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Abstract: This work demonstrates the synaptic properties of the alloy-type resistive random-access
memory (RRAM). We fabricated the HfAlOx-based RRAM for a synaptic device in a neuromorphic
system. The deposition of the HfAlOx film on the silicon substrate was verified by X-ray photoelectron
spectroscopy (XPS) analysis. It was found that both abrupt and gradual resistive switching could
be implemented, depending on the reset stop voltage. In the reset process, the current gradually
decreased at weak voltage, and at strong voltage, it tended to decrease rapidly by Joule heating.
The type of switching determined by the first reset process was subsequently demonstrated to be
stable switching by successive set and reset processes. A gradual switching type has a much smaller
on/off window than abrupt switching. In addition, retention maintained stability up to 2000 s in
both switching cases. Next, the multiple current states were tested in the gradual switching case by
identical pulses. Finally, we demonstrated the potentiation and depression of the Cu/HfAlOx/Si
device as a synapse in an artificial neural network and confirmed that gradual resistive switching
was suitable for artificial synapses, using neuromorphic system simulation.

Keywords: neuromorphic system; synaptic device; resistive switching; metal oxides; bilayer;
neuromorphic simulation

1. Introduction

Recently, in the rapidly increasing number of server computers and Internet of Things
(IoT) era, there is a demand for the development of higher capacity and faster memory than
the conventional memory, such as flash memory [1]. Resistance-change memories such
as phase-change RAM (PRAM) [2], magnetic RAM (MRAM) [2], and RRAM are superior
to flash memory in terms of operating voltage and operating speed. Especially, PRAM
and RRAM have the possibility of securing excellent characteristics by fabricating them
vertically beyond the stacking of cross-points in cell structure to achieve the high-density
memory [3]. RRAM has been found to have a memory switching effect in a variety of
dielectric materials. Basically, low-resistance state (LRS) and high-resistance state (HRS) can
be converted according to the applied voltage, and the state, once stored, has a nonvolatile
characteristic that is maintained over time [4–7]. Among a lot of materials, metal oxides
like TiO2, HfO2 and Ta2O5 are the most popular resistive switching materials due to
their superior memory device behaviors, such as endurance, stability, repeatability, and
reproducibility [8–15]. Regarding the resistive change switching effect of metal oxide-based
RRAM devices, various mechanisms are known, depending on the resistive switching
materials and the electrodes [16]. The conductivity changes as the oxygen increases or
decreases for the intrinsic switching in the oxide. In this case, a non-active metal is used for
the top and bottom electrodes. The resistive switching occurs by the creation and rupture
of a metallic filament when using the metal electrodes with high diffusion ability to the
dielectric. These electrochemical metallization effects are commonly observed when using
Cu and Ag electrodes [16]. This kind of resistive memory has a fast switching speed but
shows low endurance. Especially, Cu is a more complementary metal-oxide-semiconductor
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(CMOS), compatible when using barrier metals such TaN and Ta [17]. Resistive switching
can also be classified depending on the operating polarity. Unipolar resistive switching
occurs in the same polarity. The reset process occurs by Joule heating and it is accompanied
by high current. Representatively, unipolar resistive switching has been reported a great
deal in NiO, TiO2, ZnO, ZrO2, and HfO2 [18–27]. Although research on URS has been
conducted for a long time, the poor distribution of high current, voltage, and resistance
values have not been resolved. On the other hand, bipolar resistive switching (BRS),
which is commonly found in various materials such as HfO2 and TaO2, can operate at a
low current overall and shows better dispersion characteristics. However, a bidirectional
selector element is needed for each memory cell in a crossbar array to reduce the sneak
current path [28].

In this work, we fabricated the CMOS compatible Cu/HfAlOx/Si memory cells and
the device stack was verified by XPS analysis. The alloyed type of device can change the
resistive switching characteristics by adjusting the ratio of the elements. For example,
as the content of Al with a large band gap increases in the HfAlOx-based stack, the
insulated character becomes stronger, which can lower the initial current level [29,30].
We investigated the resistive switching in two switching modes from an HfAlOx-based
device. One is abrupt switching behavior and the other is gradual switching behavior. The
two switching modes can be adjusted simply by the size of the reset voltage. The tight
distribution of resistance values and nonvolatile properties of LRS and HRS in both modes
were verified by the retention test. In gradual switching mode, the transient characteristics
with multiple states were confirmed by pulse. Finally, the potentiation and depression
characteristics were demonstrated to implement synaptic properties for a hardware-based
neuromorphic system and a neuromorphic system simulation was conducted.

