
nanomaterials

Article

Synaptic Characteristics from Homogeneous Resistive
Switching in Pt/Al2O3/TiN Stack

Hojeong Ryu and Sungjun Kim *

Division of Electronics and Electrical Engineering, Dongguk University, Seoul 04620, Korea;
hojeong.ryu95@gmail.com
* Correspondence: sungjun@dongguk.edu

Received: 18 September 2020; Accepted: 16 October 2020; Published: 18 October 2020
����������
�������

Abstract: In this work, we propose three types of resistive switching behaviors by controlling
operation conditions. We confirmed well-known filamentary switching in Al2O3-based resistive
switching memory using the conventional device working operation with a forming process. Here,
filamentary switching can be classified into two types depending on the compliance current. On top
of that, the homogeneous switching is obtained by using a negative differential resistance effect
before the forming or setting process in a negative bias. The variations of the low-resistance and
high-resistance states in the homogeneous switching are comparable to the filamentary switching
cases. However, the drift characteristics of the low-resistance and high-resistance states in the
homogeneous switching are unstable with time. Therefore, the short-term plasticity effects, such as
the current decay in repeated pulses and paired pulses facilitation, are demonstrated when using
the resistance drift characteristics. Finally, the conductance can be increased and decreased by
50 consecutive potentiation pulses and 50 consecutive depression pulses, respectively. The linear
conductance update in homogeneous switching is achieved compared to the filamentary switching,
which ensures the high pattern-recognition accuracy.
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1. Introduction

Data usage required by new technologies, such as self-driving cars, Internet of Things (IoT),
and Artificial intelligence (AI), has been increasing rapidly [1]. A low-power, highly integrated,
and power-efficient computing system design is highly important for coping with big data. The existing
von Neumann architecture with serial data processing has problems of bottlenecks between the central
processing unit (CPU) and the memory. Additionally, the von Neumann structure is efficient for
simple calculations [1], but is not suitable for complex data processing, such as image and voice
analysis. Therefore, a new computing system is needed to process data efficiently. One solution was
found in the human brain, in which more than 100 billion neurons communicate with other neurons
through 100 trillion synapses, processing and storing information in an instant. The neurons and
synapses are connected in parallel and perform memory operations, reasoning, and learning at the
same time, even with a low power of about 20 W. The neuromorphic chip is the next-generation
computing technology that mimics the way the brain works. There are several electronic devices that
include transistors as neurons and memory as synapses [2–4]. Since artificial neurons and synapses
are configured in parallel like the human brain, they can process more data with much less power
than previous processors could. Neuromorphic technology is efficient, because data processing can be
integrated at once, and energy consumption is reduced [2–4]. The neuromorphic computing is more
suitable for complex tasks such pattern recognition [5]. The conductance in the synaptic device is used
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as synapses in neural networks, and back-propagation is commonly used for learning algorithms in
hardware-based neuromorphic systems [6].

When an operation is performed in a neuromorphic chip, the conductivity weight in each synapse
that corresponds to the strength of the connection between neurons can be updated by applied pulse
stimulation. It is important to implement multilevel conductance by analog switching to provide
synaptic functions in a neuromorphic chip. Resistive switching random access memory (RRAM) can
act as a synapse in a neuromorphic chip because of its low-power operation [7], fast switching time [8],
high-density integration [9], and multi-level cells (MLC) with analogue switching [10–14]. The various
resistive switching characteristics are achieved using a dielectric material and metal electrodes [15–27].
Additionally, the switching type can be changed depending on the operation conditions, such as the
current and voltage levels [28]. Typically, two types of resistive switching that are well known are
filamentary switching and homogeneous switching [28]. The filament switching is an instantaneous
conducting-filament formation in a critical electric field during the set process, which is accompanied
by a sudden current jump. Therefore, it is difficult to obtain multi-level conductance values during
the set process. On the other hand, homogeneous switching is usually performed by charge trapping
and detrapping, in which gradual switching is a highly desirable property in the synapse device in
neuromorphic engineering [29]. High-k dielectrics, such as HfO2 and Al2O3 deposited by atomic layer
deposition (ALD), have the advantage of accurate controllability of the thickness with good uniformity
for RRAM applications [30–34]. Several studies of Al2O3 dielectric film have been performed for
resistive switching and synaptic properties [33–35]. However, studies on the homogeneous switching
properties for neuromorphic computers in Al2O3-based RRAM devices have been few.

In this paper, we obtained both filamentary and homogeneous switching by controlling device
operation conditions. We emulate the bio-inspired synaptic characteristics, such as short-term plasticity
(STP), including paired pulsed facilitation (PPF), potentiation and depression, and resistive switching
characteristics in a Pt/Al2O3/TiN device. We closely investigated the homogeneous resistive switching
in the trapping/detrapping region without the electroforming as well as the conventional filamentary
switching operation in Al2O3 in terms of the variation and retention of high-resistance state (HRS) and
low-resistance state (LRS), multi-level properties, and synapse emulation properties.

