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The effect of training pulse parameters on the synaptic plasticity of a ZrOx(Y)-based
memristive device has been investigated. It is shown that the potentiation and depression
significantly depend on the amplitude and shape of the training pulses. The most stable
synaptic plasticity is observed when considering training pulses with rectangular shape and
maximum amplitude value. On the other hand, there is a rather weak dependence of the

potentiation and depression on the number of pulses in trains. The observed effect can be
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explained in terms of the work required to change the resistive state. Moreover, a ZrOx(Y)-
based memristive device exhibits distinguishable potentiation and depression for at least 1000

cycles.

1. Introduction

Nowadays, neuromorphic systems have drawn significant interest.!?! Research and
development of neuromorphic devices were inspired by human brain that is able to process
energy-efficiently a large amount of information (~1-100 fJ per synaptic event).[>3! The
promising candidate for emulating brain’s synaptic functions, such as learning, forgetting and
memorizing, is a memristor as a part of neuromorphic circuit. Memristive devices are based
on the resistive switching effect, that is the change of conductivity under the external electric
field, and recently largely investigated."*”) Memristive devices have multilevel and
incremental changes in conductance whereas the continuous change in the weight of a
biological synapse is a fundamental process for transmitting and processing information in
human brain.®!% Therefore, in neuromorphic devices, the memristor is assessed as an
artificial synapse, and the change in its conductivity is considered as synaptic plasticity which
plays the crucial role in the brain’s memory function.'!] It has already been shown that the
increase and decrease of the electrical conductance of the memristor correspond respectively

12131 However, there are

to the potentiation and depression in a robust biological synapse.!
some serious problems regarding the synaptic plasticity. One of the problems is the
dependence of the training accuracy of neuromorphic networks on the degree of conduction

[14] At the same time, memristive devices as part of

nonlinearity in potentiation and depression.
neuromorphic systems must be resistant to failure, which means a long endurance without
significant degradation in performance.l'”! According to recent investigations, the problem
solving method includes both optimization of training protocols to modify the resistive state
of the memristor and the component materials, the latter means the correct choice of electrode
materials and functional dielectric.['® Focusing on the former, changes in pulse amplitudes
and duration, as well as the intervals between pulses, are taken into account in studying the
influence of the switching protocol on synaptic plasticity.!!7-2

This work considers the effect of training pulse parameters (shape, amplitude and number of
training pulses in trains) on potentiation and depression in the ZrO>(Y)-based memristive
device.

We chose a memristive device based on the Ta/ZrO»(Y)/Pt stack due to their low variation in

resistive switching parameters from both cycle-to-cycle and device-to-device.?!! Furthermore,
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it has previously been shown that these memristor devices demonstrate stability in the
selected range of low voltages, indicating new perspectives for their use as low-power

elements for memory and neuromorphic systems. !/

2. Experimental Methods

A memristive device based on the Ta/ZrO»(Y)/Pt stack (see Figure 1) was fabricated using a
Torr International 2G1-1G2-EB4-THI1 thin film deposition vacuum system. The ZrO2(Y) film
was deposited by radio-frequency magnetron sputtering of a target, which consisted of
ZrO; (88 mol %) and Y203 (12 mol %) powders. The substrate temperature during ZrO>(Y)
deposition was 250 °C. The metal layers were deposited by direct current magnetron
sputtering at a substrate temperature of 200 °C. A standard photolithography facility was used

to form the cross-point topology. The active area of memristive device was 20 x 20 pm?.
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Figure 1. Schematic representation of a memristive device and an experimental setup

Investigations of the effect of training pulse parameters on the potentiation and depression
were carried out using USB-6341 data acquisition system (National Instruments). A
schematic representation of the experimental setup is shown in Figure 1. The electrical
contacts to the contact pads of the memristive device were provided using the Everbeing EB-6
probe station. The sign of voltage across the memristive device corresponds to the potential of

bottom electrode relative to the potential of top electrode (see Figure 1). Current compliance
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is 300 pA and is based on a simple field-effect transistor circuit.??) All investigations were
carried out on the same memristive device at room temperature.

To study potentiation and depression, a signal was applied to the memristive device,
consisting of trains of N identical pulses (in amplitude and shape) with fixed positive
amplitude 4 and N identical pulses with fixed negative amplitude —4. See the schematic
representation of a cycle of the input signal in Figure 2, where input signals with rectangular
and exponential training pulses are shown. We used training pulses of different amplitudes |A|
(0.9-1.2 V) and shapes (exponential, triangular, sinusoidal and rectangular) and varied the
number of training pulses N in the trains (N = 10, 20, 50 and 100). As will be shown below,
the device demonstrated several resistive states when an increasing voltage, in absolute value,
was applied (see Figure 4). However, the detected effect turned out to be more significant in
the positive voltage region: each subsequent voltage increase in the range from +0.9 to +1.2 V
resulted in a significant increase, compared to the curves obtained in other cases of voltage,
resistance of the device. Based on these results, the training pulse amplitude range was
selected. The training pulse duration was 5.5 ps. After each training pulse, the current through
device was measured by applying reading pulses with an amplitude of +0.4 V and a duration
of 0.1 ms. The response of memristive device to the input signal was recorded from a load
resistor (100 Q) connected in series (Figure 1). To determine the effect of the input signal
parameters on the potentiation and depression, the average (over 100 data points) value of

current during the reading was calculated (see Figure 5 for the explanation).

