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Abstract: The bipolar resistive switching properties of Pt/TaOx/InOx/ITO-resistive random-access
memory devices under DC and pulse measurement conditions are explored in this work. Transmis-
sion electron microscopy and X-ray photoelectron spectroscopy were used to confirm the structure
and chemical compositions of the devices. A unique two-step forming process referred to as the
double-forming phenomenon and self-compliance characteristics are demonstrated under a DC
sweep. A model based on oxygen vacancy migration is proposed to explain its conduction mech-
anism. Varying reset voltages and compliance currents were applied to evaluate multilevel cell
characteristics. Furthermore, pulses were applied to the devices to demonstrate the neuromorphic
system’s application via testing potentiation, depression, spike-timing-dependent plasticity, and
spike-rate-dependent plasticity.

Keywords: resistive switching; neuromorphic system; synaptic plasticity; spike-timing-dependent
plasticity

1. Introduction

Because processing and memory components are physically separated, the conven-
tional von Neumann architecture employed in computers encounters processing issues.
Furthermore, modern CMOS-based electronic devices reach their scaling constraints owing
to Moore’s law [1–3]. To overcome these problems, bioinspired neuromorphic computing
is attracting great attention because of its high efficiency, low power consumption, and
parallel data-processing feature [4,5]. The main focus of a neuromorphic computing system
is to emulate the human brain’s synapses, in which large amounts of information move
from one neuron to another. Many solid-state devices have been researched to mimic this
system, and emerging nonvolatile devices are applicable candidates, including ferroelectric
random-access memory (RAM) [6–8], magnetic RAM [9,10], phase-change RAM [11,12],
and resistant RAM (RRAM) [13–18]. Among these, RRAM devices have benefits such as
simple fabrication, high switching speeds, outstanding scalability, and high endurance,
making them one of the most promising choices [19–22]. Moreover, the simple two-terminal
structure of RRAMs, comprising a switching layer sandwiched between the top and bottom
electrodes, most closely emulates the structure of a biological synapse [23]. Furthermore,
applying different biases with different polarities causes a phenomenon termed the electro-
resistance effect, where the resistance condition changes between a low-resistance state
(LRS) and a high-resistance state (HRS), and which information is stored at 0 s and 1 s,
respectively [24,25]. Various transition metal oxides have been employed as resistive switch-
ing insulators, including HfO2 [26], TiO2 [27–29], TaOx [30], Al2O3 [31,32], and ZnO [30].
Extensive research has been conducted on TaOx, revealing it as a promising candidate for
the resistive switching layer [33]. In addition, previous studies have indicated that TaOx
exhibits superior memory characteristics owing to its high endurance (>1010) [34], fast
switching speed (<1 ns) [35], and good scalability (<30 nm) [36].
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The resistive switching phenomena, which is the basis of RRAM, occurs due to the
change in resistance states under an applied bias. For instance, in a valence change
memory (VCM) device, the generation and rupture of the conducting filament is a key
function in switching resistance [26–28]. The applied bias separates oxygen ions (O2−)
and oxygen vacancies (Vo+). Then, due to the migration of oxygen ions under the applied
electric field, the generated oxygen vacancies create a conductive filament that connects
the top and bottom electrodes. Through the filament, a large current flows; thus, the
resistance state is switched from a high resistance state (HRS) to a low resistance state
(LRS). On the other hand, when the opposite bias is applied, reoxidation occurs in the
conductive filament, and the filament is ruptured. Consequently, the filament ruptures
and the device returns to HRS. The RRAM device stores memory in these two states,
HRS and LRS, which can be consequently reproduced by applying sufficient bias [30]. To
increase storage density, research has indicated that by applying multilevel cell (MLC)
characteristics, a high storage density could be achieved due to multiple stable states
between HRS and LRS. Research has indicated that multilevel cell (MLC) characteristics are
evident in resistive switching devices, and they are key features that result in high storage
density. This functionality allows devices to save data in the HRS, LRS, and between these
two states by simply altering the compliance current (CC) and reset voltage [28,29,37].
Furthermore, the modulation of the memristive device’s conductance is both controllable
and incremental, emulating the biological synapse. Here, the strength of the connection
between the presynaptic and postsynaptic neurons is incrementally increased or decreased
through input spikes by maintaining a history-dependent synaptic weight update [38,39].
Additionally, various synaptic functions can be emulated using pulse responses to assess
the application of RRAM as a neuromorphic computing device. These functions include the
potentiation and depression of short- and long-term memory (STM and LTM, respectively),
spike-rate-dependent plasticity, and spike-time-dependent plasticity (STDP). Controllable
conductance and synaptic weight changes can be monitored using these methods [40–42],
while complex tests (such as pattern recognition systems through handwritten Modified
National Institute of Standards and Technology (MNIST) datasets) are often conducted to
evaluate the use of memristors as artificial synapses [43,44].