2. Materials and Methods

We fabricated Pt/Al2O3/TiN as a memristor device as follows. First, a 100-nm-thick TiN was
deposited by DC sputtering on a SiO2/Si substrate as the bottom electrode. Next, an Al2O3 thin film was
deposited by ALD on the TiN bottom electrode. We used Al(CH3)3 (TMA) and H2O as precursors for
the Al2O3. The source temperature was set to 9 ◦C and the chamber temperature to 200 ◦C. One cycle
for deposition of the Al2O3 layer consisted of TMA 0.2 s, purge gas 15 s, H2O 0.2 s, and purge gas
15 s injection. We repeated a total of 60 cycles for the target thickness of 7 nm. Finally, 100 nm Pt as
the top electrode was deposited by E-beam evaporation. We measured the electrical properties in the
DC sweep and transient modes using a semiconductor parameter analyzer (Keithley 4200-SCS and
4225-PMU ultrafast module, Solon, OH, USA). During the measurements, we applied the bias voltage
and pulse to the Pt top electrode, and the TiN bottom electrode was grounded. The step voltage is
0.02 V for DC sweep mode. We performed X-ray photoelectron spectroscopy (XPS) depth analysis
with a Nexsa (Thermo Fisher 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 rate of 0.5 nm/s for
SiO2, and a beam size of 100 µm.
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3. Results and Discussion

Figure 1a shows the schematic of the Pt/Al2O3/TiN structure. The circular Pt top electrodes with
100 µm diameter are on the Al2O3 insulator. To confirm the deposition of the ALD Al2O3 layer and
interfacial layer between Al2O3 and the TiN bottom electrode, we investigated the XPS depth profile
from the Al2O3 dielectric to the TiN bottom. Figure 1b,c show the XPS spectra of Al 2p and Ti 2p,
respectively. The main peak is centered at about 75.5 eV, which corresponds to the Al–O bond at 0 s
(Figure 1b). The Al peak intensity is relatively very low at the deep etching time (60 s), where the TiN
layer is mainly exposed [36]. We closely checked the Ti 2p spectra to detect the TiON interfacial layer
in Figure 1c. The Ti was not detected at 0 s, because of the Al2O3 layer on the surface. The peaks for
TiN 2p3/2 and TiN 2p1/2 are centered at about 455 and 461 eV, respectively, at 20 and 34 s [37]. It is
noted that we observed two peaks at around 458 and 464 eV for TiON 2p3/2 and TiON 2p1/2 at 34 s [37].
This suggests that the already-deposited Al2O3 layer could have been intermixed with the TiN layer
during ALD Al2O3 dielectric deposition at 200 ◦C.
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Figure 1. (a) Schematic drawing of the Pt/Al2O3/TiN device; (b) XPS Al 2p spectra; (c) Ti 2p spectra.

Figure 2a–c show three different I–V curves in the Pt/Al2O3/TiN device after the electroforming
that is the activation process from the initial state in the Al2O3 dielectric (Figure S1). For the first
switching mode (filamentary switching with compliance, type 1), we observed the typical bipolar
resistance in which the set and reset processes occur in a negative bias and a positive bias, respectively.
The set process in a negative bias is more favorable for good resistive switching than is the set process
in a positive bias to use the TiON layer acting as an oxygen reservoir [38]. The TiON layer becomes
thicker by accumulating oxygen during the positive bias, and then the oxygen vacancies are increased
in the Al2O3 layer for the set process. It is noted that the conducting filament is formed by a so-called
soft breakdown when the critical electric field is reached at the dielectric. Conversely, the oxygen in the
TiON layer could return to the Al2O3 dielectric to reduce oxygen vacancies in the Al2O3 layer when a
negative bias was applied to the top electrode for the reset process. In type 1, we used a compliance
current (CC) of 1 mA for the forming and set processes (Figure 2a). The LRS and HRS can be adjusted
by CC and reset stop voltage like many previous reports [39,40].
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Figure 2. I–V characteristics of (a) filamentary switching with CC (type 1), (b) filamentary switching
with self-compliance (type 2), and (c) homogeneous switching (type 3) in Pt/Al2O3/TiN device;
high-resistance state (HRS) and low-resistance state (LRS) statistical distribution of (d) type 1, (e) type 2,
and (f) type 3.

In type 2, the self-compliance is used for the set process without CC. When the current level reaches
about 1 mA by the abrupt set process, the current gradually increases, indicating that the filament is
still gradually created in the self-compliance region (Figure 2b). The self-compliance may occur by
the TiON buffer layer or the oxygen reservoir layer acting as series resistance. The similar studies
presenting self-compliance in filamentary switching type were reported [41–45]. The self-compliance
mode that is close to the actual device operation (pulse switching) has the advantage of reducing
the circuits related to current limiting. However, the variation (relative standard deviation, σ/µ) of
LRS is slightly larger in the self-compliance current mode compared to the switching condition at
a CC of 1 mA (Figure 2d,e). We will discuss more about the self-compliance effect on the synaptic
behavior in the pulse switching mode. The homogeneous switching (type 3) can be obtained by using
a negative differential resistance effect before the electroforming or set processes (Figure S1) [34,46].
The initial reset process in a negative bias occurs probably because of the abundant initial traps in the
Al2O3 layer. This behavior could be associated with a sort of asymmetric complementary resistive
switching [47,48]. Subsequently, a set process occurs in a positive bias. When a positive bias is applied
to the top electrode, additional oxygen vacancies can be created in the Al2O3 dielectric. In another
way, the change in conductivity can be explained by charge trapping/detrapping [28]. Additionally,
the oxygen exchange at the interface between the Pt and oxide could make the homogenous switching
behavior [47].

It is noted that the conductance changes gradually in homogeneous switching without CC in the
Pt/Al2O3/TiN device. Furthermore, type 1 and type 2 can be changed to type 3 after the reset process.
The transition from the filamentary type to the homogeneous type is shown in Figure S2. The DC
sweep in a positive bias can increase the conductance. There are still significant oxygen vacancies
left, even though the conducting filament is ruptured. Similarly, the coexistence of filamentary and
homogeneous switching was reported in a different material system [28,49].

