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Abstract—Hafnium oxide based memristors were fabricated
and multilevel programming driven by a capacitor discharge
current through the device was performed. Furthermore, the
dynamic memdiode model was used for modeling and analyzing
the experimental data.
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I. INTRODUCTION

Memristors based on the resistive switching phenomenon,
such as bipolar HfO, valence change memories (VCMs), are
currently drawing attention as key devices for the
implementation of neuromorphic circuits [1], such as
hardware artificial neural networks [2]. For that task, each
synaptic weight or matrix coefficient in a vector-matrix
multiplication operation is represented by a memristor device
inside a crossbar configuration [3]. Therefore, the device
conductance needs to be tuned to reproduce the corresponding
coefficient. Due to device variability, analog or continuous
setting of the conductance is not a feasible option and, instead,
multilevel operation is generally employed [4, 5].

In order to obtain these discrete set of conductance values,
several programming schemes based on voltage ramps [6] or
pulsed voltage operation were proposed [6-9]; even the
compliance current control has been employed for this
purpose [10]. Furthermore, current pulses have also been
proposed for a better control of the synaptic potentiation (set)
[11]. In the latter case, hardware limitations hinder the use of
short current pulses and transitions are obtained with just one
applied pulse, which prevents cumulative effects linked to the
application of pulse series. To overcome this issue, in this
work we introduce a new approach based on the control of the
set and reset processes by the injection of a limited amount of
charge through the use of a capacitor discharge. To do so, we
use memristors based on a TiN/Ti/HfO,/W stack, see section
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II. The experimental data obtained with this new technique
have been simulated and analyzed using the dynamic
memdiode model [13] (section III). Finally the main
conclusions are drawn in section I'V.

II. DEVICE FABRICATION AND MEASUREMENT

Resistive switching devices based on TiN/Ti/HfO,/W
structures were fabricated and employed for the experiment.
The 10 nm-thick HfO, layer was grown by atomic layer
deposition at 225°C using TDMAH and H,O as precursors,
and the top and bottom metal electrodes were deposited by
magnetron sputtering. The bottom electrode consists of a 50
nm-W layer deposited on a 20 nm-Ti adhesion layer on a
highly doped n-type silicon wafer. The top electrode is a 200
nm-TiN on a 10 nm-Ti layer acting as oxygen getter material.
Electrical contact to the bottom electrode is made through the
Al-metallized back of the silicon wafer. The resulting
structures are square cells of 5x5 um?. A schematic cross-
section of the device structure is given in Figure 1.
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Fig. 1. Device cross-section schematics.
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The TiN/Ti/HfO,/W stack has been previously studied in
depth at the simulation and experimental level. It was found
that they show bipolar filamentary conduction characterized
by the creation (set process) and rupture (reset process) of
metallic-like conductive filaments formed by percolation
paths made of oxygen vacancies that short the electrodes
changing the device conductance [12].

An HP 4155B Semiconductor Parameter Analyzer was
used to perform the current-voltage (/-V) measurements.
Figure 2 shows the electrical characterization setup used to
perform the measurements based on a capacitor discharge.
Two relays (¢ and ¢) control the capacitor charge and
discharge. First, ¢; is off and ¢ is on, so the capacitor is
charged with a V¢ voltage using a Keithley 617 electrometer.
When the capacitor has been charged, ¢ is turned off and
immediately ¢ is turned on: the capacitor is now discharged
through one of the resistive switching devices described
above. After the capacitor is discharged, ¢ is turned off and
the device conductivity is obtained with the HP 4155B, which
measures the current which flows through the device when
+0.1 V is applied to the top electrode.

III. DEVICE MODELLING AND RESULTS

In order to study and characterize the resistive switching
device programming experiments by transient SPICE
simulation, the dynamic memdiode model has been
implemented [13]. In this general memristor model, the
current is given by Equation 1.

I'=1Vn, h) (D

where V7, is the applied voltage on the device and 4 is the state
variable, whose value is assumed to be in between 0 and 1.
The maximum device conductance is obtained when 4 = 1 (for
a VCM device this situation could be physically interpreted as
a minimum gap distance between the conductive filament tip
and one of the electrodes, after a set process). On the contrary,
the minimum device conductance is obtained if 4 equals 0
(maximum gap distance between the conductive filament tip
and the electrode, after a reset process). More details about the
model and the equation for the time-dependent rate of change
of the state variable, dh/dt, can be found in Reference [14].
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Fig. 2. Measurement setup.
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Fig. 3. Experimental (black) and modeled (red) I-V curves under ramped
voltage for the devices under study.

