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Abstract— Understanding the switching mechanism of
the volatile resistive switching random access mem-
ory (RRAM) device is important to harness its character-
istics and further enhance its performance. Accurate mod-
eling of its dynamic behavior is also of deep value for its
applications both as selector and as short-term memory
synapse for future neuromorphic applications operating in
temporal domain. In this work, we investigate the switching
and retention (relaxation) processes of the Ag-based metal-
lic filamentary volatile resistive switching devices. We find
that the switching process can be modeled by the ionic
drift under electric field, while the retention process can be
modeled by the ionic diffusion along the filament surface
driven by the gradient of surface atomic concentration.
Through further theoretical analysis, we also find that the
ionic drift and ionic diffusion can be unified within the
general Einstein relation. To confirm this relation, we collect
ionic mobility and diffusivity data from the literature using
the switching and retention model. Finally, we show that the
read voltage dependent retention time can be explained by
the competition between the ionic drift and diffusion flux.

Index Terms— Einstein relation, ionic drift, surface
diffusion, volatile memory.

I. INTRODUCTION

VOLATILE resistive switching random access memory
(RRAM) devices based on silver (Ag) or copper (Cu)
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filaments are recently extensively reported with high ON/OFF

ratio [1], [2] and steep switching slope [3]. The high ON/OFF

ratio originates from the high conductivity of the formed
metallic filaments at ON-state and good insulating perfor-
mance of the switching layer after the filaments dissolution
at OFF-state. The high ON/OFF ratio is suitable for selector
application in a crossbar array [4], [5]. However, this appli-
cation is hindered by the relatively long retention/relaxation
time of the volatile behavior, i.e., the spontaneous transition
from ON-state to OFF-state. Although materials and structure
engineering can be used to reduce the retention time to
few microseconds [6], in most cases milliseconds or larger
retention times are reported, which is similar to the timescales
of short-term memory effects in biological neural systems [7].
This leads to emerging applications of using the volatile
RRAM device as short-term synaptic or neural device in
neuromorphic computation working in temporal domain [8].
For instance, Wang et al. [7] utilized this short-term memory
effect to naturally emulate spike timing dependent plasticity
in a combined synapse consisting of a volatile resistive device
based on Ag filament and a nonvolatile resistive device.
Zhang et al. [9] utilized the volatile-switching dynamics of
Ag filamentary device to construct a compact and efficient
artificial neuron to integrate input spikes and deliver fires
without auxiliary circuits.

The massive implementation of both the conventional and
emerging applications calls for deep understanding of the
physical mechanisms behind the volatile behavior and accu-
rate modeling of the switching dynamics of this kind of
devices. The out-diffusion of filamentary atoms to surrounding
dielectric layer for filament dissolution [10], [11] cannot fully
account for general transmission electron microscopy (TEM)
observations which suggests that the filamentary atoms tend
to cluster together [3], [6], [12]. A recently proposed
Gibbs–Thomson model for the filamentary atoms nucleation
and retraction to electrodes provides a reasonable physical
explanation [13], while lacking the accurate prediction ability
since the simulated dynamic behavior can only be provided as
a function of time in an arbitrary unit [1], [13], [14].

In this work, based on the Ag filamentary volatile RRAM
device and its extensive characteristics reported in the
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Fig. 1. Schematic of the switching-ON process. (a) Gap approxi-
mates oxide thickness before switching. (b) Gap decreasing during the
switching-ON process. (c) Switching-ON process ends when a filament
connecting top and bottom electrodes is formed.

companion paper [15], we focus on the mechanism investi-
gation and numerical modeling of this device. A preliminary
report is presented in IEEE International Electron Device
Meeting (IEDM 2019) [16]. Here, we provide an exten-
sive report with fully detailed theoretical study and model
derivation. Additional to the IEDM abstract, more data were
collected from literature and compared with the model.
An extensive discussion was made to state the limitation of the
current model and the model’s connection with other theories
about metallic filamentary RRAM devices.

