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Abstract: In this work, a ZnO-based resistive switching memory device is characterized by using sim-
plified electrical conduction models. The conventional bipolar resistive switching and complementary
resistive switching modes are accomplished by tuning the bias voltage condition. The material and
chemical information of the device stack including the interfacial layer of TiON is well confirmed
by transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) analysis.
The device exhibits uniform gradual bipolar resistive switching (BRS) with good endurance and
self-compliance characteristics. Moreover, complementary resistive switching (CRS) is achieved
by applying the compliance current at negative bias and increasing the voltage at positive bias.
The synaptic behaviors such as long-term potentiation and long-term depression are emulated by
applying consecutive pulse input to the device. The CRS mode has a higher array size in the cross-
point array structure than the BRS mode due to more nonlinear I–V characteristics in the CRS mode.
However, we reveal that the BRS mode shows a better pattern recognition rate than the CRS mode
due to more uniform conductance update.

Keywords: resistive switching; memristor; synaptic device; neural network simulation; X-ray photo-
electron spectroscopy; neuromorphic system

1. Introduction

Resistive random-access memory (RRAM) is one of the strongest candidates for
the next-generation nonvolatile memory technology due to low power consumption [1],
fast switching speed [2], good complementary metal–oxide–semiconductor (CMOS) com-
patibility [3–5], and high scalability [6]. Until now, RRAM has been developed to focus
on its applications such as high-density memory, embedded memory, and neuromorphic
system. For storage class memory and embedded memory applications, the fast switch-
ing speed of RRAM is attractive. However, large variability and crosstalk issues are big
obstacles to commercialization of RRAM [7–9]. Among a lot of resistor materials, the
metal oxides such as HfO2, TaOx, TiO2, ZrO, and ZnO attract huge interest due to good
resistive switching performance such as endurance, retention, high switching speed, and
relatively good variability [10]. ZnO especially is well-known as an n-type semiconductor
material, and oxygen vacancies can be controlled by the applied bias [11]. The various
resistive switching behaviors have been reported depending on the deposition stack and
switching operation conditions. For example, the unipolar resistive switching (URS) and
homogeneous BRS were controllable by the compliance current in a Pt/ZnO/Pt device [12].
Moreover, the CRS behavior was observed in a bilayered TiN/MgZnO/ZnO/Pt stack with
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asymmetric electrodes [13]. The endurance of Pt/ZnO/Pt is up to the 106 cycle and good
retention is reported for several ZnO-based RRAM devices [14]. The on/off ratio can be
maximized when using Ag and Cu top electrodes with a sharp I–V slope in a ZnO-based
RRAM device. The on/off ratio of 107 was reported for an Ag/ZnO:Mn/Pt device [15].

Recently, there have been many efforts to use RRAM as a synapse device for hardware
neuromorphic systems [16–32]. Multiple conductance can be achieved by using gradual
set and reset switching behaviors and low-power operation is one of the strong points of
RRAM. Even though a lot of ZnO-based RRAM devices have been reported for high-density
memory application, ZnO-based RRAM needs to be improved more using the materials
and electrical engineering for neuromorphic systems. Gradual conductance modulation
especially is very important to implement a synaptic device.

In this work, we characterize gradual BRS and CRS from a Pt/ZnO/TiN device by
controlling operation polarity and compliance current. The gradual set and reset switching
in CRS were rarely reported in the past. Here, we demonstrate potentiation and depression
in both BRS and CRS for a neuromorphic system. Moreover, we conducted a comparison
study on pattern recognition using the Modified National Institute of Standards and
Technology (MNIST) data in a single-layer neural network when using gradual BRS and
CRS modes. We conducted pattern recognition considering the variation that had rarely
been reported in the literature.