The experimental /-V characteristics were measured under
ramped voltage signals and the results have been employed to
obtain the model parameters (following the procedure in [13]).
Figure 3 shows experimental /-V curves and the reasonably
good fit achieved using the memristor model. The inherent
cycle-to-cycle variability of these devices could also be
modeled, although we have not considered this issue here [6,
10, 12]. The set of model parameters obtained from the fitting
of the experimental I-V curves, has been used in all the
simulations performed in the present work.

Figure 4 shows the device final conductance (the read
voltage is 0.1 V) after set programming using different
capacitors previously charged with 1nC, as a function of the
initial capacitor voltage (Vcy). Before the experiment, all the
devices were driven to the high resistance state. Note that
different conductance levels are obtained. As can be seen, the
higher the initial voltage (the lower the capacitance), the
higher the final device conductance. The simulation results are
also given in Figure 4, showing a good agreement with the
experimental values.
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Fig. 4. Resultant conductance at 0.1 V after the device programming based
on the capacitor discharge (set process) versus initial capacitor voltage (V).
Different capacitors previously charged with 1nC were employed. Solid
circles: experimental data; diamonds: simulated results. The solid line
represents the linear fitting of the experimental data.
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Fig. 5. a) Modeled device current characteristics /(V,,, h) shown in 3D
surfaces. Simulated trajectories during the same programming events as
those in Fig. 4 are shown. b) Simulated trajectories departing from different
memristor initial states (%)) are shown (they correspond to the case of C =
500 pF). Colors on the surface illustrate equal current points (same horizontal
plane).

As previously mentioned, according to the memdiode
model, the device current is a function of the applied voltage,
Vu, and the state variable, 4. Therefore, in order to analyze the
results and visualize the device evolution during the
programming event driven by the capacitor discharge, the
I(V, h) surface is plotted in Figure 5 and the trajectories
drawn on such surface during the transient simulations
corresponding to Figure 4 are also shown in Figure 5a.

Note that the voltage remains almost constant while the
state variable % evolves. However, as the set process
progresses and the device demands more current, the capacitor
acts also as a current limiting device and the memristor
resistive switching evolution is stopped. In fact, Figure 5b
shows that the final device state, 4, does not depend on the
initial one (if the latter is lower than the final value reached
departing from A#=0), but the current and device evolution are
limited at the same point. These simulations have been
obtained for the case of C = 500 pF.
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Fig. 6. Conductance at 0.1 V after a reset process versus initial capacitor
voltage (V¢y) for different capacitors previously charged with 6nC. Solid
circles: experimental data; diamonds: simulated results. The solid line
represents the linear fitting of the experimental data.

Reset processes have also been experimentally performed
and modeled. Different capacitors were charged with 6nC and
connected to the memristor afterwards (Figure 2). After
programming, the conductance was measured at 0.1V. The
experimental and simulated results are plotted in Fig. 6. As
can be seen, the higher the initial capacitor voltage, the lower
the final conductance value (the reset process runs further).
Although good agreement exists between experimental and
simulated data, some difference is obtained for the highest
capacitor voltage. In fact, the simulated conductance tends to
saturate at the highest voltages. This effect is clear in Figure
7, where the simulated trajectories on the I(V,, /) surface are
shown.

As a final remark, note that the model [13] successfully
reproduces the device behaviour for different operation
regimes: ramped voltage excitations (Fig. 3) or transient
response during the capacitor discharge process (Figs. 4 and
6).

Fig. 7. Simulated trajectories on the modeled /(V,,,h) surface during the
same reset processes as those in Fig. 6.
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IV. CONCLUSSIONS

TiN/Ti/HfO»/W memristors devices were fabricated and
employed in order to explore multilevel set and reset
programming driven by a previously charged capacitor. The
devices were modeled by means of the memdiode model, so
that the device resistive switching evolution during the
programming events could be sketched by transient
simulation with SPICE. The same set of model parameters
was used for the fitting of the /- curve under ramped voltage,
for the simulation of the transient set/reset processes by means
of the capacitor discharge and for the calculation of the final
device conductance, showing good agreement with the
experimental results.
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