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1. Introduction

In recent years, memristive devices and crossbar arrays have
been considered as the main electronic components for many
artificial intelligence applications.[1] Most of these applications
are based on the ability of memristive devices to adaptively
change the conductivity (resistive state) depending on the history
of electrical stimulation.[2,3] This ability makes it possible to mimic
synaptic behavior and provides a natural colocation of information
storage and processing, which improves by orders of magnitude

such main parameters of artificial neural
networks (ANNs), as energy efficiency and
computational throughput.[3,4]

Although different memory technolo-
gies are being developed based on various
physical mechanisms (magnetic, ferroelec-
tric, phase transition, etc.) responsible for
the change in resistance, the redox-based
resistive random access memory, in the
form of metal–oxide–metal devices is supe-
rior in terms of switching speed, endur-
ance,[5] retention, and number of states
and differs by the simplest structure, scal-
ability, and compatibility with the standard
complementary metal–oxide–semiconduc-

tor fabrication process.[6] A feature of such memristive devices
is the variability of switching parameters both from device to
device (D2D) and from cycle to cycle (C2C).[7,8] Although this fea-
ture of memristive devices is very critical from the viewpoint of
traditional ANN architectures, when the reproducible and repro-
grammable change of memristor states is required (e.g., for the
ANN weight coefficients), much greater prospects are associated
with new brain-like architectures (e.g., spiking neural networks).
Such architectures can rely on the rich dynamics of memristive
devices and the self-organization of plastic memristive connec-
tions.[9] Their similarity to the living brain architectures will make
it possible to take the next step towards the hybrid intelligence
based on the symbiosis of electronic and biological subsys-
tems.[10,11] In addition, there are many other applications, includ-
ing stochastic computing and probabilistic networks, as well as
hardware information security primitives,[12–14] in which memris-
tive devices act as the sources of randomness and entropy.

The mentioned applications require, on the one hand, strictly
taking into account the variability as an undesirable and destabi-
lizing factor when designing functional circuits based on
memristors[15–17] and, on the other hand, statistically correct
determination and analysis of variability for the predictive simu-
lation of large-scale arrays of stochastic memristive devices, sub-
sequent design, and implementation of memristive circuits. An
efficient application of this approach was recently demon-
strated[18] with the aim to develop a computationally lightweight
model of the large array of solid-state synapses. For this purpose,
the extraction of the resistive switching (RS) main parameters
was carried out based on the real-world statistical data for indi-
vidual HfO2-based resistive memory cells. Various methods can
be used to automatically determine such parameters from long-
time series mainly to analyze and correctly reproduce the C2C
variability.[19–23] At the same time, the result significantly
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Variability is an inherent property of memristive devices based on the switching
of resistance in a simple metal–oxide–metal structure compatible with the
standard complementary metal–oxide–semiconductor fabrication process. For
each specific structure, the variability should be measured and assessed as both
the negative and positive factors for different applications of memristive devices.
In this report, it is shown how this variability can be extracted and analyzed for
such main parameters of resistive switching as the set and reset voltages/cur-
rents and how it depends on the methodology used and experimental conditions.
The obtained results should be taken into account in the design and predictive
simulation of memristive devices and circuits.
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depends not only on the extraction method used, but also on the
measurement conditions and the fabrication technology of mem-
ristive devices. Therefore, it is a very relevant problem to develop
and test new numerical methods for extraction, modeling, and
prediction of variability on specific memristive devices.

In this work, these methods are tested on the example of pre-
viously engineered Au/Ta/ZrO2(Y)/Ta2O5/TiN/Ti memristive
devices, which demonstrate reproducible bipolar-type RS.[24]

Such devices exhibit stabilization of resistive states after several
hundred switching cycles following the electroforming proce-
dure. High enough endurance[5] makes it possible to investigate
the influence of measurement conditions for both the same and
different devices on a chip.