2. Materials and Methods

Figure 1a shows the schematic of the fabricated Cu/HfAlOx/Si device which was
prepared as follows—A-200 nm thick doped poly Si as bottom electrode in RRAM was
deposited on silicon substrate by low-pressure chemical vapor deposition (LPCVD). SiH4
and PH3 were used for n-type doped Si. The native oxide (SiO2) was removed by Hy-
drogen fluoride (HF) chemical solution before the deposition of high-k layer. A 7 nm
thick alloyed type HfAlOx film was deposited by atomic layer deposition (ALD). Tetrakis-
ethylmethylamino hafnium (TEMAHf) and H2O as precursors were used for the HfO2
layer. Trimethylaluminum (TMA) and H2O were used for Al2O3 layer. Three cycles of
HfO2 layer and one cycle of Al2O3 layer were deposited alternately for the HfAlOx alloyed
film. A 100-nm thick Cu was deposited by e-beam evaporator into the top contact hole
after the attachment of shadow mask including the circular pattern with a diameter of
100 µm. The electrical properties of direct current (DC) I-V curves were measured by
a Keithley 4200-SCS semiconductor parameter analyzer (SPA) and pulse measurements
were conducted by a 4225-pulse measurement unit (PMU) ultrafast module. For a bias
voltage and a pulse input, Cu contacted with a probe tip was controlled while maintaining
the ground on the Si bottom electrode. X-ray photoelectron spectroscopy (XPS) depth
analysis was conducted, using a Nexsa (ThermoFisher Scientific, Waltham, MA, USA) with
a Microfocus monochromatic X-ray source (Al-Kα (1486.6 eV)), a sputter source (Ar+), an
ion energy of 2 kV, a sputter area of 1 × 1 mm, a sputter rate of 0.5 nm/s for SiO2, and a
beam size of 100 µm.
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Figure 1. (a) Schematic of Cu/HfAlOx/Si device. (b) Hf 4f, (c) Al 2p and (d) O 1s spectra of HfAlOx film.

3. Results and Discussion

The XPS analysis was conducted to confirm the alloyed type HfAlOx film deposited
by ALD. Figure 1b,c show Hf 4f and Al 2p spectra after 3 s etching. Hf 4f had two distinct
and clear peaks in which the Hf4f7/2 and Hf4f5/2 were centered at 18.74 and 20.27 eV,
respectively (Figure 1b) [31]. The raw data of Al 2p was more noisy because it had 3 times
fewer deposition cycles than Hf (Figure 1c). However, the peak intensity’s binding energy
(75.69 eV) in the fitting curve was clearly consistent with the Al-O bonds [32]. Figure 1d
shows the O 1s XPS spectra for Hf-O-Al bond. The peak binding energy of 532.1 eV was
close to the Hf-O bond of HfO2 [33].

Figure 2a shows the I-V curve of the Cu/HfAlOx/Si device for the reset process
after the forming process. It was noted that the partial reset was observed before full
reset occurred. It was essential to obtain gradual resistive switching using partial reset.
Therefore, we could select the switching mode by initial reset stop voltage. When more than
3.5 V was applied to the device, the current decreased in an abrupt manner. A Cu-based
filament formed during the forming process was nearly fully ruptured. The HRS current
was a little higher than the initial current level, indicating that there was little remaining of
the Cu filament. Figure 2b shows iterative I-V curves for the set and reset processes. The
abrupt set and reset were observed during the cycle. Some of the reset process may have
dropped sharply into several steps. On the other hand, the gradual set and reset process
were obtained after the forming process (Figure 2c). The partial reset that was conducted
at a lower reset stop voltage made totally different switching behaviors. The reset process
could be dominantly conducted by the electric field. The Cu filament could be ruptured
little by little at the beginning of the reset with a negative bias voltage. In both modes,
switching did not occur stably for more than 50 endurance cycles. In addition, in order to
improve reproducibility and repeatability, Cu ions must be well controlled.

Figure 3a shows the distribution of LRS and HRS in Cu/HfAlOx/Si device in two
modes. The average HRS resistances of the full reset mode and the partial reset mode were
491 MΩ and 14.2 kΩ, respectively. Since the full reset mode almost completely ruptured
the Cu filament, the HRS resistance was much larger than that of the partial reset mode.
Relative standard deviation (RSD) of full reset and partial reset in the HRS were 0.185 and
0.207, which were not very different. The average LRS resistance of full reset and partial
reset was 1.12 and 1.17 kΩ, which were nearly same values. This indicates the Cu filaments
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formed by the set process with the same compliance current were not that different in the
two modes. The switching modes could be determined by the reset process. Figure 3b
shows the retention test of both switching modes in the LRS and HRS up to 10,000 s. The
resistance values were extracted at the read voltage of 0.2 V. The two states were sufficiently
distinguishable in both switching modes.
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Figure 2. (a) Switching decision by reset voltage amplitude. I-V curves by (b) full reset mode and (c)
partial reset mode.
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Figure 3. (a) HRS and LRS resistance distribution and (b) retention for full reset mode and partial
reset mode for 10,000 s.