2. Materials and Methods

The sample preparation process sequence is as follows. Firstly, a 10 nm-thick ZnO
film was deposited by radio frequency (RF) magnetron sputtering at room temperature on
a TiN/SiO2/Si substrate. High-purity argon (Ar: 99.999%) and oxygen (O2: 99.999%) with
the Ar/O2 ratio of 6/14 standard cubic centimeters per minute (SCCM) were flowed into
the chamber during the deposition. During ZnO sputtering as a switching layer, RF power
and working pressure were fixed at 100 W and 5 mTorr, respectively. Finally, Pt top
electrode was deposited on the ZnO film by direct current (DC) magnetron sputtering at
room temperature (RT) to form a Pt/ZnO/TiN RRAM device. A shadow mask with a
100 µm diameter was used to pattern the top electrodes. The electrical properties were
characterized in the DC mode using a Keithley 4200-SCS semiconductor parameter analyzer
and in the pulse mode using a 4225-PMU ultrafast module. For all electrical measurements,
external bias was applied to the Pt top electrode (TE), while the TiN bottom electrode (BE)
was grounded.

3. Results and Discussion

Figure 1a demonstrates the schematic structure of a Pt/ZnO/TiN device. The ZnO
film sandwiched between the Pt and TiN electrode layers is observed in the cross-sectional
TEM image of the Pt/ZnO/TiN device. The chemical nature of different elements present,
the ZnO/TiN interfacial layer, as well as the ZnO layer are characterized by XPS. The Zn 2p,
O 1s, and Ti 2p XPS peaks were analyzed as shown in Figure 1c–e. Figure 1c presents the
fitted Zn 2p spectra for the top ZnO layer taken. The peak binding energy of Zn 2p in ZnO
was located at 1021.41 eV, which is in good agreement with the reported value for bulk
ZnO [29]. The XPS peak for metallic Zn at low binding energy was not found, which further
confirms that Zn exists only in the oxidized state [33]. Figure 1d displays the XPS peak
fitting of O 1s in bulk ZnO. The O 1s spectra were found composed of three peaks centered
at 530.005, 531.05, and 532.09 eV, respectively, with three best-fitted curves. The lowest
binding energy peak at 530.005 eV was related to ZnO in the bulk [34]. Other peaks at a
binding energy of 531.05 eV and 532.09 eV were related to O2- ions in the oxygen-deficient
regions within the matrix of ZnO [35]. The binding energy at 531.05 eV attributes the
chemical bonding of oxygen with Ti and causes ZnOTi due to the interface layer at the TiN
bottom electrode [36]. The highest peak of O 1s is at-tributed to TiO [37]. Figure 1e shows
XPS spectra of N 1s from the ZnO/TiN stack. The Main peak was centered at 396.22 eV for
TiN and another peak was also observed at 398.4 eV for the TiON layer that is the surface
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oxidation of the TiN bottom electrode [38]. To analyze the interface’s chemical composition
between ZnO/TiN, Ti 2p doublet was fitted with Gaussian–Lorentzian function and the
Shirley background correction in Figure 2f. Ti 2p spectra were deconvoluted, as it exposed
the broad shoulder peaks at both the Ti 2p3/2 and Ti 2p1/2 doublets as shown in Figure 1e.
For TiO bonding, two peaks for Ti 2p3/2 and Ti 2p1/2 were located at 458.1 eV and 463.9 eV
with the energy split-up of 5.8 eV, which is similar to the reported result [39]. All Ti
2p spectra were fitted with three different doublets with peak positions of 458.1 eV and
463.9 eV for TiO, 456.6 eV and 462.4 eV for TiON, and the lowest binding energies were
found for TiN at 454.6 eV and 460.4 eV [40].