2. Device Fabrication and Measurement Setup

Memristive device under study (Figure 1a) was fabricated on top
of a commercial SiO2 (500 nm)/Si substrate covered by the bot-
tom electrode TiN (25 nm)/Ti (20 nm) layers deposited by mag-
netron sputtering from a high-purity Ti target. The Ta2O5

(10 nm) and ZrO2(Y) (10 nm) layers were deposited by radio fre-
quency magnetron sputtering from Ta and ZrO2 (12% Y2O3)
targets, respectively, in the mixed Ar (50%) and O2 (50%)
atmosphere at the substrate temperature of 300 °C. The top elec-
trode layers of Ta (8 nm) and Au (40 nm) were deposited by
direct-current magnetron sputtering from high-purity metal tar-
gets in Ar atmosphere at the substrate temperature of 200 °C.
According to previous report,[24] this combination of materials
and deposition parameters provides robust RS due to the pres-
ence of grain boundaries in ZrO2(Y) serving as the preferred sites
for conductive filament (CF) nucleation, self-assembled nano-
clusters (NCs) in the Ta2O5 film serving as the electric field con-
centrators, and oxygen exchange between the TaOx, ZrO2(Y)
layers and interface with the bottom TiN electrode (TiOx). The
experiments were performed with independent crosspoint devi-
ces with active areas of 20 μm� 20 μm. Current compliance of
300 μA was provided by a simple field-effect transistor circuit.[24]

The DC I–V curves of the memristive device (Figure 1b) were
measured in a voltage sweeping mode at a sweep rate of
7.25 V s�1 using an Agilent B1500A semiconductor device

parameter analyzer. The 970 consecutive set/reset cycles in RS
series were obtained after electroforming and at least 300 DC
sweeps required for switching stabilization.[24] The electrical con-
tacts to the contact pads of memristive devices were provided
using the EverBeing EB-6 probe station. The sign of voltage
across memristive devices corresponded to the potential of top
electrode relative to the potential of bottom electrode.

To study the dependence of RS parameters on the sweep rate,
the current response of memristive device was registered using
the voltage drop across the in-series connected resistor of 100Ω.
NI USB 6211 multifunction I/O device was used in this experi-
ment. Ramped input voltages corresponding to different sweep
rates and cycling frequencies are shown in Figure 2. These input
signals were applied to a memristive device to obtain the current
response time series shown in Figure 3.

3. Results

In this section, we will deal with the definition and application of
robust extraction procedures to extract the RS parameters, such

Figure 1. a) Schematic representation of memristive device and b) experimental I–V curves for the 970 set/reset cycles measured.

Figure 2. Ramped voltages used as input signals for the sweep-rate exper-
iment. The ramp rates used were 4, 8, and 80 kV s�1.
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as voltages for set and reset processes (Vset and Vreset, respec-
tively) and the corresponding currents (Iset and Ireset) for the devi-
ces under study.[25,26] In that respect, it is key to explain the
numerical techniques used in device characterization.

3.1. Set Voltage Extraction Methods

The first methodology presented to extract Vset (MS1) relies on the
detection of the maximum value of the first current derivative, as
shown in Figure 4a. Sometimes, as a consequence of typical RS
associated current fluctuations due to the device inherent stochas-
tic behavior, this method could give rise to error. To overcome this
issue, we limited the voltage range where the method is employed
in the [0.6, 2.1 V] voltage interval. The second technique (MS2),
adapted from the study by Maldonado et al.,[27] consists of finding
the maximum separation from a theoretical straight line that con-
nects the first point of the I–V curve measured at V¼ 0 V and the
first point where the compliance current is reached, that is, the
detection of the curve knee, as shown in Figure 4b.

3.2. Reset Voltage Extraction Methods

Here we consider three different methods to extract Vreset. The
first procedure (MR1) is based on the calculation of the first

derivative of the current, as shown in Figure 5a. The derivative
minimum value is evaluated at the [0.6, 2.1 V] voltage interval.
The second procedure (MR2) consists of finding the maximum
current value along the curve, as shown in Figure 5b. The third
technique (MR3) detects the first point where the current is
decreased, making use of the first negative current derivative value,
as shown in Figure 5c. The three methods are plotted together as
depicted in Figure 5d leading to different Vreset for the same curve.

3.3. Results for the DC RS Series

The experimental values of the Vset and Iset for the 970 cycles ana-
lyzed, obtained using the MS1 and MS2 methods presented
above, are shown in Figure 6. These representations allow one
to evaluate the time series evolution and the autocorrelation
dependencies of the data along the RS series.

