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Abstract: In this work, we study the threshold switching and short-term memory plasticity of
a Pt/HfO2/TaOx/TiN resistive memory device for a neuromorphic system. First, we verify the
thickness and elemental characterization of the device stack through transmission electron microscopy
(TEM) and an energy-dispersive X-ray spectroscopy (EDS) line scan. Volatile resistive switching with
low compliance current is observed under the DC sweep in a positive bias. Uniform cell-to-cell and
cycle-to-cycle DC I-V curves are achieved by means of a repetitive sweep. The mechanism of volatile
switching is explained by the temporal generation of traps. Next, we initiate the accumulation
of the conductance and a natural decrease in the current by controlling the interval time of the
pulses. Finally, we conduct a neuromorphic simulation to calculate the pattern recognition accuracy.
These results can be applicable to short-term memory applications such as temporal learning in a
neuromorphic system.
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1. Introduction

Resistive-switching behaviors that are observed, including resistive switching random-
access memory (RRAM) [1], phase-change random-access memory (PRAM) [2], and mag-
netic random-access memory (MRAM) [3], can be an important phenomenon in non-
volatile memory applications. The resistive switching of PRAM occurs through a TiN
heater in which two states are reversible by a melting and quenching operation. MRAM
uses a magnetic storage element for resistive switching. One ferromagnetic plate is the
reference layer and the magnetization alignment of the other layer can be changed by the
electric field.

Bipolar resistive switching provides metal oxide-based RRAM devices with compet-
itive performance due to their fast operation speed, low switching voltage, low current
level, multi-level cells (MLC) capability, and CMOS compatibility [4–17]. Resistive change
switching of RRAM can be expanded in more directions depending on the type and opera-
tion method of the device stack. For example, a self-rectification phenomenon is observed
in the case of a stack with two layers of insulators, and there is a large difference in work
functions between the top and bottom electrodes [18]. In addition, the type of switching can
vary depending on whether or not electroforming is performed, as well as the limitation
of the operating current [18]. For example, a high current (milliampere) shows a strong
non-volatile characteristic while a low current (microampere or less) shows a more volatile
characteristic. However, most previous papers have demonstrated current reduction (reset
process) through the opposite sweep of the set process without strictly checking whether it
is non-volatile or volatile at low currents [19,20].

Recently, the existing von Neumann structure has been shown to have disadvantages,
such as a bottleneck between memory and process. A neuromorphic system that emulates
the concept of biological neuron and synapse is emerging that allows for the efficient
processing of large amounts of data in the era of big data [21]. The cross-point array
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including RRAM cells can act as an artificial synapse in a neuromorphic system by using
vector-matrix multiplication. The requirements of RRAM as an artificial synapse include
MLC, high endurance, good variability, and low energy consumption [22]. The short-term
memory effect of the memristor can provide temporal information processing, which is
suitable for reservoir computing applications [23–25].

In this work, we fabricated a Pt/HfO2/TiOx/TiN RRAM device with self-rectification,
and we characterized the electrical measurement for short-term memory. First, the self-
rectification characteristics are explained by the conduction model. The short-term plas-
ticity was characterized by pulse operations after confirmation of the cell-to-cell and
cycle-to-cycle DC sweep. Finally, the pattern recognition rate was calculated through
neuromorphic simulation.

