of the SET operation
shown in Figure 8e.

On the contrary, Figure 9 shows the opposite situation where
the LRS resistance is lower in the next cycle. In this case, the
shorter columns roughly reach the middle height in the begin-
ning of the RESET process shown in Figure 9a. After mobile
vacancies fill the gap at the bottom interface, the escape of vacan-
cies in the longer column cannot take place because neighboring
sites are already occupied by vacancies. Alternatively, a column of
vacancies will reach the bottom region easily after the downward
migration of the lowest vacancy which is similar to the SET oper-
ation in the previous case. In Figure 9b, the high-temperature
region is seen around the bottom of shorter column of
vacancies, which suggests that the described migration is
possible during the RESET process. As a result, most vacancies
are in the bottom region in the late stage of the RESET process as

(a) (b)

Figure 7. The vacancy distributions at Vmeas ¼ �0.1 V for the HRS resistance. a) The vacancy distribution of the high HRS resistance is similar to the one
corresponds to the SET failure while b) the longer column of vacancies together with residual vacancies at the top interface contribute to a lower HRS.

(a) (b) (c)

Figure 6. a,b) The vacancy distributions before and after Ic is reached in the third cycle. The large gap at the top region is filled by vacancies after the Ic is
reached. c) The minor gap is filled by further migration.
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shown in Figure 9c. With more vacancies in the bottom region,
the top vacancy of the shorter column can be away from the
high-temperature region or the temperature is low enough to
trigger the migration of this vacancy (Figure 9e) and thus the
CF effect is suppressed during the SET operation. In addition,
vacancies outside of the longer CF might be attracted into it dur-
ing the migration process shown in Figure 9d. In this way, the
connection of both electrodes by the conductive path composed
of both mobile and less mobile vacancies is recovered and the
LRS resistance is lower.

4. Conclusion

In this article, we extend our model and discuss the specific
value, Ic ¼ 2 μA, in the small current regime. An extra charge
state is introduced to capture the influence of the local structure,

i.e., the CF, and different zero-field energy barriers are applied to
the corresponding intrinsic charge states. In addition, the GB,
which has an impact on both the generation and migration pro-
cesses, is considered and the spatial distribution of it is assumed.
The modulation of zero-field activation energies due to the CF
and GB are taken into account and the impacts to the vacancy
dynamics, which leads to the observed statistical measures,
are discussed.

It turns out that the large variation of the LRS resistance is due
to three types of vacancy distributions. The SET failure is the
result of a large gap created in the RESET process, for which even
the mobile vacancies cannot fill the gap because of the ensuing
low temperature. In the case of a successful SET operation, the
position of less mobile vacancies is critical after more mobile
ones reach the top interface. That is, the connection to the bottom
electrode due to less mobile vacancies leads to the low resistance
R � V trans=Ic. With the lowest LRS resistance R ¼ 3� 105 Ω

(a) (b) (c) (d) (e)

Figure 9. 2D maps of the temperature distribution, where vacancies are shown in red filled circles, in the process of a higher LRS resistance becoming a
lower LRS resistance in the next cycle. a–c) Configurations of the early and the subsequent stages of the RESET process. d,e) Configurations of the middle
and the subsequent stages of the SET process in the next cycle.

(a) (b) (c) (d) (e)

Figure 8. 2D maps of the temperature distribution, where vacancies are shown in red filled circles, in the process of a lower LRS resistance becoming a
higher LRS resistance in the next cycle. a,b) Configurations of the early and the subsequent stages of the RESET process. c–e) Configurations of the middle
and the subsequent stages of the SET process in the next cycle.
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taken from the simulation result, we obtain V trans ¼ 0.6V, which
is comparable to the experimental value, 0.4 V. In addition, the
LRS C2C variability is close to the measurements. Furthermore,
the dynamics for the switching between different types of
vacancy distributions is discussed. It turns out that the position
of the high-temperature region in both SET and RESET pro-
cesses is critical. If the first vacancy of a consecutive vacancy col-
umn is moved, the other vacancies left behind tend to move as
well due to the CF effect. The relative position of consecutive
vacancies together with the exchange of vacancies between long
and short filaments leads to the large variation of the LRS resis-
tance from C2C.

This work explores a potential scenario for the switching insta-
bility in the small Ic regime by using Ic ¼ 2 μA with the assumed
GB distribution. The stoichiometry in the GB area is critical to
the switching dynamics. Under the assumption of a single GB
with a large area, simulation results indicate a strong reduction
of both the LRS resistance and the C2C variability due to the
introduction of excessive vacancies in the FORMING stage. In
contrast, a single GB with a small area leads to a region filling
with vacancies due to the anisotropic diffusion barrier within the
GB area. As a result, the gap is small and thus the LRS resistance
is always low. The specific vale of the Ic is chosen since it is the
lowest value used in the measurement and we hypothesize the
proposed scenario as an elementary process originated from a
single GB area. Similar to the assumption of multiple GB,[19]

the inclusion of multiple GB areas provides a possible approach
to extend the proposed model. The generalization of different Ic
together with the multiple GB area remains for future works.
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