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ABSTRACT Lithium (Li)-ion materials such as LiCoO2 and (Li3PO4)-N (LiPON) are used in Li-ion all-
solid-state batteries, and are now expected to be used as ion-electron hybrid materials to create a new degree
of freedom in future integrated circuits. We fabricated thin-film devices on the basis of LiCoO2/LiPON/Cu
and ultrathin titanium oxide (TiOx) to demonstrate their new type of resistance change mechanism and
characteristics. Multi-level resistance changes promising as synaptic plasticity were obtained, and the
resistance properties enable neuromorphic computing to enter a new era.

INDEX TERMS Electrochemical devices, Lithium-ion batteries, memristors, neural networks, neuromor-
phic engineering, neuromorphics, synapses.

I. INTRODUCTION
Artificial intelligence (AI) is used in various applications
for Internet-of-Things (IoT) and automation. Because of the
large size of deep neural networks (DNNs), their training, or
learning, requires much computing time and effort [1], [2].
Most operations of NNs during and after training are repet-
itive sum-of-products operations, and graphics processing
units (GPUs) are often used because they can perform these
operations on a large scale and accelerate them as matrix
operations. However, the drawback of GPUs is that they con-
sume much power. Therefore, it is difficult to keep a large
DNN running on a small edge device. Neuromorphic technol-
ogy has shown promise as a computationally efficient hard-
ware dedicated to AI [3], [4]. Neurons in analog circuits are
simple physical networks that process information by using
electrical signals, like the brain, and thus can perform highly
efficient operations [5]. The technologies to mimic synapses,
which are memory elements, with resistance-change mate-
rials are promising [6], [7], [8]. Materials of interest for
resistance change elements include charge trap materials,
phase change chalcogenide, ferroelectric materials, oxide
insulators with oxygen deficiency, ion-conductive materi-
als, and so on [9], [10], [11], [12], [13], [14], [15], [16].
Challenges for resistive devices are generally to realistically

develop multi-level resistances and neuromorphic write and
read sequence.
One of the most successful ion-conductive materials,

not limited to the aforementioned computing applications,
is lithium (Li)-ion materials because of their success-
ful battery applications [17]. LiCoO2 is widely used as
a cathode material for Li-ion batteries, which provides
Li ions [18]. All-solid-state batteries with Li-ions have
attracted much attention for a new degree of freedom in
electronics [19], [20]. Although it may be difficult to imple-
ment lithium-ion conductors directly on Si substrates, there
is a good possibility to use them in 3D structures by
using improved backend-of-line processes and heterogeneous
wafer bonding and so on.
To fabricate all-solid-state Li-ion devices, solid oxide elec-

trolyte is a key material to control Li-ion conductance and
electron resistance. Li3PO4 and its nitride, LiPON, are a
typical solid oxide electrolyte used for Li-ion based all solid-
state batteries such as LiCoO2/LiPON/Cu [21]. Three- and
multi-terminal devices using LiCoO2 as a resistive element
has been reported to show a repetitive resistance change due
to electrolytic transfer of Li-ions [22], [23], [24]. According
to these results, ionic conduction is a promising mechanism
for long-term memory and linearity of resistance change.
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FIGURE 1. Ion conduction at the synapse of neurons provides information
transfer and plasticity: (a) biological synapses, (b) artificial synapses using
Li-ion conductions in this study.

However, the use of Li-ions such as thin-film all-solid-
state batteries has not been demonstrated yet in integrated
neuromorphic devices.
Neuromorphic engineering has utilized the charge con-

ductivity of semiconductors and oxides rather than ionic
conduction. However, the neurons of living organisms use
spikes as electrical signal processing and spike-timing-
dependent plasticity (STDP) [25], [26]. The mechanism of
spike generation is electromotive force generation of ion-
ized chemicals. The synaptic change mechanism responsible
for memory plasticity also involves more chemical sig-
nal transduction and chemical plastic change than electrical
plasticity. Figure 1 shows the relationship between neurons
and synapses and the concept of a neuromorphic device
with ionic conduction. A neuromorphic NN system receives
inputs as spike voltages and thus uses STDP for learning, in
which nonlinearity should be carefully implemented in the
resistance changes [27], [28], [29], [30], [31], [32].
The purpose of this study is to design a new type of Li-

ion-based device with a resistance change mechanism for
neuromorphic computing and to demonstrate its resistance
change properties. To clarify the resistance change character-
istics of a two-terminal device using a thin-film all-solid-state
battery, we inserted ultrathin layers of titanium dioxide at
the interfaces and investigated the resistance change charac-
teristics affected by pulses or spikes. Given the experimental
results, we also conduct an analysis on NNs by simulations
and discuss neuromorphic computing applications.

