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Abstract—\Volatile resistive switching random access
memory (RRAM) devices are drawing attention in both
storage and computing applications due to their high
on-/orr-ratio, fast switching speed, low leakage, and scal-
ability. However, these devices are relatively new and
the physical switching mechanisms are still under inves-
tigation. A thorough understanding and modeling of
the physical dynamics underlying filament formation and
self-dissolution are of utmost importance in view of future
integration of volatile devices in neuromorphic systems and
in memory arrays. To assess the physical mechanisms and
develop appropriate models, though, the electrical proper-
ties of the device have to be characterized. In this article,
we present an extensive study of Ag/SiOx-based volatile
RRAM devices. Important parameters, such as switching
time, switching voltage, and retention time are investigated
as a function of the stimulation conditions. A physical
explanation is provided and the applicability of the device
in neuromorphic systems is discussed.

Index Terms— Electrical characterization, oxide-based
resistive switchingrandom access memory (RRAM), volatile
RRAM devices.

I. INTRODUCTION
HE fast increase of applications and devices which need
to adapt and interact with the environment calls for a
radical change of present computing paradigms [1], [2]. This
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evolution of the computing scenario requires new technolo-
gies which can complement current CMOS one [3]. In this
context, a key role is played by emerging memory tech-
nologies, which can find several applications as both storage
and computing elements. In particular, volatile oxide-based
resistive switching random access memory (RRAM) devices,
also known as conductive bridge RAM (CBRAM) [4]-[6],
electrochemical metallization memory (ECM) [5]-[7], pro-
grammable metallization memory (PMC) [5], [6], [8], diffusive
memristor [9], and atomic switch [6], [10], have recently
attracted a large interest as selectors in memory arrays and
as fundamental short-term elements in neuromorphic systems.
Indeed, thanks to their high ON-/OFF-ratio and steep switching
slope, these devices are ideal in emerging memory arrays
as an access element preventing sneak paths during normal
read/write operation of the memory array [11]-[13]. However,
the reported switching off times span various orders of magni-
tudes, from microseconds or nanoseconds [14]-[16], to several
milliseconds [9], [17], [18], the latter being more compatible
with biological timescales. Therefore, from a neuromorphic
perspective, volatile devices are very attractive because they
display tunable retention times in the range of biological
timescales, i.e., hundreds of milliseconds, thus offering a valid
and compact alternative to CMOS technology in the design of
novel hardware which needs to operate in real time [19], [20].
Volatile RRAM devices find application in short-term mem-
ory synapses [9], [18], [19], [21], [22], where they keep trace
of recent neural activity, to firing neuron, as shown by Wang
et al. [23], who presented a fully memristive unsupervised
neural network. Another interesting application of volatile
devices was reported in [24] and [25], where the volatile
elements are used as a reservoir in a computing system for
temporal information processing and time-series prediction,
as well as to solve a second-order nonlinear dynamic task.
The switching mechanism of volatile RRAM devices is
based on the field-driven formation of a metallic filament
(typically Ag or Cu, which are not interchangeable, since
they feature different behaviors such as different compliance
current ranges for volatile and non-volatile regimes [17], [26])
in the oxide and its diffusion-driven spontaneous dissolution in
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Fig. 1. Structure of the fabricated 1T-1R volatile device and scheme of
the experimental setup.

absence of an applied field [27]-[29]. The interesting features
of volatile devices demand a thorough study of their electrical
properties to understand the physical mechanisms underlying
the switching process and the stimulation parameters that
determine the device behavior. However, such a comprehensive
investigation is still missing.

