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Abstract
Artificial synaptic potentiation and depression characteristics were demonstrated with
Pt/CeO,/Pt devices exhibiting polarity-dependent analog memristive switching. The strong and
sequential resistance change with its maximum to minimum ratio >10°, imperatively essential
for stable operation, as repeating voltage application, emulated the potentiation and depression
motion of a synapse with variable synaptic weight. The synaptic weight change could be
controlled by the amplitude, width, and number of repeated voltage pulses. The voltage polarity-
dependent and asymmetric current—voltage characteristics and consequential resistance change
are thought to be due to local inhomogeneity of electrical and physical states of CeO, such as
charging at interface states, valence changes of Ce cations, and so on. These results revealed that
the CeO, layer could be a promising material for analog memristive switching elements with

strong resistance change, as an artificial synapse in neuromorphic systems.
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1. Introduction

Artificial synapses emulating biological synaptic behavior
have been under active investigation for their application to
highly energy efficient neuromorphic systems [1-14]. Artifi-
cial synapses connected with neuron circuits that have a high
connectivity allow for simultaneous parallel signal processing
and consequently adaptive learning/memory functions with a
modulated synaptic weight. Memristive devices with a metal—
resistive switching element—metal structure have a memorized
resistance change as a result of signal processing, so they
have been considered as one of the promising candidates for
artificial synapses [1-10]. Besides the memristive devices,
synaptic transistors with a memorized conductance change
have been also proposed, with these having several structures
and operation principles such as a ferroelectric field effect
transistor [11], nonvolatile floating-gate transistor [12],
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synaptic transistor using the modulation of a channel state
through ionic exchange with a gate insulator [13, 14], and
SO on.

Until now, a variety of memristive elements with metal
oxides have been explored for use in an artificial synapse
[1-5]. For instance, Borghetti ef al reported a hybrid logic-in-
memristor with digitally configured TiO,-memristor arrays
performing logic functions as an electronic synapse computer
[1]. Yu et al also reported multilevel resistance change in a
TiN top electrode/TiO,/HfO,/TiO,/HfO, /Pt bottom elec-
trode structure and applied it to the simulation of a neuro-
morphic visual system [2]. The actual biological synapse
experiences an analog-type change of synaptic weight for
consequent adaptive learning/memory states through the
alteration of released neurotransmitters, neurotransmitter
receptors, and the number of Ca ion channels inside the
synapse as a result of signal processing. In this regard, the
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Figure 7. Replot of -V in figure 5(b) with the form of Schottky conduction at (a) +V and (b) —V range, and SCLC at (c) +V and (d) —V

range.

The larger is the ratio of M,;/Ms peak areas in the second-
derivative spectra sensitive to the valence state of Ce cations,
the higher is the Ce*" cation concentration in the layer
[28-30]. Fortner et al reported that Ce(Ill) orthophosphate
and Ce(IV) in CeO, have the M4/Mj5 values of 0.78 and 1.1,
respectively [28]. Referring to these values, the difference of
Ce*" and Ce*" cation density was examined through the
depth of CeO, layer. The M,/Ms5 values are similar through
the entire layer from the top to bottom interface, ranging from
0.89 and 0.98. Therefore, it is hard to conclude that asym-
metric I-V characteristics were caused by a dissimilar density
of multivalent Ce cations through the layer.

Even with an uncertain distribution of multivalent Ce
states at the top and bottom interfaces, the conduction mode
analysis discloses an apparent dissimilarity that might come
from asymmetric interfaces. The I-V curves in figure 5(b)
could roughly fit with Schottky conduction (log(/) & V°%) and
space—charge limited conduction (SCLC, I o< V") as shown in
figure 7. In this analog resistance change condition, the
resistance was instantly changing during the voltage sweep, so
the I-V curves could not fit perfectly in a linear form through
the entire sweep voltage range. They did not fit with other

conduction modes such as Fowler—Nordheim tunneling,
Poole—Frenkel conduction, and hopping conduction. The
Schottky conduction and SCLC are influenced by the presence
of defects. For example, the Schottky barrier height in the ideal
case, presented by the y-intercept in log(I)-Vl/ 2 curves, is equal
to the energy difference between the work function of Pt and
electron affinity of CeO,. However, the Schottky barrier in
actual cases is significantly affected by the presence of inter-
face state pinning the Fermi level [31]. It implies that the top
and bottom Pt/CeO, interfaces could have different Schottky
barriers if they have different densities of interface and defect
states, which could be caused by the deposition processing
sequence that the top Pt electrode was finally deposited on the
CeO, layer while the bottom Pt electrode experienced the
deposition of CeO,. Similarly, Lee et al reported asymmetric
current levels with respect to the voltage polarity in a
Pt/(Ba,Sr)TiO;/Pt structure, which was attributed to different
Schottky barrier heights between the top and bottom interfaces
caused by dissimilar interface state density depending on the
processing condition [32]. Also, Mojarad et al reported the
asymmetric current at Pt/SrTiO; /Pt due to the internal field by
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fixed charges only at the bottom electrode, though their origin
was not clear [33].