II. DEVICE DESIGN AND EXPERIMENTAL METHODS
The operating mechanism assumed in the design phase of
the Li-ion synapse device developed in this research is as

FIGURE 2. Mechanism of resistance change. In the initial state
immediately after film deposition, the film is in a high resistance state
(HRS) due to the thicker TiOx ; when a positive voltage is applied to the
cathode side where LiCoO2/thinner TiOx is present, Li-ions move to the
anode and enter the thicker TiOx , resulting in a low-resistance state (LRS)
film of LiTiOx .

follows. A schematic diagram is shown in Fig. 2, in which
Li-ions move inside the device and change in a predeter-
mined direction between a low-resistance state (LRS) in
which current flows and a high-resistance state (HRS) in
which current does not flow. The structure consists of an
electrode such as Ti, a transition metal oxide such as LiTiOx

or LiCoO2/TiOx as a Li-ion source on the positive electrode
(cathode, i.e., providing Li+ ions when positively biased),
a Li-ion conducting layer such as LiPON as a fundamen-
tal solid electrolyte, a transition metal oxide layer such as
TiOx on the negative electrode (anode, i.e., accepting Li+
ions when negatively biased), and a Cu/Ti electrode. Since
LiCoO2 is a conductor [18], the resistance changes by mod-
ulating the Li concentration only in the LiCoO2 layer is
insufficient. We designed a device to broaden the resistance
change by increasing or decreasing the Li concentration
in TiOx, which is basically a semiconductor or insulator
without Li. The direction perpendicular to the surface of
LiCoO2/TiOx is the direction of Li-ion migration. The Li-
ions are made to move by applying voltage between the
cathode and anode. LiPON, the Li-ion conductive layer, is
a solid material that enables Li-ions to pass through but not
electrons. A material with high ion conductivity is desirable
for Li ions. So, amorphous LiPON is often used as a solid
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electrolyte because it is stable in thin-film stacks [21], [22],
[23], [24].
If there are no Li-ions in the TiOx on the anode and only

Li-ions on the cathode, the overall state is a HRS because
TiOx is a high-resistance material. When a positive voltage
is applied to the cathode from this state, Li-ions are pushed
out of the cathode and contained in the TiOx on the anode
through the solid electrolyte; in the LRS. When a positive
voltage (or negative voltage on the cathode) is applied to
the anode, Li-ions are pushed out of the anode and back
into the cathode through the solid electrolyte, resulting in a
higher resistance depending on the Li content of the LiTiOx

on the anode.
To fabricate the proposed device, we show our experimen-

tal methods described in the following. A thermally oxidized
film, SiO2, was formed on a Si substrate and the device
structure was fabricated on top of it. The film stacks are,
from the bottom on Si/SiO2, Ti/LiCoO2/LiPON/Cu/Ti and
Ti/LiCoO2/TiOx/LiPON/TiOx/Cu/Ti. All deposition methods
were sputtering: Ti, LiCoO2, and Cu were deposited with
the composition of the sputtering targets, TiOx was deposited
by reactive sputtering of Ti in an oxygen atmosphere, and
LiPON was deposited by reactive sputtering of Li3PO4 target
in oxygen and nitrogen atmosphere. The amorphous LiPON
was successfully formed due to appropriately tuned gas pres-
sures of oxygen and nitrogen during the deposition. The
device patterns were formed by using a metal mask during
the depositions.
The microscopic device structure was evaluated by cross-

sectional transmission electron microscopy (TEM). For
electrical characteristics, the resistances were investigated by
measuring the voltage after a constant current was applied.
For evaluation as a resistance change device, DC I-V and
write/read measurement by pulse application and STDP eval-
uation by time difference measurement of pulse application
were performed. During the DC I-V measurement, the state
change on the top electrode side of the device was observed
through an optical microscope.