In this work, we studied a Pt/TaOx/InOx/indium tin oxide (ITO) device to investigate
its potential for mimicking biological synapses. Bipolar gradual and uniform-resistive
change behaviors were achieved with the MLC characteristic. Additionally, during the
RF-sputtered deposition of the TaOx layer, the diffusion of oxygen toward the ITO bottom
electrode occurred, creating an InOx layer. Due to the additional layer, the device exhibited
unique forming behavior (termed double forming [45]) and self-compliance. Uniform
switching during cycles (>102) and retention (>104) was also examined with gradual
changes in potentiation and depression. The result of potentiation and depression was
inserted into PRS using MNIST handwritten figures. Finally, synaptic functions such as
long-term potentiation (LTP), long-term depression (LTD), STDP, and SRDP were emulated.

2. Experimental Section

The Pt/TaOx/InOx/ITO RRAM device was prepared using the following procedure.
The bottom electrode was a commercially available ITO with a 30 nm thickness on a glass
substrate (ITO/glass). Isopropyl alcohol and acetone were used to clean the surface, after
which radio frequency (RF) reactive sputtering with a power of 150 W was used to deposit
a 5 nm TaOx layer on an ITO/glass substrate. The Ta source target was sputtered at room
temperature with Ar (20 sccm) and O2 (6 sccm) at a pressure of 5 mTorr. An oxygen-rich
InOx layer of 3 nm thickness was produced by the reactive–sputtering process owing to
oxygen migration from TaOx to ITO. Subsequently, a Ti adhesion layer of 1.5 nm thickness
was formed by an e-beam evaporator. Finally, the e-beam evaporator was used to deposit Pt
with a thickness of 100 nm, a deposition rate of 3 Å/s, and a pressure of 3.7 Torr. The liftoff
process was performed to create patterned RRAM cells with a diameter of 100 µm. The
electrical properties of Pt/TaOx/InOx/ITO were investigated using a Keithley 4200-SCS
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semiconductor parameter analyzer in the DC mode and a 4225-PMU ultrafast current–
voltage (I–V) pulse module in the pulse mode. Furthermore, bias was applied to the top
electrode (Pt), while the bottom electrode (ITO) was grounded at room temperature. The
device properties (including cross-section analysis and elemental profiles) were determined
using field emission transmission electron microscopy (TEM, JEOL JEMF200,Tokyo, Japan))
and X-ray photoelectron spectroscopy (XPS).

3. Results and Discussion

Figure 1a displays a schematic of the Pt/TaOx/InOx/ITO device. A TEM image was
also used to verify the thickness of the device, as displayed in Figure 1b. Pt (100 nm
thickness) and ITO (30 nm thickness) were verified using the TEM image. Furthermore,
TaOx and InOx layers were observed between the Ti adhesion layer (1 nm thickness) and
the ITO bottom electrode. Figure 1c depicts the elemental distribution of each layer, which
was validated by an energy-dispersive X-ray spectroscopy line scan.
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Figure 1. (a) Schematic illustration of the device’s structure. (b) Typical cross-sectional TEM image of
the Pt/TaOx/InOx/ITO structure. (c) Component distribution: Pt, Ta, O, In, and Sn.