II. SWITCHING MODEL

A. Field Driven Filament Growth Model

The high ON/OFF ratio of Ag- or Cu-based volatile memory
device indicates that the ON-state has a continuous filament
connecting the top and bottom electrodes [Fig. 1(c)], while
the OFF-state has a relatively large filament gap (Fig. 1(a),
here we assume that the filament gap approximates the oxide
layer thickness). The schematic of filament growth during
the switching process can be illustrated as in Fig. 1(a)–(c).
The switching process might also involve the oxidation of
the active electrode materials, i.e., Ag atoms to Ag cations
in the top electrode, transportation of the cations across the
oxide layer, and reduction of the ionized metal elements in the
bottom electrode. This will induce the reversed cone shape of
the formed filament in the ON-state [17], different from that
shown in Fig. 1(c). Following similar filament shapes observed
in TEM [7], [18], and supported by argumentations in the
following sections, we assume the filament shape illustrated
in Fig. 1(c).

In any case, the filament growth rate is controlled by the
electric field F , which is increasing with the decreasing of the
filament gap during the growth of the filament as shown in
Fig. 1(b). In the oxidation–reduction scenario, the switching-
ON speed of the device is also limited by the cation transport
velocity in the oxide layer, which should also be electric
field controlled [20]. The filament growth velocity is linearly
proportional to the velocity of the ions. Since the filament
and its tip would be assumed to consist of a small num-
ber of atoms, the linear prefactor would be small (<10).
Despite this approximation, this model can allow the extraction
of an approximate value of the mobility to compare with
other properties, such as the diffusivity, instead of obtaining
the precise value. Thus, the rate equation for the filament

Fig. 2. (a) Schematic of the device switching-ON parameters for
rectangular pulse. (b) Experimental data [15] and model calculation of
the pulse amplitude dependent switching time, along with data from other
literature reports [13], [21].

gap g is given by

dg/dt = −μF F (1)

where t is the time, μF = μ0 eαq(V −VT,DC)/kT is the field
controlled mobility of cation ions, μ0 is the ion mobility at
infinitesimal electrical field, α is a constant for barrier lowering
of ion transport, q is the ionic charge, V is the voltage applied
to the device, VT,DC is the threshold voltage measured in dc
characteristics, k is Boltzmann’s constant, and T is the temper-
ature. The electric field is calculated as F = (V − VT,DC)/g
since the device would not switch when the voltage is smaller
than a minimal value, i.e., the dc threshold voltage. Note that
our model primarily aims at extracting the field-independent
mobility μ0, since this is the low-field mobility that should
be compared to the diffusivity within the framework of the
Nernst–Einstein relation. The exponential part in the equation
should be considered as the field-induced barrier lowering that
is responsible for the field-acceleration of the set transition.

Instead of electric field, we use the voltage in the expo-
nent of the field controlled mobility. This approximation is
to simplify the derivation for the following integration of
the rate equation to derive the switching time and to avoid
unreasonably high mobility when the gap is approaching
zero. We also note that the dc threshold voltage, VT,DC,
was considered as a fitting parameter in our model. From
our experimental results [15, Fig. 2], we find that the dc
threshold voltage is constant and independent of the oxide
layer thickness. The forming voltage is linearly proportional
to the oxide layer thickness; however, the linear projection to
zero thickness is not zero but very close to the subsequent dc
threshold voltage. The result is consistent with the previous
report on copper-based filamentary RRAM devices [19]. The
experimental observations indicate that: 1) a constant electrical
field is needed for the forming operation of the devices; 2) the
extrapolation of the threshold voltage Vset for zero thickness is
a nonzero minimal voltage; and 3) this minimal voltage might
share the same physical origin with the dc threshold voltage.
However, the physical meanings of these findings need to be
further explored.

B. Amplitude Dependent Switching Time

For rectangular pulse in the ac measurement [Fig. 2(a)],
we find that the switching time, i.e., the set time tset, strongly
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depends on the pulse amplitude VP (Fig. 2(b), red squares).
In (1), we can replace the voltage V with the pulse amplitude
VP, obtaining an equation for the differential increase of the
filament gap in time, given by

dt = 1

μ0(VP − VT,DC)
e−αq(VP−VT,DC)/kT gdg. (2)

Integration of (2) over the filament growth process provides the
relation between switching time tset and pulse amplitude VP.
In fact, integrating the left-hand side of (2) from time 0 to time
tset will result in the switching time tset, while, correspondingly,
integrating the right-hand side of (2) for the gap from tox to 0
[Fig. 1(a)–(c)] will leads to

tset = t2
ox

2μ0

1

VP − VT,DC
e−αq(VP−VT,DC)/kT . (3)