The corresponding experimental voltages and currents
extracted for the reset process using the three techniques pro-
posed MR1, MR2, and MR3 are presented in Figure 7.

In order to compare the different results obtained for the set
and reset processes using the proposed methodologies, in
Figure 8a, the Iset versus Vset points for MS1 andMS2 are plotted.
As it could be observed, the spreading for the latter method is
lower. In the same way, in Figure 8b, the Ireset versus Vreset points

Figure 3. Experimental I–t measurements for the three ramp rates used and zoomed in detail.

Figure 4. a) Experimental Iset (black symbols) and first current derivative (red symbols) versus voltage. The set point (using the MS1 method) is estab-
lished (blue point) at the current derivative maximum. b) Experimental Iset (black line) versus voltage. This methodology uses a straight line (dashed) to
join the first point of the experimental curve and the first one where the compliance current is reached. The maximum distance marks the Vset (using the
MS2 method).
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Figure 5. a) Experimental Ireset (black symbols) and first current derivative (red symbols) versus voltage. The reset point (using the MR1 method) is
established by determining the minimum current derivative. b) Experimental Ireset versus voltage. The maximum current value is established as the reset
point (using the MR2method). c) Experimental Ireset (black symbols) and first current derivative (red symbols) versus voltage. The first negative derivative
value is established as the reset point (using the MR3 method). d) Experimental Ireset (black symbols) and first current derivative (red symbols) versus
voltage. The results of the Vreset extraction methods MR1, MR2, and MR3 are plotted together for a better visualization.

Figure 6. Experimental Vset by means of a) MS1, b) MS2 methods; and corresponding Iset by means of c) MS1, d) MS2 methods, versus cycle number
obtained for the RS series described above.
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for MR1, MR2, and MR3 are plotted together denoting that the
current derivative method (MR1) presents a higher dispersion as
a consequence of the measurement noise of the I–V curve.

The cumulative distribution functions (CDFs) for the methods
reported above are shown for Vset (Figure 9a), Iset (Figure 9b),
Vreset (Figure 9c), and Ireset (Figure 9d). In particular, for the
set case, the derivative determination (MS1) and the curve knee
method (MS2) produce quite similar results. The same tendency
is observed for the maximum current determination (MR2) and
the first point with decreasing current (MR3) applied in reset
case. Nevertheless, the derivative determination (MR1) clearly
presents higher Vreset and lower Ireset.

In Figure 10a, the calculated Weibits for the Vset are plotted
resulting in a straight line for the curve knee method (MS2)
which demonstrates that the Vset obtained using this method fol-
lows the Weibull distribution (it is not the case for MS1). This

situation, as shown in Figure 10b, does not apply for the
Vreset in any presented methods.

3.4. Results for the RS Series at Fast Ramp Rates

Every single I–tmeasurement shown in Figure 3 was used to plot
I–V curves by adding its corresponding ramped voltage (obtained
from Figure 2). In order to show the shape of the curves for the
sake of clarity, some individual cycles are presented in Figure 11
for the ramp rate of 4 kV s�1, Figure 12 for 8 kV s�1, and
Figure 13 for 80 kV s�1. The method to determine the reset volt-
age consists of finding the current maximum and the set voltage
is found by obtaining the current minimum (in the analysis abso-
lute values are considered). Thus, the black (red) dots mark the
reset (set) voltages.

Figure 7. Experimental Vreset extracted using the a) MR1, b) MR2, c) MR3methods; and corresponding Ireset for d) MR1, e) MR2, f ) MR3methods, versus
cycle number obtained RS series analyzed here.

Figure 8. a) Experimental Iset versus Vset for the cycles analyzed by the MS1 and MS2 methods. b) Experimental Ireset versus Vreset for the cycles analyzed
by the MR1, MR2, and MR3 methods.
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Figure 9. CDFs for a) Vset, b) Iset, c) Vreset, d) Ireset. The parameters are obtained with the different methods described above.