The σ/µ values of the LRS are 0.028, 0.12, and 0.017 for type 1, type 2, and type 3, respectively
(Figure 2d–f). The compliance control in filamentary switching provides the best LRS variation. On the
other hand, the σ/µ values of the HRS are 0.251, 0.248, and 0.215 for type 1, type 2, and type 3,
respectively (Figure 2d–f). The variation of HRS values in three switching modes are not very different.
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Next, we investigated the resistance drift characteristics for the three types in the Pt/Al2O3/TiN
device. Figure 3a–c show the resistance change in the HRS and LRS for 10,000 s for type 1, type 2,
and type 3, respectively. The change rates of LRS and HRS in filamentary switching with CC (type
1) for 10,000 s are 5.88% and 16.3%, respectively. The change rates of LRS and HRS in filamentary
switching with self-compliance (type 2) for 10,000 s are 18.4% and 43.04%, respectively. The results
indicate that the gradual conductance region by the self-compliance current in the LRS shows little
unstable filament formation. The middle-resistance state (MRS) shows distinctively an unstable
retention property, probably because the remaining oxygen vacancies are easily moved by partial reset
(Figure S3). Additionally, the retention is not good for either LRS or HRS of homogeneous switching
(type 3), whose switching mechanism is based on the charge trapping and detrapping (Figure 3c).
Similarly, poor retention has been reported in homogeneous switching in RRAM devices composed of
different materials. Therefore, type 3 is more suitable for the applications by the short-term memory
effect, such as reservoir computing [50].Nanomaterials 2020, 10, x 5 of 10 
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Figure 3. HRS and LRS resistance drift characteristics of (a) type 1, (b) type 2, and (c) type 3 in
Pt/Al2O3/TiN device.

The gradual switching could be an advantage when used as a synaptic device application despite
the poor retention in the homogeneous switching in the Pt/Al2O3/TiN device. The multi-level states
are demonstrated by controlling the set and reset stop voltages in Figure 4. Multiple reset processes
occurred by varying the reset stop voltage from −0.3 to −0.7 V, with an incremental voltage of −0.05 V
for each step when fixing the set voltage of 1.7 V (Figure 4a). Moreover, multiple set processes were
controllable by changing the set stop voltage from 0.8 to 1.7 V with the incremental voltage of 0.1 V;
subsequently, multiple reset processes were achieved by controlling the reset stop voltage from −0.4 to
−0.9 V, with an incremental voltage of −0.02 V (Figure 4b).

Nanomaterials 2020, 10, x 5 of 10 

 

 
Figure 3. HRS and LRS resistance drift characteristics of (a) type 1, (b) type 2, and (c) type 3 in 
Pt/Al2O3/TiN device. 

The gradual switching could be an advantage when used as a synaptic device application 
despite the poor retention in the homogeneous switching in the Pt/Al2O3/TiN device. The multi-level 
states are demonstrated by controlling the set and reset stop voltages in Figure 4. Multiple reset 
processes occurred by varying the reset stop voltage from −0.3 to −0.7 V, with an incremental voltage 
of −0.05 V for each step when fixing the set voltage of 1.7 V (Figure 4a). Moreover, multiple set 
processes were controllable by changing the set stop voltage from 0.8 to 1.7 V with the incremental 
voltage of 0.1 V; subsequently, multiple reset processes were achieved by controlling the reset stop 
voltage from −0.4 to −0.9 V, with an incremental voltage of −0.02 V (Figure 4b). 

 
Figure 4. Multi-level states in the I–V curves by varying set voltage and reset voltage under the DC 
sweep in homogeneous switching of Pt/Al2O3/TiN device. (a) Reset stop voltage is controlled from 
−0.3 to −0.7 V at the fixed set voltage of 1.7 V; (b) set voltage from 0.8 to 1.7 V and reset voltage from 
−0.4 to −0.9 V. 

To evaluate the synaptic performances, we investigated the short-term effects by the current 
response in pulse input. We confirmed the switching type after the DC sweep mode and applied 
repeated pulse input to the device. The compliance current function was not provided in the 
measurement system, so we characterized type 2 and type 3 in pulse transient characteristics. The 
long-term plasticity was observed in type 2 when the repeated pulse inputs (amplitude: −0.8 V; width: 
10 µs; interval time between pulse inputs: 20 µs) were used in Figure 5a. When repeated stimuli 
accumulate in the device, breakdown occurs and the current increases rapidly in about 0.0096 s. This 
phenomenon is a kind of time-dependent dielectric breakdown (TDDB) in the oxide. The current is 
gradually increased after an abrupt increase that is well matched with the DC sweep mode in type 2. 
Conversely, in type 3, the short-term plasticity is observed when applying repeated pulses 
(amplitude: 1.7 V; width: 5 ms; interval time between pulse inputs: 4 ms) in Figure 5b. Here, we 
designed the long pulse interval for a short-term effect in type 3 compared to the long-term effect in 
type 2. The first pulse made the device from HRS to LRS. The LRS could not maintain, even though 
the consecutive pulse input was applied to the device. The current started to decay from 0.197 s. The 
STP can be explained as spontaneous decomposition when the oxygen vacancy-based conducting 
filament is weakly formed. 