Assuming the circumstance of having different densities of
interface state, the higher current at +V could be interpreted by
an effectively lower Schottky barrier at the bottom interface.
Then, the polarity-dependent resistance change could also be
associated with Schottky barrier modulation through Fermi
level pinning by filling these traps. The application of +V
injects a considerable amount of electrons from the bottom Pt
electrode and fills more interface states, lifting up the Fermi
level. As a result, the Schottky barrier is decreased and subse-
quently the current is increased as repeating the +V application.
Also, the SCLC current through the insulator with trap states is
proportional to the fraction of electrons in the conduction band
as to be equilibrated with the fraction in trap states as shown in
figures 7(c) and (d) [34]. As the traps are filled by electrons by
repeated +V application, the fraction of electrons in the con-
duction band to those in the trap state is increased and conse-
quently increases the SCLC current. Besides the contribution of
electrical charging on resistive switching, the valence change of
Ce cations along with redistribution of oxygen vacancies, which
is commonly observed in CeO,, would cause the resistive
switching. Injected electrons from the bottom Pt electrode when
applying +V reduces CeO, to Ce,O; through the reaction
2Ce0, — Cey05 + 1/20, + Vg [17] and generates more Vg
as n-type dopants of CeO, [35], thereby reducing the resistance.
The oxygen molecules or ions may remain inside the CeO,
layer because of the negligible oxygen solubility of oxygen in
Pt [36]. The same phenomena of Schottky barrier reduction at
the top interface, increased fraction of electrons in the con-
duction band in SCLC, and the reduction of CeO, should have
also occurred when applying —V in the symmetric Pt/CeO,/Pt
structure. However, counter to this the resistance was increased
as applying —V. It means that the proposed models could not
explain the characteristics at —V, where the reason is not
identified. As discussed above, the CeO, layer has complicated
characteristics to have a substantial defect density, tends to
undergo the conversion of Ce valence states, and has oxygen
vacancies as an n-type dopant with high ionic conductivity. So,
the discussion on the mechanism is just hypothetical at this
stage and it is not conclusive yet what causes the rectifying I~V
characteristics and polarity-dependent analog resistive switch-
ing. A further investigation, for example, by altering the stoi-
chiometry and defect density of CeO,, employing asymmetric
structure with CeQO, layer, etc, needs to be followed to clarify
the mechanism.

Figure 8(a) exhibits the gradual and sequential increase
of current measured at a read voltage of +2 V after repeating
the pulses with the amplitude of +10V and the width of
20 ms for 100 times. It presented the analog transition from a
high to low resistance state with a ratio >10°. This resistance
change is surprisingly strong compared to previously reported
values. As a reversible switching, the low resistance state
returned back to a high resistance state by successively
repeating —10 V pulses with a width of 1, 10, and 100 ms for
50 times, respectively. The current at a read voltage of +2V
without high voltage pulsing remained in the range of
107" A (not shown here), implying the read disturbance was
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Figure 8. Read current change after repeating (a) +10 V pulses with
the width of 20 ms for a hundred times and successive —10 V pulses
with the width of 1, 10, and 100 ms for 50 times, (b) pulses of
increased +V at the fixed width, and (c) pulses of fixed +10 V with
varied width.

negligible. This analog decrease and increase of resistance
emulates the potentiation and depression of synaptic beha-
vior, respectively. Notably, the strongly modulated resistance
change ranging from ~1 M) to 200 Gf? enables the artificial
synapse to have a wide range of synaptic weight states for
signal processing and learning/memory functions.
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Figure 9. Retention for long-term memory stability after repeated
pulsing +10 V for 10 ms.

The current change could be controlled by voltage pulse
amplitude and width as shown in figures 8(b) and (c),
respectively. The current was measured at +2 V read voltage
after high voltage pulsing for 30 times. At the fixed pulse
width of 10 ms, the current at the low resistance state was
increased from ~20 to 100 nA with the increase of pulse
amplitude from +7 to +10V (figure 8(b)). Similarly, the
current was increased from ~10 to 170 nA with the increase
of pulse width from 1 to 50 ms at the fixed pulse amplitude of
+10V (figure 8(c)). In both cases, the high resistance state
was reversibly obtained by applying —V pulses.

Figure 9 exhibits the retention to assess short-term or long-
term memory of synapses after pulsing operation. After the
current was increased tens of times by 4V potentiation pulsing,
it was decreased with time presenting the memory loss. It was
decreased most during the first 30 s and then decreased more
slowly. Nevertheless, the current was still four or five times
higher than the initial value after 10 min. This is superior or
comparable to the retention of short-term memory of biological
systems (e.g. the human brain) acting for temporary recall of
information during the process, which generally lasts from
seconds to tens of minutes [37, 38]. A better retention is
required for long-term memory operation. The memory loss in
this system is thought to be caused by unstable electrical
charging or recovery of Ce** to Ce*" and consequent anni-
hilation of oxygen vacancies through recombination with
oxygen ions. In order to prohibit this recombination, the oxy-
gen ions should be instantly removed to the Pt electrode. The
detailed mechanism of memory loss and improvement of
retention properties are under investigation.

4. Conclusion

The analog memristive switching with a strong resistance
change with a ratio >10° was demonstrated with a
Pt/CeO,/Pt device structure. The -V characteristics showed
the polarity-dependent and asymmetric diode-type resistive

switching. The sequentially decreasing resistance at +V
application emulated the synaptic potentiation and the
increasing resistance at —V did the depression motion of
biological synapse. In particular, the potentiation and
depression motions were modulated by voltage pulses, exhi-
biting the resistance change ranging from a few MQ to
hundreds of G2 with respect to the number, amplitude and
width of pulsing. The strong analog memristive switching
realized the wide range of synaptic weight states for signal
processing and learning/memory functions. The analyses of
stoichiometry and chemical bonding states using RBS, XPS,
EDS, and EELS revealed that CeO, layers have mixed mul-
tivalent Ce*" and Ce*" cations. From the conduction mode
analyses, it is probable that the Schottky barrier and space
charge density were modulated with respect to the applied
voltage through the charge trapping and detrapping that
altered the barrier height and SCLC current. Also, the pos-
sible valence change of Ce cations associating the change of
oxygen vacancy concentration would lead to the polarity-
dependent analog resistance change. These results demon-
strated the potential of CeO, memristive switching for the
application to artificial synaptic devices.
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