III. DEVICE CHARACTERIZATIONS
The fabricated film structures were observed by cross-
sectional TEM to confirm that the film thicknesses were
as designed and to examine the crystal structure of
each layer. As shown in Fig. 3, the low-magnification
image shows that the thin films are uniformly layered
with well-defined interfaces. For comparison with the
LiCoO2/TiOx/LiPON/TiOx/Cu, LiCoO2/LiPON/Cu is also
shown together (Fig. 3(b)). The difference between the two
samples was obvious regarding the interfaces shown as A, B
and C. The measured thickness of LiPON is about 200 nm,
thinner than that shown in reported examples of all-solid-
state batteries [19], [20], [21]. Figure 4 shows that the two
TiOx and LiPON films were amorphous, and LiCoO2 is
polycrystalline. LiCoO2 is determined to be a hexagonal
crystal structure by using out-of-plane X-ray diffraction and
in-plane electron diffraction, where Li is known to move in

FIGURE 3. Cross-sectional TEM images. From the bottom layer on Si/SiO2,
(a) Ti/LiCoO2/TiOx/LiPON/TiOx/Cu/Ti, (b) Ti/LiCoO2/LiPON/Cu/Ti.

FIGURE 4. Enlarged cross-sectional TEM image: regions A, B, and C
correspond to Fig. 3(a).

and out reversibly as a layered intercalation material [18].
Furthermore, on the basis of our preliminary investiga-
tions with Energy-Dispersive X-ray spectroscopy (EDX), the
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FIGURE 5. DC I-V characteristics of Ti/LiCoO2/TiOx/LiPON/TiOx/Cu/Ti
(blue circles), (b) Ti/LiCoO2/LiPON/Cu/Ti (black rectangles). The device
area is approximately 300 μm in diameter.

presence of O atoms derived from TiOx was confirmed, indi-
cating that the structure indeed consists of two layers of TiOx

inserted at the interface between the LiCoO2 and LiPON and
the LiPON and Cu.
The results of the electrical evaluation are shown

in the following. Figure 5 shows the I-V measurement
results of the fabricated LiCoO2/TiOx/LiPON/TiOx/Cu and
LiCoO2/LiPON/Cu. The I-V characteristics are hysteresis
characteristics due to residual current and residual volt-
age. Since a positive voltage is applied to the bottom
Ti/LiCoO2/TiOx (cathode) on the substrate side, the top
Cu/Ti (anode) was set as the ground (GND). The current
gradually increases with the positive and negative biases
for both samples; however, the sample with TiOx shows a
lower current at the negative bias, suggesting the existence
of TiOx resistivity and resulting in a more symmetric I-V
curve with respect to the bias voltage. In contrast, the sam-
ple without TiOx shows a higher current at the negative bias
and a peak current around 0.5V, suggesting a type of cyclic
voltammogram of a redox system. The observed characteris-
tic differences between the two samples suggest us that the
interfacial potential difference for Li ions. Such discussion
will be done at the end of this section. After more than 2V is
applied, the same hysteresis curves were not always shown
due to dielectric breakdown by high voltage.
Hereafter, we focus on the resistive properties of the

LiCoO2/TiOx/LiPON/TiOx/Cu device. Figure 6(a) shows
the I-V measurement results taken from the device of
LiCoO2/TiOx/LiPON/TiOx/Cu. The 3-loop I-V characteris-
tics are hysteresis characteristics due to residual current and
voltage. We found that the resistances changed loop-by-loop,
under the positive biases, when less than 1.5V was applied.
The current gradually increases which indicates a typical
memristive property and suggests that the resistivity of TiOx

decreases with Li content and the current gradually increases

FIGURE 6. Measurements for LiCoO2/TiOx/LiPON/TiOx/Cu device. (a) DC
I-V characteristics of three loops from 0V to +1.5V and 0V to –1.5V. (b-1)
and (b-2) are micrographs during operation. (b-1) is when +1V is applied
and (b-2) is when −1V is applied with respect to GND (top electrode
Cu/Ti), corresponding to the labeled bias conditions in (a). The device area
is ∼300 μm in diameter.

as Li-ions accumulate in TiOx. When a positive voltage is
applied to the bottom electrode, the Li concentration of the
top electrode increases and the resistance decreases, which
explains the decrease in resistance of the I-V characteristics.
Similarly, when a negative voltage is applied to the bottom
electrode, the Li concentration of the top electrode decreases
and the resistance increases, which explains the increase in
resistance of the I-V characteristics. Figures 6(b-1) and 6(b-2)
show micrographs during the I-V measurements. During the
measurement, a white ring-like segregation was observed on
the top electrode, suggesting that Li-ions were released from
LiCoO2 on the bottom and reached the top. Therefore, Li-ion
conduction was certainly designed as the resistance change
mechanism of the neuromorphic device, and the resistance
change property was demonstrated.
When the current is stopped after a certain current is