2. Materials and Methods

The RRAM devices were prepared as follows. A-100-nm thick TiN bottom electrode
was deposited by DC sputtering on SiO2/Si substrate. Next, 20 nm thick TaOx was
deposited sequentially via pulsed DC reactive sputtering on the TiN layer. The gas flow
rates of Ar and O2 were 8 sccm and 12 sccm, respectively, with the base pressure of
1.6 × 10−6 Torr and the deposition pressure of 1 mTorr. A 7 nm thick HfO2 layer was
deposited by the atomic layer deposition (ALD) technique on the TaOx layer. The HfO2 film
was deposited using TEMAHf and H2O at an internal temperature of 280 ◦C using a thermal
and plasma-enhanced ALD process (CN1, Atomic premium). Finally, a-100-nm thick Pt
was deposited as the top electrode using e-beam evaporation (FR-EB20, ULTEC, Daegu,
Korea) on the TaOx layer, and the Pt top electrode patterning was conducted via a shadow
mask including circular patterns with 100 µm. The cross-section of the Pt/HfO2/TaOx/TiN
device was observed using transmission electron microscopy (TEM) (JEOL/CEOS, JEM-
2100F, Cs corrector, Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDS). The
current–voltage (I-V) curves and transient curves of the RRAM cells were measured using
a semiconductor parameter analyzer (Keithley 4200-SCS and 4225-PMU ultrafast module,
Cleveland, OH, USA) while a bias was applied to the Pt top electrode and the TiN bottom
electrode was grounded. The accuracy of the current level was measured to be 100 pA.

3. Results and Discussion

Figure 1a,b shows a scanning transmission electron microscopy (STEM) image and
EDS line scan of the Pt/HfO2/TaOx/TiN device. The two insulators (HfO2 and TaOx) can
be distinguished through the contrast in STEM values, as shown in Figure 1a. Figure 1b
shows Wt (%) as a function of the distance obtained by EDS line scan for Hf, Ta, Pt, N, O,
and Ti. Figure 1c shows a high-resolution TEM image of the Pt/HfO2/TaOx/TiN device.
The thicknesses of HfO2 and TaOx are about 7 nm and 20 nm. The polycrystalline TiN layer
and the amorphous HfO2 and TaOx layers can be clearly observed in the TEM image.

Next, we measured the I-V curves of the Pt/HfO2/TaOx/TiN device to confirm the
volatile memory characteristics. Figure 2a,b, respectively, show the I-V curves for 10 cycles
in one device and the first curve of 10 cells. It should be noted that a forming-less curve is
observed with a compliance current of 100 nA in which the first curve and the subsequent
curves are similar to each other. During dual DC sweep mode, the return curve current
is higher than the forward current, and under the same conditions, the current of the
subsequent DC sweep follows the initial current again. This indicates that the device has a
volatile property. In other words, a temporarily increased current has a short-term memory
effect that does not maintain that state. As a result, it is found that it is pointless to sweep
with negative bias to reset. However, a similar curve is not observed at negative bias (not
shown here) due to the rectification property of the Pt/HfO2/TaOx/TiN device in the
forming-less mode. The rectifying behavior occurs due to the asymmetric work function of
the top and bottom electrode without the forming process.
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Figure 1. (a) STEM image, (b) EDS line scan, and (c) TEM image of Pt/HfO2/TaOx/TiN RRAM device. 
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Figure 1. (a) STEM image, (b) EDS line scan, and (c) TEM image of Pt/HfO2/TaOx/TiN RRAM device.
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Figure 2. I–V characteristics of Pt/HfO2/TaOx/TiN RRAM device. (a) Ten cycles in one cell and (b) first curves of 10 cells.

For the initial current level, the currents of less than about 100 pA are not accurate
due to the range of detection of the current accuracy of the measuring equipment.

The possible volatile switching mechanism of short-term memory can be explained
through the interface type model considering the presence of no electroforming and a
progressively increasing current [26]. The HfO2 layer is known as the main switching layer
in the Pt/HfO2/TaOx/TiN device [27]. Due to the current limitation caused by very low
compliance, the filament production (the creation of oxygen vacancies in insulators) is
limited, which leads to a temporary increase in current, but the filament understandably
breaks down again in a short time. The volatile resistive switching behaviors were reported
in different types, such as conductive bridge random-access memory (CBRAM) [28] and
different metal oxide systems [29,30].