Figure 2a shows I–V curves of the Pt/ZnO/TiN device in the BRS mode. Firstly,
we applied voltage without current compliance (CC) by using its self-compliance charac-
teristics. The device showed a gradual set and reset behavior with a stable on/off ratio up
to 100 consecutive cycles. Initially, the device was in the high-resistance state (HRS). After
applying the positive voltage of 0.7 V, the state of the device turned to low-resistance state
(LRS) by the formation of a conducting filament (CF). Afterwards, LRS returned to HRS
when the negative bias was applied. Each cycle underwent the sequence of sweep from
0 V to 0.7 V for the set process and then from 0 V to −1 V for the reset process by applying
different polarities to the Pt top electrode. This test was carried out with different cells
of the device and the on/off ratio on each cell was almost similar showing bipolar-type
analog resistive switching. The endurance test was conducted with 100 consecutive DC
sweeps (Figure 2a). Figure 2b shows endurance with the variation of current at a read
voltage of 0.2 V with a decreasing trend of LRS after about 85 cycles. To demonstrate the
multilevel characteristics, DC sweep was operated with a different voltage range. The set
stop voltage was from 0.57 V to 0.69 V with the step of 0.01 V, resulting in the different
conductance states during the set process. The device finally reached LRS after each sweep
was added. The reset process occured by using the voltage sweep from −0.68 V to −0.87 V
with the step of −0.01 V, which resulted in a decreasing trend with different conductance
levels.
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Figure 2. Gradual set and reset bipolar mode of the Pt/ZnO/TiN device. (a) Typical CC-free I–V curve (100 consecutive
cycles). (b) Endurance according to the I–V data. (c) Multilevel switching of set and reset with gradually increasing
and decreasing behavior. (d) I–V curves for 100 consecutive cycles with CC of 5 mA. (e) Endurance of the CRS mode.
(f) Multilevel switching by increasing and decreasing behavior of CRS in the positive bias region.

Next, we focused on the CRS in the positive region when applying different bias
conditions (negative set and positive reset). Figure 2d shows the typical I–V curves
observed by DC sweep in the Pt/ZnO/TiN device. The set and reset processes occurred
at negative bias and positive bias, respectively. The set process at negative bias needs
CC to protect the device from strong breakdown. It is noted that the reset is completed
after an additional set process at positive bias, which can be classified as CRS. The low
current at negative bias after the set process requires an additional set process at positive
bias. Nonlinear I–V characteristics are achieved at positive bias due to unique CRS. To test
reliability and reproducibility of the CRS mode of the Pt/ZnO/TiN device, the endurance
and retention were checked (Figure 2e). One hundred consecutive cycles were observed
with quite stable LRS and slight fluctuations in HRS were read at 0.7 V. LRS was almost
stable at about 102 Ω, but HRS was initially about 2 × 103 Ω and after 50 cycles it fluctuated
and tended to slightly increase up to 7 × 103 Ω. Moreover, the CRS behavior with multilevel
cells (MLC) was demonstrated in the positive region as shown in Figure 2f. The device
showed the conversion of HRS to LRS for repetitive sweep by controlling stop voltages
from 0.56 V to 0.62 V with the step of 0.01 V. As we increased the stop voltage to 0.63 V, the
device gradually started to change its state to HRS with increasing voltage. The current
was gradually decreased by incrementally applying stop voltage from 0.63 V to 0.86 V.
The repetitive set process gradually increased the current level, causing gradual growth
of the filament. On the other hand, in the reset process, resistance gradually increased
with each sweep due to the recombination of oxygen ions with vacancies for the gradual
reset process.