The chemical properties of the RRAM device are displayed in Figure 2. The insulating
TaOx and InOx films were investigated in the XPS depth-profile mode. Figure 2a,b display
the XPS spectra of Ta 4f and O 1s, respectively, for the TaOx layer as the first insulator
at 4 s. Two peaks of Ta4f7/2 and Ta4f5/2 were located around the binding energies of
22.52 and 25.13 eV, representing the Ta–O bonds. Additionally, the O 1s peak position
of bulk TaOx was located around 530.2 eV, indicating the existence of the TaOx thin film.
Furthermore, the second insulating layer (InOx) at an etch time of 20 s is depicted in
Figure 2c,d. The spectral peaks of In3d5/2 and O 1s were located at approximately 444.81
and 530.5 eV, representing In–O bonding and the existence of an oxygen-distributed InOx
layer, respectively. In addition, the oxygen vacancy concentration of each insulating layer
was inspected, as displayed in the insets of Figure 2b,d. The peak at 532.2 eV corresponds
to the oxygen vacancies in the InOx and TaOx layers. Because of oxygen migration during
the RF sputtering process, the percentage of oxygen vacancies in the TaOx layer was 23.21%
compared to 45.89% in the InOx layer. Accordingly, fewer oxygen vacancies were stored in
the TaOx layer compared to the InOx layer [45].
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Figure 2. XPS spectra of (a) Ta 4f (b) and O 1s at an etch time of 4 s. (c) In 3d and (d) O 1s at an etch
time of 20 s.

Figure 3 displays the electrical characteristics of Pt/TaOx/InOx/ITO under DC sweep
conditions. In particular, Figure 3a displays the I–V curve, including the double-forming
switching phenomenon, which is unlike the conventional RRAM operation. The “forming”
process [46] (also known as dielectric soft breakdown) has been reported to occur once
under applied bias, transforming the resistance state of the device from its initial state
to LRS [47,48]. However, the RRAM device in this work required additional forming
processes in the opposite bias to switch the resistance condition to LRS. The double-forming
process can be divided into six steps: (1) the first forming process, (2) the medium state,
(3) the second forming process, (4) LRS, (5) reset process, and (6) HRS, as displayed in
Figure 3a [45]. By applying a voltage bias of −4 V and a CC of 100 µA to protect the device
from hard breakdown, the first conducting filament was formed, and the device turned
from its initial state into a medium state. Then, upon the application of a set voltage of 3 V
and a reset voltage of −3 V, the device switched from the medium state to LRS and from
LRS to HRS owing to the rupture and creation of a conduction path. The bipolar set and
reset operations did not require CC, demonstrating self-compliance properties that could be
implemented because of the ITO electrode [49,50]. Figure 3b depicts the successful resistive
switching characteristic for 275 cycles. Under self-compliance conditions, a modest change
in the current was detected, and the device maintained its original HRS and LRS without
any significant degradation. As demonstrated in Figure 3a, there was an abrupt jump in the
current at 2.1 V, similar to the first forming process at –3.8 V. However, a gradual change in
current was exhibited in the set process shown in Figure 3b, and its window decreased from
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4.55 to 2.21 at a read voltage of 0.3 V. Therefore, we applied the switching phenomena (3)
and (4) as the second forming process with a forming voltage of 3 V. Figure 3c displays
the endurance of the device with a read voltage of –0.3 V, where the device maintained its
HRS and LRS. Additionally, we investigated the data retention capability of the device, as
displayed in Figure 3d. These results indicate that the device maintained its HRS and LRS
for 104 s without degradation, demonstrating its good nonvolatile properties.
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(d) Retention test.

Figure 4 depicts the conduction mechanism of the Pt/TaOx/InOx/ITO device, where
the white dot in the figure represents the implementation of lattice oxygen vacancy. Lin
et al. reported that the physical size of the conductive filament could be determined by
the existence of lattice oxygen vacancy, where the size of the conducting filament in the
oxygen-vacancy-deficient layer was narrower than that in an oxygen-vacancy-rich layer [51].
Furthermore, Huang et al. explained the double-forming mechanism of bilayer-structured
resistive switching devices using an asymmetric conductive filament [45]. Based on these
previous studies, it can be implied that implementing different amounts of existing lattice
oxygen vacancies in the TaOx and InOx layers constructs two different sizes of conducting
filaments in each insulating layer. Through the connection of two asymmetric filaments, the
device switches to LRS, observing the double-forming mechanism. A thick filament was
formed in the oxygen-vacancy-rich InOx layer, whereas a relatively narrow filament was
formed in the oxygen-vacancy-deficient TaOx layer. When negative voltage was applied
to the top electrode, the first forming process occurred. Redox reactions then caused the
separation of oxygen vacancies (Vo