Here, only μ0 and α are unknown variables. Fig. 2(b) shows
the experimental data [15] and simulation results from (3)
with the parameter value μ0 = 2.5 × 10−10 cm2V−1s−1

and α = 0.09. A similar dataset is also collected from
literature [13], [21] and shown in Fig. 2(b) along with the
corresponding simulations by (3) with the fitting parameters
being μ0 = 3.46 × 10−9 cm2V−1s−1, α = 0.05 (black line,
tox = 30 nm [21]) and μ0 = 10−8 cm2V−1s−1, α = 0.05
(green line, tox = 10 nm [13]), respectively. We always
used room temperature for the calculation, which is a good
approximation given the high thermal conductivity of the silver
filament.

Note that the data in Fig. 2(b) might encourage the idea
of exponential decrease of switching time at increasing pulse
amplitude. However, this could not be true in the low pulse
amplitude region, since extrapolation of an exponential depen-
dence would intersect with the y-axis, meaning that the device
can spontaneously switch even at zero bias. For a real thresh-
old switching device, there must be an asymptotic line for the
switching time, as indicated by the dashed lines in Fig. 2(b).
Our model correlates the position of the asymptotic line with
the dc threshold voltage of the device [Fig. 2(b) and (3)].

There are three parameters controlling the voltage depen-
dent switching time in (3). Each of these three parameters
have specific impact on the characteristics in Fig. 2: 1) an
asymptotic line controlled by the dc threshold voltage, VT,DC;
2) the slope in the exponential regime far from the asymptotic
line, corresponding to the parameter α; and 3) magnitude of tset

taken at a reference voltage corresponding to the mobility μ0

at infinitesimal electrical field.

C. Ramp-Rate Dependent Threshold Voltage

By applying a half-triangular pulse with maximum voltage
Vm and pulsewidth tp, the device would experience an increas-
ing voltage bias during the switching process [Fig. 3(a)] with
the voltage ramp rate denoted by

dV /dt = Vm/tp. (4)

Substituting (4) to (2) and rearranging the equation such that
only one variable (g or V ) can be seen in each side, we obtain

gdg = −μ0 tp
Vm

eαq(V −VT,DC)/kT (V − VT,DC)dV . (5)

Fig. 3. (a) Schematic of the device switching-ON parameters for
half-triangular pulses with various pulsewidth. The filament growth
happens after the voltage crosses over VT,DC and ends at threshold
voltage VT. (b) Experimental data in error bars and model calculation
of the pulsewidth dependent threshold voltage.

The switching ON process corresponds to the gap from tox to
0 on the left-hand side of (5) and corresponds to the voltage
from to VT,DC to VT on the right-hand side as illustrated in
Fig. 3(a). By integrating both sides of the (5), we get

tp = t2
ox Vm

2μ0

(αq

kT

)2 1

ex p
(
αq(VT−VT,DC)

kT

)(
αq(VT−VT,DC)

kT − 1
)

+ 1

(6)

where only μ0 and α are unknown variables.
Fig. 3(b) shows the data from the companion paper [15]

and calculation results by (6) with the parameter value of μ0

and α as in Fig. 2(b), indicating a good agreement between
the data and model. The dc threshold voltage is also shown in
the figure as the asymptotic line for both data and model.

There are several models dealing with the switching-ON

process of filamentary RRAM devices [22]–[28]. However,
these models are individual models only considering the
switching ON process without considering the spontaneous
switching OFF of the filamentary RRAM devices, or they do
not link to switching model with the retention model in a
unified physical scenario.

