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The characteristics of Pry;Cag;MnO3; (PCMO)-based resistive change memory were evaluated as
a synapse device for a emerging computing system inspired by a biological brain. The evaluated
samples structured with various reactive top electrodes exhibited a dependence on the metal-oxide
free energy. More conductance states which can improve the performance of the brain-inspired
computing system were achieved in a sample having a low metal-oxide free energy. During the
increase and decrease in the conductance, the low metal-oxide free energy also resulted in an
asymmetric conductance change leading to degradation in the computational accuracy of the brain-
inspired computing system. The results demonstrated a trade-off between the number of conduct-
ance states and the variation in the conductance change in the PCMO-based synapse device.
©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915924]

Recently, emerging computing systems inspired by a bi-
ological brain (brain-inspired system) have received consid-
erable attention, and many studies have been conducted to
implement these brain-inspired systems.'™ For processing
precisely defined data, the typical CMOS-based von
Neumann architecture (typical computing system) is an ideal
solution, but it is not suitable for problems including impre-
cisely defined data such as sensory data and big data.* Even
though we can improve the computational performance of a
typical computing system to process imprecisely defined
data, there are limitations with respect to power, area, and
time. Thus, the brain-inspired system has been proposed as a
strong candidate on the basis of its energy-efficient and
error-tolerant computation of imprecisely defined data which
can be utilized for unconventional applications such as a
cognitive computing system and feature recognition sys-
tem.*’ To realize the brain-inspired system, various
approaches such as neural-network processes based on the
von Neumann computing system, a CMOS-based hardware
neural network (HNN) and a synapse-device-based HNN
(S-HNN) have been proposed.*”"'*> Among these proposed
approaches which have their associated advantages and dis-
advantages, the S-HNN can be the best solution in terms of
the power, area, and time based on its massive parallelism,
extremely high-density structure, power efficient operation,
storage-combined computation, and robustness to computa-
tional faults.'* However, more studies are necessary from
the synapse-device level to the system level.

With respect to the synapse device, various synapse
devices such as resistive change memory (ReRAM), phase
change memory, ferroelectric switches, and field-effect-
transistor-based devices have been researched for the
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S-HNN.'%1315717 Even though each synapse device has its
advantages, the synapse device needs a simple two-terminal
structure for high density, low-power operation, an analo-
gous conductance change, and reliable characteristics for the
implementation of the biological-brain-like S-HNN.? In
these respects, ReRAM can be a promising candidate. In par-
ticular, Pry-Cag;MnO5; (PCMO)-based ReRAM can be uti-
lized as a synapse device on the basis of its demonstrated
reliable characteristics.''"'*'®

According to previously reported studies, PCMO-based
synapse devices (PCMO-synapse) exhibit spike-timing-
dependent plasticity (STDP) which is a change in the
conductance of the PCMO-synapse by temporally modified
pre- and post-neuron spikes, as shown in Fig. 1(a)."'"'* When
the pre-neuron spike is applied before the post-neuron spike,
the conductance of the PCMO-synapse increases (potentiation).
On the contrary, the conductance of the PCMO-synapse
decreases when the post-neuron spike is applied before the pre-
neuron spike (depression). These changes in the conductance
of the PCMO-synapse can be considered as changes in the
strength of the connection between pre- and post-neurons,
which is a foundation of learning and memory in the biological
brain.'® Considering the mechanism of computation in the bio-
logical brain, the PCMO-synapse can be employed as the
storage-combined computational unit (synapse) in the
S-HNN.*

Figs. 1(b)-1(d) show the simplified mechanism of the
change in conductance during depression and potentiation.
Fig. 1(b) shows the structure of the PCMO-synapse which is
fabricated as a via-hole structure including a capping layer, a
top electrode (TE), PCMO, and a bottom electrode (BE). The
changes in the conductance result from a redox reaction
between the reactive TE and the PCMO layer, as shown in
Figs. 1(c) and 1(d). During depression, which is a process in
which the conductance changes from high to low, a positive

© 2015 AIP Publishing LLC
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FIG. 1.(a) Spike-timing-dependent
®) plasticity (STDP) of the evaluated
PCMO-based synapse device (PCMO-
synapse).'""'> The STDP allows for
emulation of the brain-inspired com-
puting systems with the PCMO-
synapse. (b) Simple structure of the
fabricated PCMO-synapses. (c) During
depression (reset process), an induced
oxide can be formed by oxygen
absorption of reactive top electrode
(TE). (d) In contrast to depression, the
absorbed oxygens can move back to
PCMO during potentiation (set pro-
cess). This redox reaction of the TE
leads to changes in the conductance of
the PCMO-synapse.