+) and oxygen ions (O2−). These separated oxygen ions
were then repelled away from the top electrode due to an applied bias. Thus, the generated
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defects (oxygen vacancies) accumulated and formed conductive filaments of different sizes
in the InOx and TaOx layers, as depicted in Figure 4b. However, CC limited the thickening
of the conduction path in the TaOx layer, implying that the current decreased in step (2)
of Figure 3a. Then, under a positive voltage applied to the top electrode, oxygen ions
migrated toward the bottom electrode and were repelled back toward the top electrode due
to the electric field. Due to the additional generation of oxygen vacancies in this process,
a conductive filament in TaOx, with its thickest part formed at the interface of InOx and
TaOx could be completed. Consequently, the asymmetric shape of the conductive filament
(Figure 4c) could be constructed. In this second forming process, the device finally changed
to LRS (as in step (4)), and repeatable resistive switching phenomena could be observed in
the device. The reset process occurred when a negative voltage was applied to Pt. Oxygen
ions drifted toward the TaOx layer to recombine with the oxygen vacancies. The weakest
part of the filament, at the interface of Pt/TaOx, was ruptured due to the recombination
of the oxygen ion and vacancy, assisted with local joule heating [52,53]. The schematic
of the reset process is shown in Figure 4d, where the rupture of the weakest part of the
conductive filament could be observed. On the other hand, when a positive voltage was
applied to the top electrode, oxygen ions migrated toward the top electrode due to the
applied electric field, leaving the oxygen vacancies. Thus, defects again accumulated, and
the reconstruction of conduction paths occurred. Thus, a large current flowed through the
filament, altering the device state to LRS.
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Further, we investigated the MLC characteristics of the device. For the application
of the device as a synaptic device, MLC characteristics are important for implementing
the multiple weights of each synapse in an artificial neural network [54,55]. Additionally,
it features high storage density and introduces multiple data storage areas. Two types of
voltage bias schemes are usually applied to investigate MLC characteristics: (i) controlling
the reset voltage and (ii) controlling the CC.

Figure 5 presents the method for controlling the reset voltage. In Figure 5a, the I–V
curve of a Pt/TaOx/InOx/ITO device with four reset voltages is displayed, which reveals
that adjusting the reset voltage results in multiple HRSs while maintaining the LRS as
constant. This effect is caused by the varying rate of ruptured filaments under different
reset voltages [56]. As the reset voltage increases, more oxygen ions are repelled from the
top electrode, changing the degree of recombination rate. Therefore, the gap between the Pt
top electrode and the conducting filament increases, resulting in decreased IHRS [Figure 5c].
Figure 5b depicts the cycling endurance with varying reset voltages. As stated previously,
increasing the reset voltages increased HRS, resulting in a lower IHRS, while LRS remained
fairly constant.
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Another method of obtaining MLC characteristics was controlling CC during the
set operation. Figure 6a displays the I–V curve of a Pt/TaOx/InOx/ITO device with
six CC settings. Here, CC was adjusted from 200 µA to 1 mA, and the reset voltage was
maintained at −2.5 V. Evidently, increasing CC reduced LRS while maintaining a constant
HR. This phenomenon was considered to be induced by an increase in CC, which caused
an increase in the current flow in the LRS state. Figure 6c presents a filament schematic of
the controlled CC. As the CC increased, the width of the conducting filament also increased.
Then, more electrons could move through the enlarged conducting path, resulting in a
larger ILRS [44,57]. Consequently, ILRS increased, while IHRS remained unchanged. Figure 6b
illustrates a 10-cycle endurance test while applying different CCs. Here, the resistance of
the LRS decreased while CC increased.