III. RETENTION MODEL

A. Ionic Surface Diffusion

By molecular dynamic simulations, we have confirmed that
a continuous nanoscale Ag filament can spontaneously break
without any external forces (Fig. 4 and [29]). During the
simulation, we find that only the atoms at the surface of
the filament are randomly migrating, while the atoms in bulk
remain fixed in their crystalline positions [Fig. 4(a) and (b)].
With the evolution of the filament shape, the inner bulk atoms
can be exposed to surface and begin to migrate. The total free
energy of the system is also relaxing as the filament shape
evolves [Fig. 4(c)]. An energy relaxation higher than 60 eV
was evidenced by the molecular dynamics simulation for a
filament composed by several thousand atoms. Since there are
no external forces applied, the origin of the filament shape
evolution is attributed to the surface energy minimization
or surface tension effect [29]. The filament evolution model
based on surface tension shares the same physical origin
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Fig. 4. Molecular dynamics simulations of the relaxation of a nanoscale
Ag filament. (a) Sectional view of the simulated nanoscale Ag filament
between two fixed planes of silver atoms; the color indicates the kinetic
energy of single atom (brighter color, higher energy). (b) Traces of
individual atoms: surface atoms diffuse, bulk atoms remain fixed. (c) Total
energy relaxation due to the filament relaxation (insets: corresponding
filament states).

of Rayleigh instability which has been utilized to analyze
the self-dissolution of nanoscale metallic filament in volatile
RRAMs [30]. The Rayleigh instability assumes a liquid-like
behavior of the metallic filament. However, due to the solid
nature of the filament, it is most accurate to assume that only
the atoms at the surface of the filament are moving, which
then results in the filament shape evolution and disruption.

The retention of the Ag-based volatile device after the
pulse can be inferred from the current tails after the pulse
in Figs. 2(a) and 3(a) which reveal the spontaneous evolution
from an initial filament shape to a disconnected-filament
state [Fig. 4(c)] [31]. This surface self-diffusion mechanism
has been further confirmed by the existence of ovulation
effect starting from ultrathin filament at dc measurement for
ultrasmall compliance current as shown in [15, Fig. 3(c)].

B. Size Dependent Retention Time

Through extensive simulations, we find that the device
retention time, tR, is strongly depends on the size. An ini-
tially large filament (characterized by its diameter in the
bottleneck φ0) will result in a relatively long retention time,
following Herring’s scaling law [29], [31], [32]:

tR = λφ4
0 (7)

where λ = (3μkT )/(16 DSγ δ
4) is the scaling factor, DS is

the surface diffusivity, γ is the surface energy, and δ is the
Ag atom dimension.

The filament size in the ON-state can be controlled by the
compliance current IC provided by the series transistor in our
measurement during the pulse [15]. Assuming a cylinder shape
of the filament in the ON-state and a critical voltage Vc across
the RRAM device at the end of the set transition [33], we can
write the compliance current as a function of the filament
diameter as

IC = Vcσ0
μφ2

0

4tox
(8)

where σ0 is the Ag conductivity. Combining (7) and (8),
we can obtain

tR = β I 2
C (9)

where β = (3kT /(μDSγ δ
4))(tox/Vcσ0)

2 is a constant.

Fig. 5. Experimental and calculated retention time as a function of
compliance current.

Fig. 6. Schematic of the surface ionic concentration concept used in
the surface diffusion model. (a) Flat surface. (b) Surface with positive
curvature. (c) Surface with negative curvature.

Fig. 5 shows the retention time as a function of compliance
current in log–log scale. The model line is given by (9) with
the parameter β = 3.16 × 106 A−2s and is a straight line with
slope of 2 in the log–log plot, in good agreement with the
experimental data.

IV. IONIC DRIFT AND DIFFUSION

For a consistent ionic drift–diffusion theory, firstly, we note
that, similar to the ionic diffusion, the ionic drift should also
mainly happen along the filament surface. The reasons for
this argument are: 1) continuous metallic filaments are always
observed during the switching from in situ TEM [7], [34],
[35]; 2) the atoms within the metallic filament are in crystalline
states as observed in TEM [35] and based on our molecular
dynamics simulation, hence hard to be moved; and 3) the
electric field within the metallic filament is virtually zero.
Also, to quantitatively describe the surface drift and diffusion
flux, we need to define the surface atomic/ionic concentration.
The surface concentration can be quantitatively described with
the help of surface curvature κ and surface energy γ [36]
according to

c = c0e
κγ δ3

kT (10)