In this work, we provide an extensive study of the electrical
behavior of Ag/SiO,-based volatile RRAM devices. We inves-
tigate the dependence of switching time and retention time on
voltage amplitude, pulse time width, and current compliance.
We show that the read voltage can be also used as a tuning
parameter for the retention time. The results presented in this
work serve as a basis for the understanding and modeling of
the physical mechanisms that are presented in the companion
article [30], as well as a step toward the development of
neuromorphic systems and learning algorithms with multi-
timescale dynamics. A preliminary report is presented in IEEE
International Electron Device Meeting (IEDM 2019) [31].
Here, we extend our investigation considering a variable oxide
thickness and we provide an extensive report of the device
electrical behavior highlighting the differences and similari-
ties among samples with different oxide thickness. At first,
we consider the quasi-static behavior and we provide an
insight into the possible phenomena occurring inside the oxide
(Section III). Then, we focus on the pulsed regime, where we
provide a complete overview of the parameters affecting the
switching on time, the threshold voltage, and the retention time
(Section VI). Finally, a Section is added in order to discuss
how the features of the proposed volatile RRAM device can
be exploited in neuromorphic applications (Section V).

Il. MATERIALS AND METHODS
A. Device Fabrication

We fabricated RRAM devices with Ag/SiO,/C
stack, as shown in Fig. I. Each device has a one-
transistor/one-resistor (1T-1R) structure, where the transistor
serves as a selector for the RRAM device, as well as
allowing the control of the compliance current /¢, namely the
maximum current during the set transition [32]. The drain
of the transistor is connected to the RRAM device via a W
plug. The RRAM has a top electrode (TE) made of a Ag
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Fig. 2. (a) Forming voltage Vf (blue circles) and threshold voltage Vr

(red squares) as a function of the oxide thickness f,x. Data are colored
filled symbols, medians are symbols with white filling. Whereas Vg shows
dependence on t, V7 is independent. (b) Schematic representation of
the device in its pristine state and (c) after forming operation. Forming
induces a modification of the oxide lattice, hence, the independence of
V7 on foy.

layer and a switching layer made of SiO,, both deposited by
e-beam evaporation without breaking the vacuum [33]. The
oxide layer was deposited from a silicon monoxide source at
room temperature and with a deposition rate of 0.02 nm/s,
therefore, we expect x in SiO, to be close to one. The bottom
electrode (BE) of the RRAM device consists of a graphitic C
pillar with a base of 70 nm x 70 nm. The graphitic C BE has
already been shown to be a good electrode material for both
volatile and non-volatile devices thanks to its stability and
inert behavior [17], [26], [32]. The TE thickness is 50 nm,
whereas the SiO, thickness is 5 nm, except in Fig. 2(a),
where the oxide thickness varies from 2 to 20 nm.

B. Electrical Characterization

Forming and dc characterizations were carried out using
an HP 4156C semiconductor device parameter analyzer.
The pulsed characterization was carried out using a TTI
TGA12104 arbitrary waveform generator providing the voltage
waveform to be applied to the TE. To measure the device cur-
rent, a LeCroy Waverunner 640Zi oscilloscope was connected
at the BE side, and the voltage drop across a 50-Q series
resistance was probed. The experimental setup is sketched in
Fig. 1.

In the following, unless otherwise noted, the following
conditions apply: device oxide thickness 7,x = 5 nm, read
voltage Vread = 100 mV, current compliance I = 10 uA,
and maximum set voltage pulse V, mx = 5 V. Since the
device-to-device variability is comparable to the cycle-to-cycle
one, the results shown in the following sections refer to one
representative case tested for up to 100 cycles. Note that the
voltages refer to the voltage applied to the TE of the device,
therefore, the voltage drop across the transistor is included in
the given value.

[1l. DC CHARACTERIZATION
A. Thickness Dependent Forming and Threshold Voltage

The device is initially in its pristine state, therefore, a form-
ing operation is required to form the Ag filament for the
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Fig. 3. (a) and (d) Positive and negative experimental -V curve at
different current compliance: (a) 10 nA and (d) 100 nA. Conceptual
representation of (b) and (e) initial filament size after switch on and
(c) and (f) spontaneous filament retraction leading to switch off.

first time. The forming voltage (Vr) increases with the oxide
thickness, as demonstrated in Fig. 2(a), where Vp is plotted as
a function of oxide thickness 7. Interestingly, the threshold
voltage Vy does not show any dependence on the oxide
thickness, similar to Cu-based devices [34]. A plausible expla-
nation is that whereas in the pristine state the oxide film is
uniform [Fig. 2(b)], after forming, the Ag ions generate a
preferential path in the oxide [Fig. 2(c)] altering its original
atomic configuration. Therefore, the field required to induce
the ion migration does not depend on the oxide thickness
anymore.