Next, the pulse transient characteristic tests were conducted to implement the synaptic
device features for a hardware-based neuromorphic system. In the case of synaptic devices,
gradually adjusting the conductance for the applied voltage can improve the performance
of the neuromorphic system. Therefore, gradual resistive switching in partial reset switch-
ing mode is suitable for synaptic operation. Figure 4a shows the transient characteristics of
the set process in partial switching mode. The pulse amplitude and pulse width were 2.3 V
and 1 ms for the gradual set process. The read pulses were inserted before and after the
set pulse to check the current change. The increase in current was clearly observed in two
steps by the read voltage of 0.2 V (Figure 4b). Conversely, the pulses with negative voltage
made the decrease in current for the reset process (Figure 4a). Here the pulse voltage and
width were −2.55 V and 1 ms, respectively. The current was sensed by read pulses as in
the set operation in Figure 4d.
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Figure 4. (a) Transient characteristics and (b) current part is expanded by set pulses. (c) Transient
characteristics and (d) current part is expanded by reset pulses.

The neuromorphic system is specialized in fields such as pattern recognition. The
performance of hardware-based neuromorphic computing can be affected by the RRAM
device’s conductance update method. To compare the changes in the conductance of full
reset and partial reset cases, the potential and depression characteristics were measured as
shown in Figure 5a,b, respectively. The same pulse conditions with set pulse and reset pulse
in Figure 4 were used to achieve the potentiation and depression and the conductance was
extracted at the read pulse of 0.2 V. After the response with the first pulse, the conductance
changed considerably, and from the second pulse, only fluctuation was observed without
significant change in the full reset case. This result was similar to the DC sweep mode in
which the current increased rapidly at one point as shown in Figure 2b. In depression of
full reset mode, the decrease in current was divided into several stages and progresses, but
an unstable appearance that increased and decreased again was observed. This may be
attributed to the fluctuation of the Cu ions, caused by bias voltage. On the other hand, in
the potentiation and depression of partial reset, the conductance changed more gradually.
However, there were some variations in the rising and falling of the conductance and
the opposite trend was observed by even set pulse. This behavior occurred due to the
instability of Cu ions in response to voltage. The dynamic range of the conductance was
much smaller compared to the case of the full reset with high on/off ratio [34]. A similar
result was reported in the interface type with small on/off ratio and the small dynamic
range should be improved to obtain better performance as a neuromorphic device.

Figure 5c shows the neural network for the software-based pattern recognition sim-
ulation. The network consists of 784 input layers, 10 output neurons, and synapses fully
connecting input neurons and output neurons. In this experiment, since only single cells
were fabricated, it was assumed that the weight update of all synapses had the same
characteristics as the conductance update of Figure 4a,b. The input neuron received the
MINST binary dataset with 28 × 28 pixel images and 10 output neurons classified the
10 classes (numbers) for recognition. Weight values (Wij) were optimized by training to find
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the right information. A more detailed explanation is available from our past work [35].
Figure 5d shows the recognition rate of full reset and partial reset. For the partial reset,
the maximum rate was 71.94% and that of full reset was 61.07%, but the variation was so
severe that the minimum rate was down to 10.44%. It should be noted that the partial reset
showed a higher and more stable recognition rate. Therefore, the partial reset case was
more suitable for the better synaptic property.
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Figure 5. Potentiation and depression characteristics for (a) full reset mode and (b) partial reset mode.
(c) Neural network for neuromorphic simulation. (d) Pattern recognition accuracy when using full
reset mode and partial reset mode as synaptic weight in neural network.

4. Conclusions

In summary, the two switching modes were controlled by the reset stop voltage in a
Cu/HfAlOx/Si device for neuromorphic application. The material and chemical properties
of the alloyed type HfAlOx dielectric were investigated by XPS analysis. Full reset mode
accompanied the abrupt set and reset process. On the other hand, the gradual set and
reset process was achieved in a partial reset mode with small reset voltage. There was no
significant difference between the LRS and HRS variations of the two switching modes.
In addition, it was possible to distinguish the on state and off state without significant
degradation for 2000 s in the two modes. The gradual increase and decrease in the current
was confirmed in the transient characteristics. Finally, we demonstrated the potentiation
and depression curves by partial reset was more suitable for a synaptic device than by
full reset.
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