applied, a residual voltage is generated. This device of
LiCoO2/TiOx/LiPON/TiOx/Cu also behaves as an all solid-
state battery, although the electromotive force are not high
enough for battery applications. As shown in Fig. 7, the
voltage after current pulsing stops exponentially decreased
due to the release of charge stored in capacitance C through
the resistance R of the internal device. After a certain time,
the residual voltage settles at about 0.7V, and it is main-
tained and then gradually decreases. A circuit model can be
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FIGURE 7. Residual voltages in LiCoO2/TiOx/LiPON/TiOx/Cu device.
Constant currents (I = 5, 10, 20, 40, 60, 100 nA) were applied up to 0 s,
then the residual voltages were measured as a function of time. The device
area is approximately 300 μm in diameter.

FIGURE 8. Repeated resistance measurement. (a) Write 10 times each
cycle to change to the same polarity, and read each time after write. From
top to bottom, write pulse widths (τ) are 10 μs and 100 μs. The device
area is ∼300 μm in diameter. (b) the pulse measurement setup with write
pulse V+ (+1.5V) and V− (−1.5V) and read voltage Vread (−1.0V).

drawn in which R and C are in parallel and the charging
voltage V, i.e., electromotive force, is also in series. If the
current pulsing time for charging is too short or the cur-
rent is small (I = 5, 10, 20 nA), the residual voltage tends
to be less than 0.7V. So, the multi-level residual voltage
can be controlled by the applied current. However, those
observed voltage characteristics are not our main target of
the fabricated device with LiCoO2/TiOx/LiPON/TiOx/Cu, but
resistive characteristics in the following.

FIGURE 9. Evaluation of multi-level values by repeated resistance
measurement. Writing in the direction of increasing resistance, we
examined whether it can be decomposed into 8, 16, 32, and 64 values
each. The device area is ∼200 μm in diameter.

The repeated resistance change characteristics were then
examined. In Fig. 8, the vertical axis is the read resis-
tance, and the horizontal axis is the number of write/read
cycles. The repetition of resistance changes in response to
pulse voltage can be clearly seen. However, the battery-type
device (LiCoO2/LiPON/Cu) measured for comparison does
not exhibit clear repetitive resistance changes. In the mea-
surement, write pulses were given about 10 times with one
voltage polarity, read out each time, and then the set was
repeated many times by switching the polarity (Fig. 9(b)).
In the results shown in the figure, the write pulse width (τ )

was evaluated by changing the orders of 10 μs and 100 μs.
Depending on τ , the resistance change differs due to the
inherent time constant of the device.
Next, as shown in Fig. 9, the pulse width (τ ) was fixed at

200 μs and the resistance value was varied to one side (in
this case, in the direction of increasing resistance) asymmet-
rically to examine the change in resolution of the resistance
memory value. The device seems to have both short- and
long-term plasticity, and the resistance appears to be wak-
ing up gradually with repeated pulses. The resolution was
judged to have been obtained if the resistance value could
be separated for each pulse number, and a memory reso-
lution of 32 values was found as shown in the middle of
the figure. The obtained multi-level resistance changes in the
two terminal device are comparable with previously reported
Li-ion based three terminal devices [22], [23], [24]. As a
result, the demonstrated device is a new type of memris-
tor that changes the distribution of Li-ions in the device by
electrolysis to achieve an LRS and an HRS. Conventional
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memristors have a structure with metal electrodes such as
TiO2 at both ends and use oxygen deficiency with low charge
mobility as a material for resistance control, making it dif-
ficult to maintain stable LRSs and HRSs. Variations and
fluctuations in the properties of each element become large.
In contrast, since Li-ions have greater mobility than oxygen
defects, they are expected to be more uniform in anneal-
ing during fabrication and migration by electric fields, and
thus reduce the resistance variation of each element, which
is important for memristor applications. Sixty-four values
shown at the bottom in Fig. 9 would cause an overlap in the
resistance change which is not good enough to distinguish
each resistance in practical uses. Since the behavior differs
between the early and late stages of read and write opera-
tions, further device structures and evaluation methods need
to be investigated to improve the memory resolution in the
future.
There is an upper limit to the amount of the Li-ions charge