B. Bidirectional Switching

After forming, the device is ready to be operated in its
normal working regime. Fig. 3(a) and (b) show the -V
characteristic of the device at different current compliance (I¢)
of Ic = 10 uA and I = 100 nA, respectively. The modulation
of I during positive sweeps is done through controlling
the transistor gate voltage, whereas during negative sweeps
Ic is set by the instrument. The device shows bidirectional
switching, which can be ascribed to a residual Ag stub
remaining on the BE after forming operation. During a voltage
sweep, the device is initially in its high resistive state (HRS).
When the applied voltage is above Vr, the formation of the
conductive filament induces the transition to the low resistive
state (LRS). The filament, however, is not stable and tends
to self-dissolve when the applied voltage is below a critical
voltage referred to as hold voltage V.

The ON-current in LRS can be as high as 10 A and the
OFE-current in HRS can be as low as 10713 A, resulting in an
ON-/OFF-ratio of 107. This promising feature enables the
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Fig. 4. Measured retention time as a function of oxide thickness. Blue
circles are the experimental data and white squares with blue border
indicate the median value. Error bars indicate the standard deviation.

device application as a selector for a large memory array in
crossbar structure.

C. Effects of the Compliance Current in the Device
Characteristic

From Fig. 3, the switching off can be partitioned into
two stages: 1) abrupt current drop after the applied voltage
decreases below the hold voltage, followed by 2) gradual
decrease after the abrupt drop at V < Vg [Fig. 3(a)]. This
can be explained by the filament dissolution process due to the
diameter decrease at the initial stage and subsequent filament
stub retraction after the break. The filament shape evolution in
Fig. 3(b), (c), (e), and (f) is simulated assuming surface tension
induced surface atom diffusion as reported in our previous
work [29]. When the compliance current is smaller than a
critical value, for instance, Ic = 100 nA as shown in Fig. 3(d),
the first stage of the abrupt current drop is missing, resulting
in a smaller hold voltage. However, the current level of the
gradually decreasing phase is higher than that in the higher
compliance current situation [Fig. 3(a)].

A possible physical explanation is illustrated in Fig. 3,
where a mere graphical representation of what may occur
during the filament rupture, depending on the filament size,
is sketched. Since the size of the Ag filament depends on
Ic [31], [35], higher I determines the formation of a thicker
filament [Fig. 3(b)]. In the case of the high compliance current,
upon removal of any voltage applied to the device, the filament
starts retracting into two stubs, one from TE and the other
from BE [Fig. 3(c)]. In the case of I = 100 nA, the fila-
ment has a smaller diameter [Fig. 3(e)]. Therefore, when the
spontaneous dissolution occurs, due to the ovulation effect of
the surface tension-driven filament shape evolution, as also
directly observed in similar oxide-Ag structures [9], [36], some
Ag clusters would be formed in the oxide layer [Fig. 3(f)].
In this new configuration, the conductance is comparable to
the ultrathin filament. The final relaxation of the device and
conductance decrease is due to the Ostwald ripening effect
of the Ag cluster to the electrode [9], [37]. As a result,
the apparent holding voltage becomes lower, thus decreasing
the volatility of the device.

IV. AC CHARACTERIZATION

For practical use of this device, apart from the switching
parameters, the understanding of the switching dynamics is
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Fig. 5. Time resolved technique to estimate switching time fset: applied
rectangular voltage pulse V), (blue) and relative current trace (red).

Fig. 6. Distribution of fset for increasing V).

also essential. Indeed, both switching and spontaneous relax-
ation dynamics need to be characterized in view of device use
in temporal-related applications.

At first, the retention time of all the samples was tested by
applying to all semitriangular pulses of 100 us time width
and reading their retention time. Fig. 4 shows the recorded
retention times (circles) and median value (squares) for all the
oxide thicknesses. The results demonstrate that there is neither
a significant difference in the distribution of the retention
times nor a dependence of the retention time on the oxide
thickness. Therefore, in the following, the sample with 5 nm
oxide thickness is chosen as a representative case.