where c0 is the ionic concentration at flat metallic surface
[Fig. 6(a)]. From (10), metallic surface of positive curva-
ture [Fig. 6(b)] have higher metallic surface concentration
than that of negative curvature [Fig. 6(c)]. Thus, the surface
ions can spontaneously flow from positive-curvature points
[e.g., bottleneck point in Fig. 4(a)] to negative-curvature points
[e.g., junction points between the filament and electrode planar
in Fig. 4(a)] to minimize the total surface area and energy,
thus giving rise to the ionic diffusion flux. Following Fick’s
first law, the diffusion flow can be obtained by multiplying
the ionic diffusivity DS with the negative gradient of the ionic
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Fig. 7. (a) Schematic of the equilibrium state with the coexistence of
and competition between ionic drift and diffusion along filament surface
in the metallic filamentary volatile device. (b) Correlation between the
diffusivity and mobility summarized in Table I. The red line indicates
Einstein relation.

concentration:
Jdiff = −DS

dc

ds
. (11)

Note that the surface tension-induced surface ionic diffusion
described by (10) and (11) shares the same physical origin
with the Gibbs–Thomson effect [37], [38], which was recently
proposed for the volatility of the Ag-based RRAM device [14],
[39] and was originally proposed by Lord Kelvin (William
Thomson) for the vapor–liquid surface [37]. This effect dom-
inates only in nanoscale structure with high surface/volume
ratio where the gradient of surface ionic concentration is
large enough to enable detectable filament shape change in
reasonable measurement timescale.

The ionic drift flux is defined as the product of
ionic mobility, concentration, and electric field, namely
Jdrift = μF cF . We finally obtain total ionic transport flux as
the sum of drift and diffusion components, namely

Jtotal = Jdrift + Jdiff = μF cF − DS
dc

ds
. (12)

V. EINSTEIN RELATION FOR IONIC TRANSPORT

Similar to the electron transport in semiconductors, we can
define an additional variable, namely chemical potential μ,
which is the sum of surface energy and electrostatic energy

μ(s) = κ(s)γ δ3 + qV (s) (13)

where s denotes the coordinate along the surface the filament
[Fig. 7(a)] and q is the charge of Cu/Ag ions. We expect
that the metallic filament charge is overall neutral and the
metallic filament can be modeled as a mixture of Cu/Ag ions
and an equal number of conduction-band electrons. Under an
applied electric field, electrons drift from cathode to anode,
while Cu/Ag ions drift from anode to cathode. This can explain
how ionic migration can take place within a neutral metallic
phase. For simplicity, we always assumed the charge q to be
a single positive elementary charge for both Ag and Cu. Both
items on the right-hand side of (13) have the unit of energy.
If we assume an ideal state where the chemical potential is a
constant along the filament surface from one electrode to the

other electrode, that is the equilibrium state, we can expect a
naturally zero ionic flux, thus

dμ(s)/ds = 0, Jtotal = 0. (14)

Substituting (12) and (13) to (14), we obtain the Einstein
relation for ionic drift–diffusion transport, namely

DS/μ0 = kT/q (15)

which indicates an intimate relationship between ionic mobil-
ity and ionic diffusivity. Note the equilibrium state in (14) only
holds at low electric field, thus the mobility in (15) is the low
electric mobility μ0.

Equation (15) can be validated by a comparison with
reported data in the literature. In addition to our own mea-
surement results [15], we collected the switching time data and
retention from previous reports [1]–[3], [6], [7], [29], [40] as
summarized in Table I. We can obtain the ionic mobility and
ionic diffusivity from the switching data and retention time
data, through our switching model [(3)] and retention model
[(9)], respectively. The values of parameters are α = 0.09,
γ = 1 J/m2, δ = 2.9 Å, Vc = 0.4 V, σ0 = 5 × 105 S/m.
Note that the silver conductivity is assumed much smaller
than the bulk conductivity, since the filament size is very small
compared to free electron path length [41]. Fuchs–Sondheimer
equation [41] would be more accurate for the calculation of
the size-dependent conductivity of the Ag filament. However,
we decided to assume a constant conductivity, since the exact
shape of the filament is not known.

Fig. 7(b) shows all the correlation plot of ionic diffusivity
as a function of mobility, compared with the Einstein relation.
From the data points, we see that the Einstein law of (15) gen-
erally provides an overestimation of ionic diffusivity. This can
be explained by excessive oxidation–bulk transport–reduction
of the Ag atoms in the initial stage of the switching process,
which can be viewed as corresponding to tunneling effect in
electron transport and might be incorporated in this framework
of ionic transport theory.