During set

FIG. 2. (a) Fabrication process of the
evaluated samples. To investigate the
dependence of the redox reaction, vari-
ous reactive TEs such as Ni, Ta, TiN,
and Al were employed. (b) Cross-
sectional TEM image of one of the
evaluated samples: Pt/TiN/PCMO/Pt.
An induced oxide was observed at the
interface between the TE and PCMO.

Induced

BE (Pt)

SiO,

bias is applied to the reactive TE, and oxygen atoms in PCMO
are attracted to the reactive TE. Then, these oxygen atoms
react with the TE and form an induced oxide which can deter-
mine the total conductance of the PCMO-synapse. In contrast
to depression, the oxygen atoms of the induced oxide move
back to PCMO during potentiation, and the conductance is
changed from low to high when a negative bias is applied to
the TE.'"'*2'2* Considering an implementation of the
S-HNN including a high-density and power-efficient synapse
device, the redox reaction is the main key factor for improving
the synaptic characteristics of the PCMO-synapse. In other
words, the redox reaction between the reactive TE and the
PCMO layer needs to be well-modified to obtain improved
synaptic characteristics. Thus, in this study, we researched the
dependence of the redox reaction on the synaptic characteris-
tics by using various reactive TEs.

Fig. 2(a) shows the fabrication processes for the investi-
gated samples: Pt/Ni/PCMO/Pt (Ni/PCMO), Pt/Ta/PCMO/Pt
(Ta/PCMO), Pt/TiN/PCMO/Pt (TiN/PCMO), and Pt/Al/
PCMO/Pt (Al/PCMO). Each sample was optimized by spe-
cific fabrication processes and bias conditions.'!*!8:21:22
Fig. 2(b) shows a cross-sectional transmission electron
microscope (TEM) image of the initial state of the fabricated
TiN/PCMO sample. During deposition of the reactive TE, an
induced oxide was formed by oxygen absorption of the reac-
tive TE. Figs. 3(a)-3(d) show the current versus voltage
(I-V) characteristics of each sample for more than five DC
cycles. All samples exhibited a negative set process, which
is a resistance change from the high-resistance state (HRS)
to the low-resistance state (LRS) under a set bias (V).

Moreover, under a positive reset bias (Vi s, the resistance
changed from the LRS to the HRS (reset process).'""'* On
the basis of the results from the I-V characteristics, the
Al/PCMO sample exhibited a larger operation voltage ratio
(=Vset/ Vieser) and a larger on/off ratio (the ratio between the
conductances in the LRS and HRS at the read voltage), as
shown in Figs. 3(a)-3(e).

To investigate the synaptic characteristics, we evaluated
the conductances of each sample during potentiation and
depression by applying an identical pulse, as shown in
Figs. 4(a)-4(d). For optimized operations, proper pulse bias
conditions were utilized for each devices. From pulse num-
ber 0 to 50, the conductance for potentiation was measured;
then, the conductance for depression, which is plotted from
pulse number 50 to 0, was measured. In other words, the
conductance was changed from the initial low conductance
to the high conductance during potentiation (plotted as the
black line with dots in Fig. 4). Subsequently, the conduct-
ance changed from a high conductance to a low conductance
during depression (plotted as the red line with dots in Fig. 4).
For the evaluated devices having little different conductance
regions, normalized conductances (dividing by maximum
conductance) were employed to compare the changes in the
conductance (AG). In the ideal case, the AG should be the
same during both potentiation and depression to obtain
the same value of AG per applied pulse (potentiation or
depression pulse), as shown in Fig. 4(a). A variation in AG
can degrade the S-HNN because potentiation and depression
can occur randomly during the learning process (information
storage process) in the S-HNN.'®? For example, if one
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FIG. 3. (a)—(d) Current—voltage (I-V) curves of the fabricated samples. All samples exhibited counter-clockwise resistive switching including negative set and
positive reset processes. Compared to the other samples, the Ni/PCMO sample exhibited a leaky and narrow resistive switching window, whereas the other
samples exhibited wider on/off ratios with more asymmetric switching between the negative and positive bias regions. () Operation voltage ratio (=Ve/
Vieser) Of the evaluated samples. The Ni/PCMO sample exhibited the same operation voltages, while the other samples have asymmetric operation voltages.
Considering the activation energy during depression and potentiation, these asymmetric switching characteristics can lead to asymmetric synaptic