Next, a scheme of 100 consecutive pulses was applied to evaluate the synaptic charac-
teristics of Pt/TaOx/InOx/ITO. The pulse train comprised 50 identical potentiation and
depression pulses each. For potentiation, the pulse width and amplitude were 100 µs and
2 V, respectively, compared to 50 µs and −2.7 V for depression. Figure 7a depicts the result
of the applied pulse scheme, which demonstrated a linear rise and decay of conductance.
Then, to test the synaptic reproducibility, LTP and LTD were explored using 10-cycle poten-
tiation and depression pulse methods [58]. The results are depicted in Figure 7b, where
identical conductance changes could be observed. In other words, the conductance levels
after each pulse application favorably maintained their states under repetitive operation,
proving the applicability of the device to mimic the human brain. Additionally, a pattern
recognition test using handwritten digits from an MNIST dataset was conducted to check
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the further application of the device as a synaptic device. The training was conducted
with unclear images, and the gradual and symmetric conductance changes in potentia-
tion and depression resulted in clearer images with higher accuracy [59,60]. As shown in
Figure 7c, the deep neural network (DNN) comprised 784 input neurons, 3 hidden layers,
and 10 output neurons. Each of these three hidden layers had 128, 64, and 32 neurons, and
the backpropagation method was employed to improve accuracy. To determine linearity
and accuracy, the potentiation and depression depicted in Figure 7a were converted into
an MNIST handwritten number of 28 × 28 pixels and applied to the neural network. The
result of the number recognition is illustrated in Figure 7d, where the highest obtained
accuracy was 94.21%.
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Finally, the Hebbian learning rules of synapses and neurons were tested on a Pt/TaOx/
InOx/ITO device to investigate its ability to mimic a biological synapse [61]. Figure 8a
illustrates the RRAM device mimicking the human synapse. Here, the top and bottom
electrodes mimic pre- and post-spikes, while synaptic information between the neurons
varied due to the conducting filament connecting the top and bottom electrodes [62,63].
STDP is composed of two parts of synaptic variance: LTP and LTD. For example, LTP
occurs when the pre-spike exceeds the post-spike, while LTD occurs when the post-spike
exceeds the pre-spike. These synaptic investigations were conducted by applying the
same pulse train to the pre-and post-spikes. A pulse train with a pulse width of 100 µs
was applied to Pt/TaOx/InOx/ITO, as illustrated in Figure 8b. The pulse application was
conducted with a difference in the time interval, which is termed spike timing difference
∆t (∆t = tpre − tpost). During LTP (∆t > 0), a set of positive pulse trains was applied, which
induced a decrease in the resistance of the devices. Further, negative pulse trains were
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applied during LTD (∆t < 0), inducing an increase in the resistance of the devices. The
conductance was acquired because the pulse application was input into the formula below
to convert it into synaptic weight (∆W), which represented the spike connection:

∆W =
Gf − Gi

Gi
× 100(%),

where Gi and Gf represent the conductance of the initial value before and the final value
after applying the pulse trains, respectively. Figure 8c presents the experimental data of
STDP obtained from the device. For ∆t > 0, the weight change increased continuously
with decreasing time intervals, and LTP was obtained. By contrast, for ∆t < 0, the weight
change decreased, and LTD was obtained. This result proves the successful experimental
demonstration of the STDP learning rule with synaptic weight changes at different spike
times using the proposed Pt/TaOx/InOx/ITO memristor device, favorably mimicking a
biological synapse [23]. Additionally, another Hebbian learning rule, SRDP, was tested to
obtain the device’s frequency-dependent characteristics [64]. Ten consequent pulses were
applied to the Pt/TaOx/InOx/ITO device with the same pulse width and amplitude of
100 µs and 2 V. These pulse intervals varied from 1 µs to 1 ms, as depicted in Figure 8d. The
term SRDP Index is calculated as:

SRDPIndex =
In

Ii
× 100(%)

where In and Ii represent the current of the initial value before and the current after applying
consequent pulse trains. The result indicates that when the pulse interval is small, the
device response rapidly increases, successfully emulating SRDP behavior.
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4. Conclusions

In this study, Pt/TaOx/InOx/ITO exhibited bipolar resistive switching characteristics
under double-forming conditions. The device also exhibited acceptable endurance (>102)
and retention (>104) properties, with multilevel characteristics, which were demonstrated
by varying the reset voltage and CC. Furthermore, pulse trains were applied to reveal their
neuromorphic system characteristics. The results of potentiation and depression, MNIST
pattern recognition, STDP, and SRDP proved their potential for future applications as a
neuromorphic device.
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