A. Switching Time as a Function of the Pulse Amplitude

Initially, the set dynamics were analyzed. In this respect,
our investigation complements the previous studies on Ag-
and Cu-based non-volatile devices [38]-[42]. Fig. 5 shows
the rectangular programming pulses (voltage amplitude Vp)
applied to the devices and the current flowing across the device
during stimulation. We define 7, as the time between the
beginning of the programming pulse and the device switching
on.

Fig. 6 shows the distribution of #,; when stimulated by
pulses with increasing V,. Log-normal distribution of the
switching on time is observed, evidencing the field-induced
ionic transport barrier lowering effect. In fact, assuming a
normal distribution of the energy barrier for the ionic transport
will result in a log-normal distribution of the ionic trans-
port velocity and switching speed according to the general
Arrhenius law [43]. Due to the field-driven origin of filament
growth, £ is very sensitive to V,. Indeed, an increase of 20%

in V, results in a decrease in fi; by one order of magni-
tude, thus further confirming an exponential-like relationship
between switching time and programming voltage. Moreover,
other processes concur in the set time, namely the nucleation
of Ag nanoparticles, the Ag ion migration inside the host
material, and the oxidation-reduction reaction at the Ag-SiO,
interface [39], [40].

B. Impact of the Ramp Rate on Threshold Voltage

We also investigated the device switching-on process with
half triangular pulses, to provide more information about the
switching dynamics of the device. In particular, the depen-
dence of switching voltage V7 on the ramp rate, defined as
Vult,, where V,, is the maximum value and #, is the width
of the half-triangular pulse, can be obtained. Fig. 7(a) shows
the time-resolved technique to monitor the switching voltage
and the retention time of the volatile device. The device is
characterized by the application of 6 V pulses at different
t, and its state after the pulse is monitored by a small read
voltage. In Fig. 7(b), V7 is plotted as a function of pulse ramp
rate. The threshold voltage is higher than the DC threshold
voltage. Indeed, from Fig. 7(b), an increase by five orders of
magnitude in the ramp rate causes an increase of less than
a factor of two in Vr. Fig. 7(c) shows the distributions of
Vr obtained with increasing ramp rates. The distributions are
quite steep, confirming that there is a tradeoff between the
pulse time width and the minimum voltage needed to induce
the device switching process [30].

C. Current Compliance Modulated Retention Time

The filament size controls the retention time [35] and can
be determined by the maximum current flow through the
device [31]. Therefore, we studied the retention time (tg)
as a function of the device current compliance, which was
changed by varying the gate voltage of the transistor in our
1T-1R structure. Fig. 8(a) shows the g distribution. Data
indicate a log-normal distribution of 7z with relatively large
deviation. Note the strong impact of the compliance current,
where an increase by a factor 7 in I¢ results in an increase
by 100 in retention time. This is confirmed by Fig. 8(b),
showing the measured retention time fz as a function of I¢:
within a relatively large statistical spread, the retention time
significantly increases as I¢ increases from 9 yA to 65 yA.

The filament formation is a stochastic process, therefore,
the filament size and microscopical configuration can slightly
vary even while keeping the same Ic. Macroscopically, this
stochasticity can be associated with a fluctuation of the average
value of retention current /¢, defined according to the Ohm’s
law as the product of the reading voltage and the device
conductance. The value of I is an important indicator of the
expected fz. Fig. 8(c) shows the median 7z as a function of
I.et, where each data-point is calculated in a neighborhood of
Al =3 pA. The data refer to different sample thicknesses.
It can be noted that there is a strong correlation between fx and
Ie; and this correlation is independent of the oxide thickness.
We can therefore, conclude that the section of the filament,
i.e., its initial diameter, is dominant in determining tgz. More
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Fig. 8. (a) Distribution of tg for different /c. (b) Dependence of tg on I¢: the current compliance determines the filament size, hence, the median tg.
To obtain different current compliance, the gate voltage of the transistor was varied between 1 and 1.5 V, with 50 mV step. (c) Dependence of tg on
Iet for different oxide thicknesses. Each data-point is the median retention time of the data lying in a /et neighborhood of Alet = 3 pA.

specifically, longer 7 are associated with higher I, which in
turn are related to larger filament diameter.