101 102 103 104
101

102

103

104

105

106

 HRS
 LRS

R
es

is
ta

nc
e 

(Ω
)

Time (s)

Read @ 0.2 V

101 102 103 104
101

102

103

104

105

106

R
es

is
ta

nc
e 

(Ω
)

Time (s)

 HRS
 LRS

Read @ 0.2 V

101 102 103 104
101

102

103

104

105

106

R
es

is
ta

nc
e 

(Ω
)

Time (s)

 HRS
 LRS

Read @ 0.2 V
(a) (b) (c)

Type 1: filamentary with CC Type 2: filamentary with self-compliance Type 3: Homogeneous

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
10-7

10-6

10-5

10-4

10-3

Set voltage: 1.7 V (fixed)

C
ur

re
nt

 (A
)

Voltage (V) 

Reset voltage: from -0.3 to -0.7 V 
(ΔV: -0.05 V)

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
10-7

10-6

10-5

10-4

10-3

Set voltage: 
from 0.8 to 1.7 V 
(ΔV: 0.1 V)

Reset voltage: 
from -0.4 to -0.9 V 
(ΔV: -0.02 V)

C
ur

re
nt

 (A
)

Voltage (V)

(a) (b)
Type 3: Homogeneous Type 3: Homogeneous

Figure 4. Multi-level states in the I–V curves by varying set voltage and reset voltage under the DC
sweep in homogeneous switching of Pt/Al2O3/TiN device. (a) Reset stop voltage is controlled from
−0.3 to −0.7 V at the fixed set voltage of 1.7 V; (b) set voltage from 0.8 to 1.7 V and reset voltage from
−0.4 to −0.9 V.
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To evaluate the synaptic performances, we investigated the short-term effects by the current
response in pulse input. We confirmed the switching type after the DC sweep mode and applied repeated
pulse input to the device. The compliance current function was not provided in the measurement
system, so we characterized type 2 and type 3 in pulse transient characteristics. The long-term plasticity
was observed in type 2 when the repeated pulse inputs (amplitude: −0.8 V; width: 10 µs; interval time
between pulse inputs: 20 µs) were used in Figure 5a. When repeated stimuli accumulate in the device,
breakdown occurs and the current increases rapidly in about 0.0096 s. This phenomenon is a kind of
time-dependent dielectric breakdown (TDDB) in the oxide. The current is gradually increased after
an abrupt increase that is well matched with the DC sweep mode in type 2. Conversely, in type 3,
the short-term plasticity is observed when applying repeated pulses (amplitude: 1.7 V; width: 5 ms;
interval time between pulse inputs: 4 ms) in Figure 5b. Here, we designed the long pulse interval for a
short-term effect in type 3 compared to the long-term effect in type 2. The first pulse made the device
from HRS to LRS. The LRS could not maintain, even though the consecutive pulse input was applied
to the device. The current started to decay from 0.197 s. The STP can be explained as spontaneous
decomposition when the oxygen vacancy-based conducting filament is weakly formed.
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Figure 5. Current transient characteristics by repetitive pulse voltage inputs for (a) type 2 and (b) type 3
in Pt/Al2O3/TiN device.

Next, we used paired pulse facilitation (PPF) to confirm the long-term and short-term effects in two
different switching modes (filamentary and homogeneous). PPF is a neural facilitation phenomenon
in biological science. When two impulses were applied to a neuron, the post-synaptic potentials
increased over the pre-synaptic potential, and the amount of increase was determined by the interval
time between the two impulses. The PPF phenomenon in type 2 and type 3 was emulated, in which the
width and interval of two pulse inputs were both 0.1 s. The current was not decayed in the filamentary
switching, with good retention and a long-term memory effect when the pulse voltage of −0.65 V was
applied to the device (Figure 6a). On the other hand, the current decay was distinctive when two inputs
with the pulse voltage of 0.6 V were applied to the device (Figure 6b). However, when comparing
the initial, intermediate, and last time of each pulse, we detected a larger current in the second pulse.
Furthermore, it is confirmed that the PPF was exponentially decayed with interval time for type 3
(Figure S5). It is worthwhile to note that the synaptic dynamics such as those of a CBRAM type or
diffusive memristor devices using Ag and Cu can be realized in our Pt/Al2O3/TiN device [51].
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Figure 6. Paired pulsed facilitation (PPF) characteristics for (a) type 2 and (b) type 3 in
Pt/Al2O3/TiN device.

Next, we investigated the tendency of conductance (synaptic weight) update for the Pt/Al2O3/TiN
device in filamentary and homogeneous switching. Figure 7a,b show the potentiation and depression
curves for type 2 and type 3, respectively. For filamentary switching, we used the voltage of −1 and
1.05 V with the pulse width of 200 µs in the potentiation and depression, respectively (Figure 7a).
We observed a gradual change after a sudden change in conductance by the first pulse, which is similar
to the behavior observed in the DC sweep. Therefore, the gradual conductance change results from the
self-compliance. For depression, from the beginning, we observed more gradual changes. Similarly,
for homogeneous switching, the potentiation and depression were measured by applying the 0.8 and
−0.57 V with pulses of 10 ms, respectively (Figure 7b). The nonlinearity and the conductance updated
error (variation) of potentiation and depression were defined and calculated in Figure S3. To use
and evaluate the controllable conductance values of the Pt/Al2O3/TiN device, we simply constituted
the soft-based neural network simulation for Fashion MNIST pattern recognition. A neural network
is composed of 3 layers (784 input neurons × 32 hidden neurons × 10 output neurons) and weight
values of the synapse between each layer that can be adjusted, as shown in Figure 7c. We used the
conductance value of the Pt/Al2O3/TiN device as the weight value of the synapse. Fashion MNIST
has 10 different categories for pattern recognition; each image has 28 × 28 grayscale pixels, and its
dataset has a training set of 60,000 examples and a test set of 10,000 examples. For simulation input
values, 28 × 28 grayscale pixels are normalized and have values from 0 to 1. The pattern-recognition
accuracy after 20 epochs using the conductance update of type 2 and type 3 were 87.34% and 86.17%,
respectively (Figure 7d). The comparable accuracy of homogeneous switching results from the linear
update, even though the variation (updated error) is worse than that of the filamentary switching with
self-compliance (Figure S4). However, the poor retention properties in type 3 can have a negative
impact on pattern recognition accuracy in the case of on-chip learning [6].
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Figure 7. Potentiation and depression characteristics of (a) type 2 and (b) type 3; (c) schematic of neural
network for pattern recognition accuracy; (d) pattern recognition accuracy for Fashion MNIST model
when using the conductance of type 2 and type 3 as weight in neural network.