characteristics.
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and (b) asymmetry ratio increased. The Al/PCMO sample exhibited the largest on/off ratio, leading to a high number of conductance states and the largest

asymmeltry ratio that can cause errors in computation in the S-HNN,'*?

(c) On the basis of the Gibbs free energy of the induced oxides,

2728 these results can

be considered as a trade-off between two important requirements of the synapse device: the number of conductance states and the similarity of the value of

AG. For higher performance of the S-HNN, the synapse devices need to satisfy both requirements (a large number of conductance states and stable AG).

potentiation pulse and one depression pulse were applied
sequentially, the final conductance needs to be similar to the
initial conductance. Even though the S-HNN has error-
tolerant computation, a larger variation in AG can lead to a
degradation in the computation of the S-HNN.'*?® In this
respect, the similarity of AG during potentiation and depres-
sion is an important requirement for a synapse device. To
evaluate the similarity of AG, we defined the asymmetry ra-
tio, which is the conductance ratio between potentiation and
depression, as shown in Fig. 4(b).

Fig. 5 shows the results for the TE dependence: the
tendencies of the on/off ratio and the asymmetry ratio. The

10,25

on/off ratio in Fig. 5(a) increased when the TE was changed
from Ni to Ta to TiN to Al, which means that a larger number
of conductance states can be obtained in the Al/PCMO sam-
ple. This is also an important synaptic characteristic because
a larger number of conductance states lead to higher perform-
ance of the S-HNN.>'%* Among the evaluated samples in
Fig. 5(b), the Al/PCMO sample exhibited the highest asym-
metry ratio, which can lead to a degradation in computation
in the S-HNN. These results (the highest ratio and asymmetry
ratio) can be explained by the Gibbs free energy of the
induced oxide (metal-oxide free energy).”*>® The free energy
of NiOy induced in the Ni/PCMO sample is similar to that of
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PCMO, whereas AlOy of the Al/PCMO sample has a smaller
metal-oxide free energy than that of PCMO, as shown in
Fig. 5(c). This means that the induced AlOy is more stable
than PCMO in the Al/PCMO sample. In other words, the acti-
vation energy for the oxidation of Al (depression or reset) is
smaller than that for the reduction of Al (potentiation or
set).?”*® Thus, the Al/PCMO sample exhibited a smaller
value for Ve than Vg and the operation voltage ratio
(=Vset/Viese) Was higher than the others [Figs. 3(e) and 4]. In
addition, the smaller activation energy for the oxidation of Al
can lead to an abrupt AG during the depression, which is the
origin of the higher asymmetry ratio, as shown in Fig. 4(d).
For TiN and Ta, TiN TE can form various titanium oxides
such as TiO, Ti,03, TiyO7, and TiO,. Compare to the metal-
oxide free energy of Ta/PCMO sample, TiO and TiO, have
difference in the metal-oxide free energy, but Ti,O; and
Ti4O; have similar metal-oxide free energy. Thus, the
Ta/PCMO and TiN/PCMO samples exhibited similar tenden-
cies, as shown in Fig. 5. These results mean that the PCMO-
synapses have a trade-off between the number of conductance
states and the similarity in the values of AG.

For the implementation of an S-HNN, the synaptic char-
acteristics of a PCMO-synapse were evaluated by using vari-
ous TEs. On the basis of the metal-oxide free energy, the
evaluated samples exhibited a trade-off between the on/off
ratio and the asymmetry ratio. To obtain a more proper
PCMO-synapse for the S-HNN, the metal-oxide free energy
of the TEs should be carefully considered; a lower metal-
oxide free energy can lead to a high on/off ratio but can
increase the asymmetry ratio.
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