VI. READ VOLTAGE DEPENDENT RETENTION TIME

We can further check on the ionic drift and diffusion theory
by an experiment where the ionic drift and diffusion coexist
and are competing with each other. In the companion paper,
we showed that the retention time is actually affected by the
read voltage [15]. A larger read voltage would generally result
in a longer retention time as shown in Fig. 8. According to
our model, when the read voltage approximates the dc hold
voltage VHold, an equilibrium state is established, thus

κ(s)γ δ3 + qψHold(s) = 0 (16)

where the ψHold(s) denotes the electrostatic potential profile
along the filament at this equilibrium state. At relatively small
read voltage VRead < VHold, the κ(s)’s contribution to the ionic
chemical potential would not change, while the electrosta-
tic contribution would scale down by a factor VRead/VHold,
namely, ψ(s) = (VRead/VHold)ψHold(s). By combining it
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TABLE I
SUMMARY OF THE SWITCHING TIME, RETENTION TIME AND OTHER PARAMETERS OF Ag/Cu-BASED VOLATILE DEVICES FROM THE LITERATURE

Fig. 8. Experimental retention time as a function of read voltage fitted
with the calculation line, confirming competition between ionic drift and
diffusion.

with (16), we can get the chemical potential profile at the
specific read voltage

μRead(s) = VHold − VRead

VHold
qψHold(s). (17)

Then the retention time can be obtained by the integration of
time elapsed for the filament break at the read voltage reduced
total ionic flux rate

tR =
∫

dt ∝ 1

∇s · Jtotal
∝ 1

∇s · dμ(s)
ds

∝ VHold

VHold − VRead
(18)

which suggests that retention time increases with the increase
of read voltage in agreement with experimental data [15]. Also,
(18) predicts an infinite retention time for the read voltage
approaching the hold voltage. We can rewrite (18) as

tR = tR0
VHold

VHold − VRead
(19)

where tR0 is the retention time at zero read voltage.
Fig. 8 shows the retention time as a function of the read

voltage compared to calculations by (19). This suggests that
the ionic drift and diffusion flux are competing with each
other when a voltage is applied during the retention process.
These results suggest that the retention time can be suitably
controlled by the read condition, which might be useful in the
design of neuromorphic circuits.

VII. DISCUSSION

A. Oxide Layers and Limitations of the Proposed Model

In our modeling scenario, we only account for the physical
changes in the switching layer, that is, as an assumption we
consider no chemical reactions between the metallic filament
and the hosting materials. However, it does not exclude Ag

oxidization/reduction playing contributing roles in the filament
formation and disruption. For the devices with a solid elec-
trolyte as the switching layer, for instance, Ag2S [42], [43]
and CuS [44] as switching layers for Ag and Cu electrodes,
respectively, the Ag and Cu electrodes should be viewed as
the “chemically active” materials. In these devices, chemical
reactions as in the framework of electrochemical metallization
(ECM) [26], [45], [46] are not negligible and might be the
dominating mechanism. A hybrid approach combining the
proposed theory with electrochemical theory should be used
for further analysis of these devices.

A further evidence supporting the proposed purely physical
model is the demonstration of the Ag-based volatile RRAM
device with vacuum switching layer, which has been recently
reported by Ji et al. [21]. The dc switching parameters
and ac dynamics parameters are similar to the devices with
oxide switching layers. This evidence also confirms that the
oxide materials replacing the vacuum would not significantly
influence the model parameters.

In our model, we assume that the hosting oxide materials
can adjust their shape according to the growth or shape
evolution of the Ag filament, similar to the ideal case of
vacuum switching layer. With this assumption, in the retention
model, different oxide materials will influence the surface
energy of the silver filament, changing it from a surface energy
in the vacuum (1 J/m2) to an interfacial energy between the
Ag and the oxide materials. These changes might result in a
scaling factor on the diffusivity of the ion motion on silver
filament surface. Since we linked the retention process to the
switching process via the Einstein relation, we can project that
the change in the switching model should be very similar,
thus resulting only in a relatively small scaling factor of the
mobility.