4. Conclusions

In summary, we demonstrated the coexistence of filamentary and homogeneous resistive
switching in the Pt/Al2O3/TiN device by simply controlling the switching operation condition.
We verified the ALD Al2O3 resistive switching layer and TiON interfacial layer by XPS analysis.
The homogeneous switching showed HRS and LRS variation comparable to that of the filamentary
switching. Moreover, the multi-level states in homogenous switching are achieved by the DC sweep
mode and pulse mode, which is used for synaptic devices in neuromorphic applications. We confirmed
comparable pattern-recognition accuracy in homogeneous switching by neural network simulation
(784 × 32 × 10 layers) compared to that of the filamentary switching. The short time retention in LRS and
HRS of homogeneous switching is used for short-term memory, which we verified by controlling pulse
interval time. The current decay was also distinctively observed in PPF for homogeneous switching.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/2055/s1,
Figure S1: Negative differential resistance behavior in forming curve of Pt/Al2O3/TiN device; Figure S2: Transition
from filamentary switching to homogeneous switching in Pt/Al2O3/TiN device; Figure S3: Drift characteristics of
filamentary switching with self-compliance (type 2) in middle resistance states of Pt/Al2O3/TiN device; Figure S4:
Nonlinearity of potentiation and depression curves. Figure S5: PPF value as a function of interval time.

Author Contributions: H.R. conducted the electrical measurements and wrote the manuscript. S.K. designed the
experiment concept and supervised the study. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by the National Research Foundation of Korea (NRF), grant funded
by the Korean government (MSIP), under Grant 2018R1C1B5046454, and supported by the Dongguk University
Research Fund of 2020.

Conflicts of Interest: The authors declare no conflict interest.

http://www.mdpi.com/2079-4991/10/10/2055/s1


Nanomaterials 2020, 10, 2055 9 of 11

References

1. Li, H.; Gao, B.; Chen, Z.; Zhao, Y.; Huang, P.; Ye, H.; Liu, L.; Liu, X.; Kang, J. A learnable parallel processing
architecture towards unity of memory and computing. Sci. Rep. 2015, 5, 13330. [CrossRef] [PubMed]

2. Xia, Q.; Yang, J.J. Memristive crossbar arrays for brain-inspired computing. Nat. Mater. 2019, 18, 309–323.
[CrossRef] [PubMed]

3. Mikhaylov, A.; Pimashkin, A.; Pigareva, Y.; Gerasimova, S.; Gryaznov, E.; Shchanikov, S.; Zuev, A.;
Talanov, M.; Lavrov, I.; Demin, V.; et al. Neurohybrid Memristive CMOS-Integrated Systems for Biosensors
and Neuroprosthetics. Front. Neurosci. 2020, 14, 358. [CrossRef]

4. Prezioso, M.; Merrikh-Bayat, F.; Hoskins, B.D.; Adam, G.C.; Likharev, K.K.; Strukov, D.B. Training and
operation of an integrated neuromorphic network based on metal-oxide memristors. Nat. Cell Biol. 2015,
521, 61–64. [CrossRef] [PubMed]

5. Lin, P.; Li, C.; Wang, Z.; Li, Y.; Jiang, H.; Song, W.; Rao, M.; Zhuo, Y.; Upadhyay, N.K.; Barnell, M.; et al.
Three-dimensional memristor circuits as complex neural networks. Nat. Electron. 2020, 3, 225–232. [CrossRef]

6. Kim, C.-H.; Lim, S.; Woo, S.Y.; Kang, W.-M.; Seo, Y.-T.; Lee, S.-T.; Lee, S.; Kwon, D.; Oh, S.; Noh, Y.; et al.
Emerging memory technologies for neuromorphic computing. Nanotechnology 2018, 30, 032001. [CrossRef]
[PubMed]

7. Cho, H.; Ryu, J.-H.; Mahata, C.; Ismail, M.; Chen, Y.-C.; Chang, Y.-F.; Cho, S.; Mikhaylov, A.; Lee, J.C.; Kim, S.
Bipolar resistive switching with unidirectional selector function in nitride/oxide heterostructures. J. Phys. D:
Appl. Phys. 2020, 53, 435102. [CrossRef]

8. Shi, Q.; Jiang, F.; Yu, Y.; Lin, H.; Kou, Y.; Miao, T.; Liu, H.; Yang, W.; Wang, W.; Cai, P.; et al.
An Electric-Field-Controlled High-Speed Coexisting Multibit Memory and Boolean Logic Operations
in Manganite Nanowire via Local Gating. Adv. Electron. Mater. 2019. [CrossRef]

9. Kim, S.; Jung, S.; Kim, M.-H.; Chen, Y.-C.; Chang, T.-C.; Ryoo, K.-C.; Cho, S.; Lee, J.-H.; Park, B.-G.
Scaling Effect on Silicon Nitride Memristor with Highly Doped Si Substrate. Small 2018, 14, e1704062.
[CrossRef]