Next, we conduct pulse measurements to obtain the short-term memory characteristics
for practical device operation. The natural reduction in current is important in short-term
memory. The pulse inputs are designed by controlling the pulse interval time between
pulses to observe the current accumulation and decay, as shown in Figure 3. For the
accumulation curve, a strong signal input should be provided, and this is also the case for
the decay curve. On the other hand, a weak signal input should be entered into the device.
To begin, 60 pulses with a voltage of 9.5 V were applied at an interval of 0.001 s. In this
short interval time condition, the current is gradually accumulated. The increase in current
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can be clearly identified through the magnification of 16 pulses. However, the increased
current is decayed when increasing the interval from 0.01 s to 0.055 s. Finally, the state of
the device returns to its initial state, thus showing the short-term memory effect. These
results indicate that even if pulses of the same voltage are applied, how frequently they
are applied can further determine the conductance accumulation and attenuation. In other
words, the dynamics of increasing of oxygen vacancies by pulse and the natural decrease
in oxygen vacancies can be controlled.
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Figure 3. (a) Accumulation and decay characteristics of Pt/HfO2/TaOx/TiN RRAM device by pulse
inputs. (b) Initial 15 pulses with progressively increasing current.

Next, we measured the cycle-to-cycle and cell-to-cell variation of the Pt/HfO2/TaOx/TiN
device. Each of 10 cycles from 10 cells was continuously measured by applying the method
illustrated in Figure 3. Figure 4a,b show the accumulation and decay curves of 10 cycles
and their change rate between the initial current and final current, respectively. The rate of
change is defined as follows:

Rate o f change =
final current − initial current

initial current
× 100 (%).

The rate of change should be small to reduce variability in the iterative accumulation
and decay process. A change of 3% or less was observed in all 10 cycles. Figure 4c,d show
the accumulation and decay curves of the first cycle of 10 cells and their change rate. The
change rate of the first cycle is 3% or more. Figures S1 and S2 show the 10 cycles of the
10 cells.

Finally, we perform pattern recognition accuracy of Fashion MNIST by constructing
a 3-layer neural network (784 × 128 × 10) when applying the conductance update of the
Pt/HfO2/TaOx/TiN device in Figure 5a [31]. To classify the pattern images of the Fashion
MNIST dataset, a 28 × 28 pixels image is normalized with a value between 0 and 1, and the
images are unfolded to a 1-dimensional array (784 × 1) for the number of input neurons.
The neural network has 128 nodes for the hidden layer. Each output node corresponds
to the 10 classes of training and test images which correspond to the 10 output nodes.
All neuron nodes in the neural network are fully connected with an imaginary artificial
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synaptic array (Pt/HfO2/TaOx/TiN device array) in which the weight has a quantized
value, and a cross-point array structure can be performed by a vector-matrix multiplication
operation. Figure 5b shows the result of the accuracy test as a function of epoch, in which
the maximum accuracy is 88.6%.
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Figure 4. Accumulation and decay curves of the Pt/HfO2/TaOx/TiN RRAM device. (a) Cycle-to-
cycle variation and (b) their change rate. (c) Cell-to-cell variation and (d) their change rate.
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Figure 5. (a) Neural network including the input layer, hidden layer, and output layer. (b)
Pattern recognition accuracy.

4. Conclusions

This study investigates the volatile resistive switching with the short-term memory
effect of a Pt/HfO2/TaOx/TiN resistive memory device. First, the thickness and material
characterization of the device stack were confirmed by means of a TEM image, as well as
STEM and an EDS line scan. The volatile resistive switching is secured, which adequately
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conducts the DC sweep with low compliance current (100 nA). The variability (<7%) of the
cell-to-cell and cycle-to-cycle DC I-V curves are obtained through the DC sweep curves. The
accumulation and decay of the conductance are well controlled by the low frequency and
high frequency of the pulse, respectively. Finally, neural network simulation is performed
to test the pattern recognition accuracy. These results can be used to aid temporal learning
in neuromorphic systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11081207/s1, Figure S1: 10 cycles of 10 cells for current decay, Figure S2: Change of rate for
10 cycles of 10 cells.
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