Figure 10. Weibits for the RS parameters extracted with the different methods under consideration here are shown for a) Vset and b) Vreset. See that in
most cases (save the Vset obtained with the MS2) the Weibull distribution function does not describe well the experimental data.

Figure 11. I–V plots for the ramp rate 4 kV s�1.
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The Vset and Vreset for the cycles analyzed were obtained follow-
ing the methodology described above. The CDFs are shown
together in Figure 14 and 15 to visualize the effects of the ramp rate.

It can be concluded from these data that the devices withstand
a large number of switching cycles, which is about 105 for the

ramp rate of 80 kV s�1. It should be noted that the corresponding
cycling frequency coincides with that used in work[18] and signif-
icantly exceeds the frequencies used in other works, see, for
example, other studies.[20,21] The extracted set voltages for the dif-
ferent frequencies are mostly the same due to the curves’ shape.

Figure 12. I–V plots for the ramp rate 8 kV s�1.

Figure 13. I–V plots for the ramp rate 80 kV s�1.

Figure 14. Reset voltage CDFs for different ramp rates. Figure 15. Set voltage CDFs for different ramp rates.
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In this respect, the maximum current (assuming absolute values)
of the set cycles is almost always located at V¼�2 V.
Nevertheless, this fact does not happen in the reset cycles,
and multiple reset voltages could be extracted from the curves
which resemble typical shapes for the lower ramp rates. For
the ramp rates of 4 and 8 kV s�1, the extracted values correspond-
ing to Vreset reveal the tendency to increase with the frequency,
according to the well-known time–voltage dilemma.[28] Namely,
higher voltages are required for switching at higher sweep rate,
especially for the larger switching times observed for reset tran-
sitions.[29] We should also take into account the high-voltage step
for the highest cycling frequency corresponding to 0.4 V, which
gives rise to the distorted shape of the I–V curves and a low
variability, underestimated due to the limited resolution of mea-
surement circuit.

4. Discussion

The results of RSmeasurements and their statistical analysis pre-
sented here allow selecting the appropriate parameter extraction
techniques for the fabricated Au/Ta/ZrO2(Y)/Ta2O5/TiN/Ti
memristive devices required for the simulation of higher-level
memristive circuits with predictable variability. At the same time,
the fabricated devices are quite large (20 μm in size) and should
be scaled down to a sub-micrometer level relevant for an appli-
cation.[18] As the RS mechanism in metal–oxide devices fabri-
cated by magnetron sputtering is multifilamentary in general,
downscaling the technology could result in measurable changes
in both RS parameters and their variability. In the considered
devices, filaments form along boundaries of columnar grains
with the lateral size of about 10 nm.[30] It is difficult to expect
significant changes in D2D variability for the sub-micrometer-
sized devices and uniform industrial technology. However,
C2C variability considered in this article can change drastically
with the decrease in device size due to the spatial constraints
imposed on the filament ensemble.

Another issue considered in this article is the dependence of
extracted parameters on the extraction methodology and on the
measurement conditions. The extracted parameter values and
their variability can be affected either by noise or insufficient res-
olution of measurement circuit. The latter factor becomes more
significant with an increase in the cycling frequency, and its
effect is superimposed on the basic regularities associated with
the finite switching time, especially pronounced for the reset
process.[29]

All these problems should be accurately addressed in further
research and technology optimization with relevance to modern
applications of memristors.

5. Conclusions

Variability in Au/Ta/ZrO2(Y)/Ta2O5/TiN/Ti memristive devices
has been studied under a statistical viewpoint. Herewith, differ-
ent methods for extraction parameters of RS were established
and assessed. The most representative RS parameters, such as
Vset, Iset, Vreset, and Ireset, have been extracted and analyzed.

In particular, C2C variability is evaluated by determining the
CDFs and the Weibits to determine the appropriateness of the

description using Weibull distribution. The extraction methods
where the current derivative is involved led to a higher variability.
The extraction results also depend on the sweep rate, although
RS is found to be robust to high-frequency excitation. Lower var-
iability is determined for the higher-frequency cycling due to the
limited resolution of measurement circuit. Because of that, it has
to be also considered that the results highly depend on the
numerical method and on the measurement conditions
employed, as demonstrated.
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