10. Cho, H.; Kim, S. Short-Term Memory Dynamics of TiN/Ti/TiO2/SiOx/Si Resistive Random Access Memory.
Nanomaterials 2020, 10, 1821. [CrossRef]

11. Ryu, H.; Kim, S. Pseudo-Interface Switching of a Two-Terminal TaOx/HfO2 Synaptic Device for Neuromorphic
Applications. Nanomaterials 2020, 10, 1550. [CrossRef]

12. Woo, J.; Yu, S. Resistive Memory-Based Analog Synapse: The Pursuit for Linear and Symmetric Weight
Update. IEEE Nanotechnol. Mag. 2018, 12, 36–44. [CrossRef]

13. Zhao, M.; Gao, B.; Tang, J.; Qian, H.; Wu, H. Reliability of analog resistive switching memory for neuromorphic
computing. Appl. Phys. Rev. 2020, 7, 011301. [CrossRef]

14. Cho, H.; Kim, S. Emulation of Biological Synapse Characteristics from Cu/AlN/TiN Conductive Bridge
Random Access Memory. Nanomaterials 2020, 10, 1709. [CrossRef] [PubMed]

15. Mikhaylov, A.; Belov, A.; Korolev, D.; Antonov, I.; Kotomina, V.; Kotina, A.; Gryaznov, E.; Sharapov, A.;
Koryazhkina, M.; Kryukov, R.; et al. Multilayer Metal-Oxide Memristive Device with Stabilized Resistive
Switching. Adv. Mater. Technol. 2019, 5. [CrossRef]

16. Emelyanov, A.V.; Nikiruy, K.; Serenko, A.; Sitnikov, A.; Presnyakov, M.Y.; Rybka, R.; Sboev, A.; Rylkov, V.;
Kashkarov, P.; Kovalchuk, M.; et al. Self-adaptive STDP-based learning of a spiking neuron with
nanocomposite memristive weights. Nanotechnology 2019, 31, 045201. [CrossRef] [PubMed]

17. Kim, S.; Kim, H.; Hwang, S.; Kim, M.-H.; Chang, Y.-F.; Park, B.-G. Analog Synaptic Behavior of a Silicon
Nitride Memristor. ACS Appl. Mater. Interfaces 2017, 9, 40420–40427. [CrossRef]

18. Tominov, R.V.; Vakulov, Z.E.; Avilov, V.I.; Khakhulin, D.; Fedotov, A.A.; Zamburg, E.G.; Smirnov, V.A.;
Ageev, O.A. Synthesis and Memristor Effect of a Forming-Free ZnO Nanocrystalline Films. Nanomaterials
2020, 10, 1007. [CrossRef]

19. Rahmani, M.K.; Kim, M.-H.; Hussain, F.; Abbas, Y.; Ismail, M.; Hong, K.; Mahata, C.; Choi, C.; Park, B.-G.;
Kim, S. Memristive and Synaptic Characteristics of Nitride-Based Heterostructures on Si Substrate.
Nanomaterials 2020, 10, 994. [CrossRef]

20. Tikhov, S.V.; Gorshkov, O.N.; Antonov, I.N.; Tetelbaum, D.I.; Mikhaylov, A.; Belov, A.I.; Morozov, A.I.;
Karakolis, P.; Dimitrakis, P. Behavioral Features of MIS Memristors with a Si3N4 Nanolayer Fabricated on a
Conductive Si Substrate. Semiconductors 2018, 52, 1540–1546. [CrossRef]

http://dx.doi.org/10.1038/srep13330
http://www.ncbi.nlm.nih.gov/pubmed/26271243
http://dx.doi.org/10.1038/s41563-019-0291-x
http://www.ncbi.nlm.nih.gov/pubmed/30894760
http://dx.doi.org/10.3389/fnins.2020.00358
http://dx.doi.org/10.1038/nature14441
http://www.ncbi.nlm.nih.gov/pubmed/25951284
http://dx.doi.org/10.1038/s41928-020-0397-9
http://dx.doi.org/10.1088/1361-6528/aae975
http://www.ncbi.nlm.nih.gov/pubmed/30422812
http://dx.doi.org/10.1088/1361-6463/ab9ad9
http://dx.doi.org/10.1002/aelm.201900020
http://dx.doi.org/10.1002/smll.201704062
http://dx.doi.org/10.3390/nano10091821
http://dx.doi.org/10.3390/nano10081550
http://dx.doi.org/10.1109/MNANO.2018.2844902
http://dx.doi.org/10.1063/1.5124915
http://dx.doi.org/10.3390/nano10091709
http://www.ncbi.nlm.nih.gov/pubmed/32872514
http://dx.doi.org/10.1002/admt.201900607
http://dx.doi.org/10.1088/1361-6528/ab4a6d
http://www.ncbi.nlm.nih.gov/pubmed/31578002
http://dx.doi.org/10.1021/acsami.7b11191
http://dx.doi.org/10.3390/nano10051007
http://dx.doi.org/10.3390/nano10050994
http://dx.doi.org/10.1134/S1063782618120242


Nanomaterials 2020, 10, 2055 10 of 11

21. Romero, F.J.; Toral-Lopez, A.; Ohata, A.; Morales, D.P.; Ruiz, F.G.; Godoy, A.; Rodriguez, N.; Toral-Lopez, A.
Ruiz Laser-Fabricated Reduced Graphene Oxide Memristors. Nanomaterials 2019, 9, 897. [CrossRef]