B. Comparisons With Previous Models

As mentioned in Section II, there have been several mod-
els [22]–[28] dealing with the switching dynamics of the
nonvolatile filamentary RRAM devices. In the nonvolatile
filamentary RRAM devices, the switching OFF of the devices
is also stimulated by external voltage but with opposite polar-
ity, i.e., bipolar switching. The voltage-controlled switching
OFF of the device is considered as the reversed process of
the switching ON process. However, these models could not
explain the phenomena of spontaneous switching OFF of the
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devices within a similar structure, i.e., the short-term retention
reported here.

Strictly speaking, the “field-driven particle motion” should
be defined as “drift,” while “diffusion” should only refer to
“concentration-driven particle motion” following to Fick’s law.
The concept of “electric field driven ion diffusion” is generally
overlooked, although sometimes appears in the literature [24].
In some previous models, “ionic drift” corresponds to the
vertical migration of ions within the oxide materials, while
the “ionic diffusion” refers to the lateral out diffusion of
atoms from the filament to surrounding materials [47], [48].
These two processes occur in different scenarios (applied
voltage, direction, local temperature), thus should not be
theoretically linked by the Einstein relation. For the same
reason, “filament dissolution” for switching-OFF of the metal-
lic filamentary device might be a misleading concept, which
is implying that the filament atoms are out diffusing to
surrounding materials, while, in several TEM observations,
the filament is subject to clustering and retraction other than
out diffusion [6], [7], [12], [35].

In this work, for the switching ON model, we propose the
mechanism of electric field driven motion of surface atoms.
The mechanism is based on several considerations: 1) Ag
and Cu are not “chemically active” materials as discussed in
Section VII-A; 2) in TEM observations, continuous filaments
are usually observed at least for relatively large compliance
currents; continuous filaments between top electrode and bot-
tom electrode and their abrupt break are consistent with the
high ON/OFF ratio in dc switching data; and 3) the electric field
inside the metallic filament should be virtually zero according
to Gauss’s law.

For the retention model, i.e., the spontaneous switching
OFF model, based on our previous studies [29], [31], [49],
we proposed the mechanism of surface tension driven clus-
tering effect. The basic idea is that the convex point has a
higher surface atomic concentration compared to the trough
point. We notice that surface tension is also the driving
force causing liquid materials to tend to droplet formation,
which for solid materials, i.e., Ag in the present case, is only
effective at the nanoscale. In fact, the droplet-like clustering
of Ag nanowires [50], also referred to as Rayleigh instabil-
ity [30], has been previously reported. Utilizing this mecha-
nism, we can explain multiple experimental observations in
Ag and Cu nanoscale filamentary volatile RRAM devices,
for instance, the compliance current/filament size dependent
retention time [31], transition from volatile to nonvolatile
switching behaviors [29], the generally high ON/OFF resistance
ratio [49], and the ovulation effect of generating spherical
particles [15], [29]. Most importantly, this mechanism provides
us a quantitative method to describe the filament disruption
and clustering processes. In fact, previous attempts only use a
qualitative explanation based on the “nucleation energy” [27],
[51], while our model relies on a physical foundation to
describe the energy minimization driven process.

In this work, we link the ionic drift and diffusion processes
by the Einstein relation. The validity of Einstein relation for
ionic motion is not straightforward: in fact, the field-driven
particle motion and gradient-driven diffusion must occur in the

same conditions. In our case, both drift and diffusion occur at
the surface of a continuous filament. Previous models dealing
with the Einstein relation of ionic drift–diffusion assume the
bulk ionic transport [47], [52], [53], where the bulk diffusion
will not result in clustering of the filaments as observed in
filamentary volatile RRAM devices.

VIII. CONCLUSION

In summary, the switching and retention models for volatile
RRAM devices are presented to quantitatively describe these
two critical processes for device operating. The models can
also be used for extracting internal properties (i.e., ionic mobil-
ity and diffusivity) of ionic devices. Furthermore, the switch-
ON and -OFF processes of the metallic filamentary-based
volatile device are explained by ionic drift–diffusion theory
and are further associated with Einstein relation. Finally,
we can predict that the depth insight of the switching mech-
anism and ionic transport theory could enhance our under-
standing of novel electron devices which involve atomic/ionic
transport and structure reconfiguration, and the switching and
retention models will also enable advanced compact models.
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