in the cathode layer. Therefore, when using this device,
it is necessary to control the drive circuit and devise the
read/write operation so that the upper limit of the current
integration for readout is not exceeded. One method is to
use positive and negative bipolar pulses, such as STDP eval-
uation. By using this method, the net migration of Li ions
should be always the same, so many readouts can be contin-
ued in the same state. Figure 10 shows the STDP results of
conductance changes for our LiCoO2/TiOx/LiPON/TiOx/Cu
device. In this study, a new shape of the STDP curve were
determined to be a hyperbolic tangent (tanh) function-shape,
which is contrast with our previous result in memristive
devices of metal-oxides [30]. The tanh shape was obtained
because, first, the conductance change saturates and becomes
constant when the timing is far enough apart because it is
determined by the sensitivity of the element to the pulse
intensity and time width. Second, because one spike effec-
tively reduces the intensity of the other spike near zero-time
difference where the pulses overlap. This newly observed
curve is considered for some specific neuromorphic comput-
ing, e.g., reservoir computing, described in the next section.
Although more detailed analysis is needed, STDP is one
useful feature for various learning rules for autonomous and
local synapse value updates.
Here, we further discuss the device properties. The demon-

strated device is a multilayer film composed of a conductor
and an insulator. For the respective charge carriers of Li
ions and electrons flowing in the device, the potential felt
at the interface is not simple. We consider a Schottky bar-
rier between the insulator or semiconductor and the ionic
conductor, respectively: for Li ions, there is the bulk ion
conductivity in the solid electrolyte and the interface resis-
tivity at the interface between the solid electrolyte and the
electrode. In fact, the bulk resistivity alone cannot explain
the resistance of the stacked structure. Since the design con-
cept of this device aims at linearly varying the resistance
by controlling the bulk resistivity, the interface resistance
should be as small as possible. Interfacial resistance is often

FIGURE 10. Spike-Timing Dependent Plasticity (STDP) measurement
results taken from Ti/LiCoO2/TiOx/LiPON/TiOx/Cu/Ti. (a) hyperbolic
tangent (tanh)-type timing difference dependence is observed. The device
area is ∼200 μm in diameter. (b) This result depends on how the spike
waveform shape is given and the range of timing magnitude. (c) typical
conventional STDP characteristics shown in our previous devices,
WOx/MgO/TiN for comparison [30].

sensitive to structure, and previous studies of Li-ion batteries
have shown that interfacial resistance depends on the cleanli-
ness of the interface, crystallinity of the solid electrolyte, and
orientation of the cathode and anode [33], [34], [35], [36].
Schottky-type interfacial resistance, which depends on the
difference between the Fermi level of the electrode such
as LiCoO2 and the Fermi level of the Li-ion conducting
layer such as LiPON, is also influential. Those consider-
ations are not in the scope of this study but for future
works.
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FIGURE 11. 3-layer NN and learning performance with reduced weight
resolutions. 16 characters of 16 pixels were used for the learning. The
resolutions of Wij and Wjk were down from 16 to 4 bit.

IV. ANALYSIS ON NEUROMORPHIC COMPUTING
APPLICATIONS
Since the device works with long- and short-term memory,
the long-term memory is the change in resistance of TiOx

due to the operation of Li ions. As shown in the figure, the
analog value changes and the memory is fixed in this operating
range. The problem is that the I-V characteristics are highly
nonlinear, so the readout method must also be considered,
in which –1.5V was used for a trial, however the detailed
analysis is beyond the scope of this paper. Figures 11 and 12
show simulation results that provide a glimpse into the future
and are based on several assumptions. The device memory
is long enough, and the weight values do not change after
being written. Although these are difficult to achieve in a real
device, it is indicated that there are applications where even
a low resistance resolution of about 32 values can be used.
From previous studies and CMOS circuit designs, an

analog memory device using a capacitor yields 200-300
distinguished steps, i.e., an 8-bit resolution equivalent in
digital [6]. Here, we show by analysis on two types of NN
learning considering synaptic weights of an 8-bit resolution
or less are used.
Figure 11 shows the results of learning with the back prop-

agation method, assuming a typical 3-layer feedforward NN
for 16 characters of 16 pixels that can be operated with our
previously-developed analog neuromorphic circuit [30]. The
simulation in Figure 11 is a numerical simulation assuming
16, 32, 64, 256 and 65536 values (4-, 5-, 6-, 8- and 16-bit
equivalent), rather than using the actual device resistance
(experimental data, e.g., for 32-value operation) to estimate
the cumulative error. In this recognition application, if the
cumulative error in learning can be sufficiently small, the
recognition accuracy is almost 100%. When the precision of
the weights, Wij and Wjk, is reduced from 32 bit to 16, 8,