22. Shen, Z.; Zhao, C.; Qi, Y.; Xu, W.; Liu, Y.; Mitrovic, I.Z.; Yang, L.; Zhao, C.Z. Advances of RRAM Devices:
Resistive Switching Mechanisms, Materials and Bionic Synaptic Application. Nanomaterials 2020, 10, 1437.
[CrossRef]

23. Lanza, M.; Wong, H.-S.P.; Pop, E.; Ielmini, D.; Strukov, D.; Regan, B.C.; Larcher, L.; Villena, M.A.; Yang, J.J.;
Goux, L.; et al. Recommended Methods to Study Resistive Switching Devices. Adv. Electron. Mater. 2018, 5,
1800143. [CrossRef]

24. Li, L. Graphene Oxide: Graphene Quantum Dot Nanocomposite for Better Memristic Switching Behaviors.
Nanomaterials 2020, 10, 1448. [CrossRef] [PubMed]

25. Lübben, M.; Wiefels, S.; Waser, R.; Valov, I. Processes and Effects of Oxygen and Moisture in Resistively
Switching TaOx and HfOx. Adv. Electron. Mater. 2017, 4, 1700458. [CrossRef]

26. Chiu, C.F.; Ginnaram, S.; Senapati, A.; Chen, Y.P.; Maikap, S. Switching Characteristics and Mechanism Using
Al2O3 Interfacial Layer in Al/Cu/GdOx/Al2O3/TiN Memristor. Electronics 2020, 187, 108400.

27. Cho, H.; Kim, S. Enhancing Short-Term Plasticity by Inserting a Thin TiO2 Layer in WOx-Based Resistive
Switching Memory. Coatings 2020, 10, 908. [CrossRef]

28. Huang, C.H.; Huang, J.S.; Lai, C.C.; Huang, H.W.; Lin, S.J.; Chueh, Y.L. Manipulated Tranformation
of Filamentary and Homogeneous Resistive Switching on ZnO Thin Film Memristor with Controllable
Multistate. ACS Appl. Mater. Interfaces 2013, 5, 6017–6023. [CrossRef]

29. Zou, X.; Ong, H.G.; You, L.; Chen, W.; Ding, H.; Funakubo, H.; Chen, L.; Wang, J. Charge trapping-detrapping
induced resistive switching in Ba0.7Sr0.3TiO3. AIP Adv. 2012, 2, 032166. [CrossRef]

30. Padovani, A.; Woo, J.; Hwang, H.; Larcher, L. Understanding and Optimization of Pulsed SET Operation in
HfOx-Based RRAM Devices for Neuromorphic Computing Applications. IEEE Electron Device Lett. 2018,
39, 672–675. [CrossRef]

31. Kim, S.; Abbas, Y.; Jeon, Y.-R.; Sokolov, A.S.; Ku, B.; Choi, C. Engineering synaptic characteristics of TaOx/HfO2

bi-layered resistive switching device. Nanotechnology 2018, 29, 415204. [CrossRef]
32. Lee, D.; Woo, J.; Park, S.; Cha, E.; Lee, S.; Hwang, H. Dependence of reactive metal layer on resistive switching

in a bi-layer structure Ta/HfOx filament type resistive random access memory. Appl. Phys. Lett. 2014,
104, 83507. [CrossRef]

33. Mahata, C.; Kim, M.-H.; Bang, S.; Kim, T.-H.; Lee, D.K.; Choi, Y.-J.; Kim, S.; Park, B.-G. SiO2 layer effect
on atomic layer deposition Al2O3-based resistive switching memory. Appl. Phys. Lett. 2019, 114, 182102.
[CrossRef]

34. Vishwanath, S.K.; Woo, H.; Jeon, S. Enhancement of resistive switching properties in Al2O3 bilayer-based
atomic switches: Multilevel resistive switching. Nanotechnology 2018, 29, 235202. [CrossRef]

35. Cho, S.; Jung, J.; Kim, S.; Pak, J.J. Conduction mechanism and synaptic behaviour of interfacial switching
AlOσ-based RRAM. Semicond. Sci. Technol. 2020, 35, 085006. [CrossRef]

36. Zhao, H.; Qiao, Y.; Du, X.; Wang, S.; Zhang, Q.; Zang, Y.; Cai, Z. Paint Removal with Pulsed Laser: Theory
Simulation and Mechanism Analysis. Appl. Sci. 2019, 9, 5500. [CrossRef]

37. Obrosov, A.; Gulyaev, R.; Ratzke, M.; Volinsky, A.A.; Bolz, S.; Naveed, M.; Weiss, S. XPS and AFM
Investigations of Ti-Al-N Coatings Fabricated Using DC Magnetron Sputtering at Various Nitrogen Flow
Rates and Deposition Temperatures. Metals 2017, 7, 52. [CrossRef]

38. Rahmani, M.K.; Ismail, M.; Mahata, C.; Kim, S. Effect of interlayer on resistive switching properties of
SnO2-based memristor for synaptic application. Results Phys. 2020, 18, 103325. [CrossRef]

39. Kim, S.; Park, B.-G. Improved multi-level capability in Si3N4-based resistive switching memory using
continuous gradual reset switching. J. Phys. D: Appl. Phys. 2016, 50, 02LT01. [CrossRef]

40. Ismail, M.; Abbas, H.; Choi, C.; Kim, S. Controllable analog resistive switching and synaptic characteristics in
ZrO2/ZTO bilayer memristive device for neuromorphic systems. Appl. Sur. Sci. 2020, 529, 147107. [CrossRef]