Next, we studied the conduction mechanism of the Pt/ZnO/TiN device in the BRS
and CRS modes. Figure 3a shows the I–V curves in LRS and HRS for the Schottky emission.
The curves of Ln(I) versus V1/2 were well-matched with both LRS and HRS for Schottky
emission in Figures 3b and 3c, respectively. This indicates that electron conductions in
HRS and LRS are limited by the barriers between Zn and the electrodes for BRS [41].
Similarly, LRS in the low-voltage region (~0.545 V) and HRS are well-matched with Ln(I)
versus V1/2 fitting (Figure 3c–e). However, Fowler–Nordheim tunneling (FNT) can occur
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in the high-voltage region (from 0.545 V to 0.61 V), which is supported by ln(I/V2) versus
1/V fitting (inset of Figure 3c). The current density of FNT is dependent on the electric
field. Electrons easily tunnel through a triangular barrier in the presence of a high electric
field [41].
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Next, we study synaptic characteristics of the Pt/ZnO/TiN device for the hardware-
based neuromorphic system. As the first step, the repetitive electrical pulses were applied
to scan the current and conductance levels of the Pt/ZnO/TiN device. The response highly
depends upon the number of pulses when the training pulse is applied to the device. For
low-amplitude pulses, many pulses are applied to the device and small pulses are needed
to reach target conductance. The characteristics of bipolar analog resistive switching in
the pulse mode were investigated via pulse trains. Figure 4a,b presents the gradual set
and reset process by identical pulse responses. Figure 4a shows the gradual set process
at the train pulse voltage of 100 consecutive cycles (pulse amplitude: 0.8 V; pulse width:
100 µs), leading to correspondence of the output current to the gradually increasing current.
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Figure 4b shows the gradual reset characteristics by 100 consecutive pulse inputs (pulse
amplitude: −1.2 V; pulse width: 100 µs). As a pulse is applied to the Pt/ZnO/TiN device,
the absolute value of the current generally tends to decrease. These characteristics are
similar to multilevel BRS as confirmed by the DC sweep mode in Figure 2c. Figure 4c
presents the training pulse of 100 consecutive pulses in the CRS mode. To control and
clarify the CRS mode (current increase and decrease) by multiple pulses, we applied the
pulse amplitude of 1.3 V with the pulse width of 100 µs. We found both gradual set and
reset during 100 cycles. Initially, the current started to increase gradually, but after about
half the time (0.014 s), the current decreasing behavior was observed. It was noted that the
controllable gradual set and reset were achieved at identical pulse inputs.
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Next, the potentiation and depression in biological synapses were mimicked for the
Pt/ZnO/TiN device in both the BRS and CRS modes. The conductance values were ex-
tracted from the read voltage of 0.2 V to use vector multiplication in an artificial memristor
array and neurons. Figure 4d shows the potentiation and depression characteristics for
the BRS mode. The conductance was gradually modulated by the series of voltage pulses
(pulse amplitude: 0.9 V, pulse width: 100 µs, raise and fall time of the pulses: 20 µs).
Furthermore, the conductance was gradually decreased by the pulses (pulse amplitude:
−1.1 V, pulse width: 100 µs, raise and fall time of the pulses: 20 µs). Moreover, we obtained
the potentiation and depression characteristics in the CRS mode by consecutively applying
100 pulses. The voltage amplitudes were 0.9 V and 1 V for the potentiation. From approxi-
mately the 40th pulse, the variation in conductance became severe and saturated. Note that
the potentiation and depression characteristics in the CRS mode were determined using an
updated voltage amplitude-controlled conductance method.

In order to verify the effect of switching mode on the performance of a neuromorphic
system composed of Pt/ZnO/TiN devices, pattern recognition simulation with a single-
layer (784 × 10) neural network was conducted using the Modified National Institute of
Standards and Technology (MNIST) data with 60,000 training and 10,000 test images. Here,
we developed a device model for both switching modes with learning characteristics and
assumed that every learning event occurred after each batch run. Figure 5a shows the
accuracy depending on the switching mode without variation effects. Even without consid-
ering the variation characteristics, the pattern recognition accuracy with the CRS mode was
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unstable and low due to nonlinear weight update behaviors. This is because nonlinearity
induces abrupt weight updates, resulting in fluctuating training characteristics according
to the number of training epochs. In addition, when the variation effects are considered,
the performance of pattern recognition with the CRS mode has a large fluctuation with
maximum 20% of accuracy difference at the same epoch as shown in Figure 5b because the
learning property of the CRS mode is more unpredictable than that of the CRS mode in
terms of cycle-to-cycle variation. This implies that the neuromorphic system run with the
BRS mode is more promising than the CRS mode with regard to the average and uniform
performance. Figure 5c,d shows the distribution of weight changes according to the current
conductance value of all epochs for the CRS mode and the BRS mode, respectively. It
confirms that the characteristics of weight update with the CRS mode are quite abrupt,
leading to large and fluctuating degradation of recognition accuracy even after dozens
of epochs.
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4. Conclusions

In summary, the chemical and material properties of the interfacial layer of TiON
as well as each layer in the Pt/ZnO/TiN device were analyzed by XPS. BRS and CRS
in the DC sweep mode were characterized by voltage polarity. Moreover, multilevel
switching was demonstrated by controlling the set and reset stop voltages. Next, the
transient characteristics and conductance update were investigated using repetitive pulses.
The potentiation and depression were well-emulated for BRS and CRS. The BRS mode
showed a better conductance update with lower variation than the CRS mode. Finally, the
artificial potentiation and depression characteristics of both the BRS and CRS modes in the
Pt/ZnO/TiN device were evaluated through neuromorphic simulation.
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