D. Reading Voltage Modulated Retention Time

After the device switches to the ON-state, the voltage
needed to prevent filament dissolution, i.e., the hold voltage,
is lower than Vp as already shown in Fig. 3. Therefore, we can
predict that a read voltage (Vreq) lower but close to the
hold voltage can be used not only to monitor the state of
the filament, but also to modulate tg, as shown in Fig. 9(a).
Here, we demonstrate that Vge,q amplitude indeed has an
effect on #z because it contrasts the diffusion phenomenon
which is responsible for filament dissolution. The applied Vreag
does not prevent the device from switching off, provided that
VRead < Vu.pc, as shown in the distributions in Fig. 9(b).
Retention time exceeding the monitoring time limit is also
observed when the read voltage approaches the hold voltage
(VRead X Vi,pO).

V. DISCUSSION

Recently, volatile devices have attracted increasing interest
for a variety of applications which range from selectors in
memory arrays to volatile elements in neuromorphic comput-
ing systems. The target performance of the devices, though,
is closely dependent on the application. Indeed, in memory
applications, volatile devices have to feature high nonlinearity,
high ON-/OFF-ratio, fast switching but also short retention

time. In neuromorphic applications, where the retention of
the device is proposed to mimic short-term memory effects,
requirements on retention time are the opposite, and times
in the order of tens of microseconds up to milliseconds or
even seconds are desired. The proposed volatile device shows
performance that is suitable for the latter application. Indeed,
Fig. 8 demonstrates that the device has retention times in line
with the requirements for neuromorphic applications.

The possibility of tuning the retention time with electrical
parameters, e.g., current compliance, enhances the flexibility
of the system, which can be used at different timescales
without the need for redesign part of the CMOS circuits.
Furthermore, the cycle-to-cycle variability of the retention
time is an additional advantage in learning systems, which
can be exploited to change the learning rate of the network.
As an example, in classical spike-timing-dependent-plasticity
(STDP), the timing between two spikes determines the mag-
nitude and direction of the weight update [9]. If the proposed
devices are used to store the eligibility trace of the neural
activity, the weight update occurs with a probability p that
depends on the retention time of the volatile device. As a
result, the learning and forgetting processes are slowed down,
with consequent beneficial effects on the network memory
capacity. In this context, it is of utmost importance to consider
when and how the device should be read. The retention
time is a hidden variable of the system, which does not
need continuous monitoring. On the contrary, as evidenced
in Fig. 9(a), the read condition might influence the retention
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time. Therefore, in neuromorphic systems, the best practice is
to read the device only when strictly necessary, using pulses
ideally <100 mV and for a minimum read time to minimize
possible read disturbs.

The intrinsic stochastic behavior of the volatile RRAM
can be exploited to generate noise in neural networks [44],
which has been proven beneficial for the performance of the
network itself, as well as a mechanism already present in
and used by the human brain [45], [46]. In these networks,
the possibility to tune the stochasticity of the device, to a
certain extent, increases the device attractiveness, since the
dynamics can be changed through the selection of proper
electrical stimuli without the need for designing extra control
circuits. In our case, as an example, the switching probability
of the device can be tuned by changing either the time width
of the programming pulse or its amplitude. The existence
of stochasticity is observed in many device parameters, for
instance, the switching time, threshold voltage, and retention
time. We can therefore, associate the y-axis of Figs. 6 and 7(c)
to the switching probability for our device given a combination
of #, and V),.

VI. CONCLUSION

In this work, we presented an Ag-based volatile RRAM
device. The device was characterized under different stimula-
tion conditions and the electrical parameters which can be used
to tune the device behavior have been identified and quantified.
This characterization is essential to understand the physical
switching dynamics underlying device behavior and provide
some guidelines to include volatile devices in more complex
systems for either memory or neuromorphic applications.
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