(@) (b) N

n
n

t t

Figure 2. Schematic representation of one cycle of the input signal with (a) rectangular and

(b) exponential training pulses

3. Results and Discussion
The investigated memristive device exhibits stable and predominantly gradual /-V curves of

bipolar switching type (Figure 3a). The average threshold voltages for SET (transition from
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HRS into LRS) and RESET (transition from LRS into HRS) processes are -0.7 and +0.7 V,
respectively. These values almost coincide with those obtained earlier for a ZrO>(Y)-based
memristive devices.[*!! The dependence of current through the investigated device on the
number of switching cycles indicates that the difference between resistive states persists over
100 switching cycles (see Figure 3b). Moreover, on average, the resistive states differ by more
than an order of magnitude. The coefficient of variance, which is the ratio of standard
deviation to its mean, for currents through device in LRS and HRS are 0.19 and 0.49,
respectively. These values are different from those previously obtained.?!! Note, however,
that the previously obtained results are calculated from pulse measurements. In any case, a

trend can be seen that the variation in the case of LRS is less pronounced than in the case of

HRS.
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Figure 3. (a) One hundred /-V curves (black) and averaged /-V curve (pink) for the device
under study; (b) dependence of the current through the device at +0.4 V on the number of

switching cycles obtained from /-V curves

The studied device demonstrates asymmetrical synaptic behavior (see Figure 4), in particular
with one voltage polarity, in which the resistive state change is gradual, and with the other
voltage polarity in which this change is more abrupt.

A typical response of a memristive device to one cycle of the input signal with rectangular
training pulses with |4| = 1.1 V and N = 20 is shown in Figure 5a. The response of a
memristive device is a waveform of the current flowing through it. As a result of a train of
pulses with a fixed positive amplitude, the resistance of memristive device gradually increases.
It can be seen that the current through device fluctuates during reading, but generally

decreases.
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Figure 4. Asymmetric synaptic behavior of the memristive device under study

And vice versa, due to the effect of a train of pulses with a fixed negative amplitude, the

resistance of memristive device gradually decreases. It can be seen that the current through

device increases during reading. This behavior is similar to depression and potentiation, that is

the ability of a synapse to change its strength.!®] Note that for both polarities of the training

pulse amplitude, the current when reading after the first and twentieth (last) training pulse

differs approximately 1.3 times.
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Figure 5. (a) Typical waveform of current through a memristive device obtained by applying

one cycle of the input signal. Device response to the last training pulse of (b) positive or (c)
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negative amplitude and reading after it. The data are given for the case of the input signal with

rectangular training pulses with |[4| = 1.1 V and N =20

Figure 5 shows the response of the memristive device to the last training pulse of positive
(Figure 5b) and negative (Figure 5¢) fixed amplitude and the reading pulse after it. Note that,
for the case under consideration (rectangular training pulses with [4]| = 1.1 V and N = 20), the
value of currents when reading differs by ~ 3 times. The value of current during the last
reading (in sequence of positive/negative training pulses) was used as a measure of the
potentiation and depression effectiveness. In other words, this value allows us to understand if

the resistive state has changed a lot and if it has changed completely.
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Figure 6. Dependence of the average current value on the amplitude of training pulses with
different shapes: (a) exponential, (b) triangular, (c¢) sinusoidal, and (d) rectangular. Data are

given for N =50

Figure 6 and Figure 7 show the dependence of current value during the last reading on the
amplitude (Figure 6) and the number (Figure 7) of training pulses of various shapes. The
average was performed over 500 potentiation and depression cycles. The error bars are the