41. Kim, S.; Chang, Y.F.; Kim, M.H.; Kim, T.H.; Kim, Y.; Park, B.G. Self-Compliant Bipolar Resistive Switching in
SiN-Based Resistive Switching Memory. Materials 2017, 10, 459. [CrossRef]

42. Kim, K.M.; Yang, J.J.; Merced, E.; Graves, C.E.; Lam, S.; Davila, N.; Hu, M.; Ge, N.; Li, Z.; Williams, R.S.; et al.
Low Variability Resistor-Memristor Circuit Masking the Actual Memristor States. Adv. Electron. Mater. 2015,
1, 1500095. [CrossRef]

http://dx.doi.org/10.3390/nano9060897
http://dx.doi.org/10.3390/nano10081437
http://dx.doi.org/10.1002/aelm.201800143
http://dx.doi.org/10.3390/nano10081448
http://www.ncbi.nlm.nih.gov/pubmed/32722171
http://dx.doi.org/10.1002/aelm.201700458
http://dx.doi.org/10.3390/coatings10090908
http://dx.doi.org/10.1021/am4007287
http://dx.doi.org/10.1063/1.4754150
http://dx.doi.org/10.1109/LED.2018.2821707
http://dx.doi.org/10.1088/1361-6528/aad64c
http://dx.doi.org/10.1063/1.4866671
http://dx.doi.org/10.1063/1.5085853
http://dx.doi.org/10.1088/1361-6528/aab6a3
http://dx.doi.org/10.1088/1361-6641/ab8d0e
http://dx.doi.org/10.3390/app9245500
http://dx.doi.org/10.3390/met7020052
http://dx.doi.org/10.1016/j.rinp.2020.103325
http://dx.doi.org/10.1088/1361-6463/50/2/02LT01
http://dx.doi.org/10.1016/j.apsusc.2020.147107
http://dx.doi.org/10.3390/ma10050459
http://dx.doi.org/10.1002/aelm.201500095


Nanomaterials 2020, 10, 2055 11 of 11

43. Hardtdegen, A.; Torre, C.L.; Cüppers, F.; Menzel, S.; Waser, R.; Hoffmann-Eifert, S. Improved Switching
Stability and the Effect of an Internal Series Resistor in HfO2/TiOx Bilayer ReRAM Cells. IEEE Trans.
Electron. Dev. 2018, 65, 3229–3236. [CrossRef]

44. Frascaroli, J.; Brivio, S.; Covi, E.; Spiga, S. Evidence of soft bound behaviour in analogue memristive devices
for neuromorphic computing. Sci. Rep. 2018, 8, 1–12. [CrossRef] [PubMed]

45. Brivio, S.; Frascaroli, J.; Spiga, S. Role of metal-oxide interfaces in the multiple resistance switching regimes
of Pt/HfO2/TiN devices. Appl. Phys. Lett. 2015, 107, 023504. [CrossRef]

46. Ismail, M.; Kim, S. Negative differential resistance effect and dual bipolar resistive switching properties in a
transparent Ce-based devices with opposite forming polarity. Appl. Surf. Sci. 2020, 530, 147284. [CrossRef]

47. Zhang, H.; Yoo, S.; Menzel, S.; Funck, C.; Cüppers, F.; Wouters, D.J.; Hwang, C.S.; Waser, R.; Hoffmann-Eifert, S.
Understanding the Coexistence of Two Bipolar Resistive Switching Modes with Opposite Polarity in
Pt/TiO2/Ti/Pt Nanosized ReRAM Devices. ACS Appl. Mater. Interfaces 2018, 10, 29766–29778. [CrossRef]
[PubMed]

48. Miao, F.; Yang, J.J.; Borghetti, J.; Medeiros-Ribeiro, G.; Williams, R.S. Observation of two resistance switching
modes in TiO2 memristive devices electroformed at low current. Nanotechnology 2011, 22, 254007. [CrossRef]
[PubMed]

49. Muenstermann, R.; Menke, T.; Dittmann, R.; Waser, R. Coexistence of Filamentary and Homogeneous
Resistive Switching in Fe-Doped SrTiO3 Thin-Film Memristive Devices. Adv. Mater. 2010, 22, 4819–4822.
[CrossRef]

50. Du, C.; Cai, F.; Zidan, M.A.; Ma, W.; Lee, S.H.; Lu, W.D. Reservoir computing using dynamic memristors for
temporal information processing. Nat. Commun. 2017, 8, 1–10. [CrossRef]

51. Wang, Z.; Joshi, S.; Savel’Ev, S.E.; Jiang, H.; Midya, R.; Lin, P.; Hu, M.; Ge, N.; Strachan, J.P.; Li, Z.; et al.
Memristors with diffusive dynamics as synaptic emulators for neuromorphic computing. Nat. Mater. 2016,
16, 101–108. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TED.2018.2849872
http://dx.doi.org/10.1038/s41598-018-25376-x
http://www.ncbi.nlm.nih.gov/pubmed/29740004
http://dx.doi.org/10.1063/1.4926340
http://dx.doi.org/10.1016/j.apsusc.2020.147284
http://dx.doi.org/10.1021/acsami.8b09068
http://www.ncbi.nlm.nih.gov/pubmed/30088755
http://dx.doi.org/10.1088/0957-4484/22/25/254007
http://www.ncbi.nlm.nih.gov/pubmed/21572203
http://dx.doi.org/10.1002/adma.201001872
http://dx.doi.org/10.1038/s41467-017-02337-y
http://dx.doi.org/10.1038/nmat4756
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