FIGURE 12. Reservoir computing (RC) analysis. (a) a RC model with echo
state networks (ESNs). (b) Simulation example of ESN and NARMA10
under the condition of reduced weight resolutions. (c) Summarized results
of NARMA10 benchmark to determine the least resolutions required to
obtain sufficient performance, i.e., appropriately high normalized
root-mean-square error (NRMSE).

and 6 bit, there is almost no change up to 6 bit, and from 5
bit, the number of learning cycles to convergence increases,
and convergence is not achieved at 4 bit. In other words, in
this example, a 5-bit resolution (32 values) is good enough
for this NN.
Brain-inspired algorithms tend to outperform conventional

machine learning at processing time-series data. For such
time-series data, reservoir computing (RC) has been inten-
sively studied, which uses random weights in the reservoir
and does not change the weight value during training or
learning, and the nonlinearly transformed signals in the
reservoirs are extracted from the outputs. Only the weights
between the reservoir and the output are updated during
learning before inference. Since the weight update amount
is quite small, the RC learning can be finished sooner than
other recurrent NNs [37], [38]. The most commonly used
RC is the echo state network (ESN), in which the connec-
tions between neurons are sparse and random, and the firing
of neurons is represented by a nonlinear function. If the
state of a neuron in the reservoir is R[t], the neuron at time
t→t+1 is

R[t + 1] = (1 − α)R[t] + α tanh([1, data[t + 1]] ×Win) + R[t] ×Wr

(1)
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where α is the decay parameter, 40-80%. The forgotten value
is updated from the new input data and nonlinearized by the
tanh function. At the same time, it is affected by the results
of the sum-of-products operation from other neurons.
A typical benchmark for the reservoir is a nonlinear

function called Nonlinear Autoregressive Moving Average
(NARMA) 10 [39], [40]. The more neurons in the reser-
voir, the better the performance; however, it will also
become more computationally heavy and time-consuming.
NARMA10 needs a one-input, one-output nonlinear time-
series pattern. The number of nodes or neurons in the
reservoir is 100, and the recursive connection rate in the
reservoir is 80%. These are not special conditions, but sim-
ulation results based on generally used conditions for RC
benchmarks. Figure 12 shows the results of reducing the
weight resolution during training or learning for the input-
to-reservoir weights Win and the intra-reservoir weights Wr.
There is almost no change up to a 5-bit resolution, and inter-
estingly, even a 2-bit resolution remain usable. Although
2 bit is 4 values, it is thought that it can be reduced to
three values (negative, near zero, and positive) in practice.
However, Fig. 12 also shows the results of reducing the res-
olutions of the weight Wout between the reservoir and output,
which does not change up to about a 5-bit resolution, but the
performance degrades noticeably below a 4-bit resolution. In
the aforementioned RC example, about 5 bits is likely to be
sufficient for the accuracy of the synaptic weights during
training. Therefore, this analysis also confirms that the 32
values of 5-bit resolution, which was demonstrated in the
LiCoO2/TiOx/LiPON/TiOx/Cu device of this study, is suf-
ficient to explore RC applications. This device is used for
weights in the reservoir calculation; with a resolution of 32
values, the performance of the run is not much degraded after
learning, so it can be used to predict signals like NARMA10
in the example. It can also be used for dynamic and non-
linear response of the reservoir section. Since it depends on
the size of the NN, it is necessary to verify it for various
applications including exciting physical RC with nonlinear
devices [41], [42], [43]. Taking into consideration experi-
mentally observed multi-value resistances and a novel STDP
function similar to tanh, the proposed and demonstrated Li-
based resistive devices have great potential to be a key device
component in neuromorphic computing in a new era.

V. CONCLUSION
In this study, we investigated the feasibility of resistance
change devices by Li-ion conduction by combining LiCoO2,
which is used as a positive electrode material in Li-ion batter-
ies, and thin films of solid electrolytes used in all-solid-state
batteries. The results showed that LiCoO2/LiPON/Cu can
be fabricated by sputtering deposition with good affinity to
semiconductor processes. Li-ion conduction was designed as
a resistance change mechanism for neuromorphic devices,
and its resistance change properties were demonstrated. In
particular, we inserted ultrathin titanium-dioxide films at the

interface and clarified the resistance change and then dis-
cussed its effect on the resistance change properties. It was
experimentally demonstrated that Li-based ionic conduction
provides plasticity as a neuromorphic two-terminal synaptic
device, and further analysis showed that its resistance change
properties are promising for opening new neuromorphic
applications.
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