standard deviation of the mean current.
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Let us first consider the effect of exponential, triangular and sinusoidal pulses with a fixed
N =50 (Figure 6a, 6b, and 6¢) on the response of the memristive device and, accordingly, the
current value during the last reading. It can be noted that, for an amplitude equal to 0.9-1.1 V
(for exponential pulses) or 0.9—-1.0 V (for triangular and sinusoidal pulses), the average values
of the potentiation and depression currents during the last reading differ slightly or not at all.
In these cases, there is little or no response to the input signal over 500 cycles of potentiation
and depression. This indicates the absence of changes in the resistive state of the device under
the effect of trains of positive and negative training pulses. With an increase in the amplitude
of the exponential pulses to 1.2 V, the average values of the potentiation and depression
currents during the last reading differ by a factor of 1.6, but their standard deviations overlap.
In this case, the memristive device demonstrates a response to each cycle of the input signal
during the first 282 cycles of potentiation and depression. During the remaining 218 cycles,
the resistive state of the device remains almost unchanged when exposed to trains of positive
and negative training pulses. With an increase in the amplitude of triangular and sinusoidal
pulses to 1.1 V, the average values of potentiation and depression currents during the last
reading differ by 1.4 and 1.2 times, respectively. In these cases there is an unstable response
(not for each cycle of the input signal) of memristive device and significant current
fluctuations during the reading from cycle to cycle of potentiation and depression are
observed. An increase in the amplitude of triangular and sinusoidal pulses to 1.2 V result in a
significant difference in the average values of potentiation and depression currents during the
last reading and the absence of overlapping of their standard deviations: the average values
differ by 3.9 and 7.1 times, respectively. In these cases, the memristive device exhibits the
response to almost every cycle of the input signal (for all 500 cycles). Then, we consider the
effect of rectangular pulses with a fixed N = 50 (Figure 6d) on the response of memristive
device and, consequently, the current value during the last reading. Note that, over the entire
considered range of rectangular pulse amplitudes, the overlap of standard deviations of
potentiation and depression currents is absent or insignificant. For a rectangular pulse
amplitude of 0.9 and 1.0 V, the mean values of potentiation and depression currents during
the last reading differ by 1.2 and 1.3 times, respectively. In these cases, an unstable response
of the device and significant fluctuations of currents during the reading from cycle to cycle of
potentiation and depression are observed. An increase in the amplitude of rectangular pulses
to 1.1 and 1.2 V leads to a significant difference in the average values of potentiation and
depression currents during the last reading: the average values differ by 6.5 and 17.3 times,

respectively. In these cases, the stable response of memristive device to each cycle of the
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input signal over all 500 cycles and slight fluctuations of currents during reading from cycle
to cycle of potentiation and depression are observed. Note that the maximum value of the
ratio of the average values of potentiation and depression currents during the last reading at
the same amplitude value is demonstrated by the devices under the effect of training pulses of
exactly a rectangular shape. Therefore, the results obtained indicate a strong dependence of
the value of the potentiation and depression currents during the last reading on the amplitude

and shape of training pulses.
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Figure 7. Dependence of the average current value on the number of training pulses with
different shapes: (a) exponential, (b) triangular, (c) sinusoidal, and (d) rectangular. Data are

given for [4| =12V

On the contrary, the number of training pulses has a less significant effect on the potentiation
and depression (see Figure 7). It can be seen that, almost in the entire considered range of N,
the overlap of the standard deviations of potentiation and depression currents is absent or
insignificant. In any case, it can be noted that, for a fixed value of |[4| = 1.2 V, the maximum
ratio of the average values of potentiation and depression currents during the last reading is
observed in the case of rectangular pulses with N = 50. The observed effect could be ascribed
to the value of work required to change the resistive state. This work is determined by at least

the amplitude, shape, duration and number of training pulses in trains.
9
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Figure 8 demonstrates the dependence of the current through device on the number of
potentiation / depression cycles. It is shown that potentiation and depression are
distinguishable with at least a triple current variation even after reaching 1000 cycles. Note
that the values of potentiation currents almost do not change and have a constant value. This
behavior is undesirable, because this will significantly reduce the accuracy of training
neuromorphic networks based on such devices. However, in this study, symmetrical
amplitudes in absolute value of the training pulses were used for potentiation and depression.

The effect of asymmetry will be the subject of further research.

X3

x9

W

50" 100" 500" 1000"

Figure 8. Dependences of the current through device on the number of
potentiation / depression cycles. Data show the currents during the reading for rectangular

training pulses with |4| = 1.2 V and N = 50 (blue), as well as with [4| = 1.1 V and N =20 (red)

4. Conclusion

The effect of training pulse parameters (shape, amplitude and number of training pulses in
trains) on synaptic plasticity (potentiation and depression) of a ZrO>(Y)-based memristive
device was studied. It is shown that potentiation and depression are significantly dependent on
the shape and amplitude of training pulses and slightly on the number of pulses in the trains.
The observed effect can be explained in terms of the work required to change the resistive
state. Considering the presence of a response to each cycle of the input signal and the smallest
fluctuations in the current value, training pulses of rectangular shape and maximum amplitude
value are found the most effective to control synaptic plasticity. The presented results indicate
the promise of further potentiation and depression studies in ZrO>(Y)-based memristive
devices.

The study of the effect of the amplitude and number of training pulses of various shapes in a
wider range of values, as well as the development of a physical model of this effect on the

Zr0O»(Y)-based memristive devices will be the subject of further research.

10
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