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Abstract: An amorphous PrjyCap3MnO; (PCMO) film was grown on a TiN/SiO,/Si (TiN-Si)
substrate at 300 °C and at an oxygen pressure (OP) of 100 mTorr. This PCMO memristor showed
typical bipolar switching characteristics, which were attributed to the generation and disruption
of oxygen vacancy (OV) filaments. Fabrication of the PCMO memristor at a high OP resulted in
nonlinear conduction modulation with the application of equivalent pulses. However, the memristor
fabricated at a low OP of 100 mTorr exhibited linear conduction modulation. The linearity of this
memristor improved because the growth and disruption of the OV filaments were mostly determined
by the redox reaction of OV owing to the presence of numerous OVs in this PCMO film. Furthermore,
simulation using a convolutional neural network revealed that this PCMO memristor has enhanced
classification performance owing to its linear conduction modulation. This memristor also exhibited
several biological synaptic characteristics, indicating that an amorphous PCMO thin film fabricated
at a low OP would be a suitable candidate for artificial synapses.

Keywords: Pry;Cag3MnOj3; memristor; resistive switching memory; convolutional neural network

1. Introduction

Artificial neural networks inspired by biological neural networks have attracted much
attention because they can perform complex computational tasks including learning and
perception [1,2]. Conventionally, the von Neumann computing system has been used for ar-
tificial neural networks; however, this system has high operational power requirements [3].
Attempts to overcome this limitation led to the more recent proposal of the neuromorphic
computing system, which is fault-tolerant and offers low-energy operation [1,4-6]. The
fundamental concept of the neuromorphic computing system emerged from the biological
brain, which performs the functions of perception, learning, and memory simultane-
ously [1]. The biological brain consists of neurons linked by synapses. Furthermore,
a biological synapse is the cardinal component that performs learning and memory by
controlling the synaptic plasticity [7-13]. Therefore, the fabrication of an artificial synapse
with the ability to emulate biological synaptic characteristics is important to realize a
neuromorphic computing system. Recently, various resistive switching random access
memory (RRAM) devices have been considered as potential artificial synapses because of
their simple structure, low operating power, and good interchangeability with the CMOS
process [14-17].

RRAM memristors intended for application as artificial synapses should emulate
important biological synaptic characteristics such as nonlinear transmission properties,
transition from short-term plasticity to long-term plasticity (STP-LTP transformation),
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spike rate dependent plasticity (SRDP), and spike time dependent plasticity (STDP).
In particular, a RRAM memristor would need linear conduction modulation to be suitable
for application in a neuromorphic computing system to attain the learning accuracy and
appropriate incremental switching [18-23]. If the conduction modulation of the memristor
is not linear, an additional neuron circuit would be required to optimize the amplitude
and duration of the input pulse [24,25]. Therefore, conduction modulation linearity is
a highly important property that a RRAM memristor must possess for use in a neuro-
morphic computing system. The conduction modulation linearity of a RRAM memristor
whose switching characteristics are determined by oxygen vacancy (OV) filaments is influ-
enced by the enlargement (or disruption) of these OV filaments [18,26-30]. Changes in the
size of the OV filaments in a RRAM memristor are generally explained by two reactions:
a redox reaction (fast reaction), and OV diffusion (slow reaction) [18,26,29,30]. In general,
a RRAM memristor has nonlinear conduction modulation because the enlargement (or dis-
ruption) of an OV filament is influenced by these two processes with their different reaction
rates [18,26,29,30]. A RRAM memristor, in which the enlargement of the OV filaments is de-
termined by only one of these processes, exhibits linear conduction modulation [18,26,29,30].
In the case of a small number of OVs, enlargement of the OV filaments is mainly de-
termined by the diffusion of OVs, with linear conduction modulation as the result [18].
According to a previous study, the insertion of an additional SiO, diffusion-limiting layer
reduced the number of OVs in TaO;_ film, resulting in linear conduction modulation in
the TaO;_x memristor [18]. In contrast, as the RRAM memristor contains numerous OVs,
the redox reaction becomes a major growth mechanism of the OV filaments, leading to
linear conduction modulation [29,30]. A CuO-added KNbO3; memristor and a NaNbOj3
memristor annealed at reduced atmosphere showed linear conduction modulation because
of the existence of a large number of OVs in the memristors [29,30]. The effects of OVs
and thermal conductivity of the film on the linearity of the conduction modulation of
ZnO-based memristors have also been studied [31].

Therefore, controlling the number of OVs in the memristor is considered to be highly
important to ensure linear conduction modulation. In addition, the compliance current and
the reset voltage were used to control the amount of OVs in the TiOx/Al,O3 devices [32],
and the pre-spike was used to produce the OVs in the TiN/HfO /Pd memristor [33].

Previously, Pry7Cag3MnO3 (PCMO) films have been deposited on various electrodes,
and their RRAM properties have been extensively investigated [34]. Enhancing the RRAM
properties and conduction modulation linearity of the PCMO RRAM devices was pre-
viously investigated using various top electrodes and device structures [35-38]. The
switching properties of PCMO memristors were attributed to the interface controlled
conduction mechanism [39,40]. In addition, growth and dissociation of the conducting fila-
ment was also suggested as a switching mechanism of PCMO memristors [41]. Moreover,
both interface-type and filament-type switching mechanisms were simultaneously used to
describe the switching characteristics of the PCMO memristor [42]. Hence, the switching
properties of a PCMO memristor are considered to be considerably influenced by the depo-
sition conditions of the film. Because a PCMO memristor generally exhibits good bipolar
switching properties, the device is considered to be potentially capable of mimicking an
artificial synapse [43]. Furthermore, several studies on the conduction modulation linearity
of PCMO memristors have been reported [5,24,44,45]. An artificial synapse consisting of
two PCMO memristors was fabricated to improve learning accuracy [46]. Furthermore, the
use of a peripheral circuit in the PCMO synapse device improved the conductance linearity
and conductance ratio [24]. However, the fabrication of a high-density device using this
PCMO memristor is difficult because this memristor needs an additional peripheral circuit.
Therefore, enhancing the linearity of the conduction modulation of the PCMO memris-
tor intended for application as an artificial synapse has become urgent. Furthermore,
a systematic study of the fundamental synaptic properties of the PCMO memristor is
also necessary.
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In this study, amorphous PCMO films were grown on a TiN/SiO, /Si (TiN-5i) sub-
strate at 300 °C. The PCMO memristors were designed to mimic several biological synaptic
characteristics and were grown by varying the oxygen pressure (OP) to control the number
of OVs in the PCMO film. The memristors fabricated in this manner were then used to
investigate the effect of the number of OVs on the conduction modulation linearity. The
PCMO film deposited at low OP contained a large number of OVs and exhibited linear
conduction modulation. This suggests that conduction modulation linearity can be ob-
tained by controlling the OP during the growth process. Moreover, this simple method,
which was used in this study to improve the conduction modulation linearity, could also
be applied to other RRAM memristors whose switching behaviors are determined by the
growth of OV filaments. In addition, simulation based on a convolutional neural network
(CNN) showed that a PCMO memristor with good conduction modulation linearity exhibited
increased classification accuracy. Moreover, the PCMO device developed in this study has
a thin PCMO film (3040 nm) with a simple device structure. However, a thick PCMO film
(~500 nm) or complicated device structures has been used for PCMO RRAM devices [47-49].
Therefore, the PCMO RRAM device developed in this study can be beneficial for fabricating
high-density array circuits.

2. Experimental Procedures

PCMO thin films were deposited on the TiN-Si substrates at 300 °C and at 100, 200,
and 300 mTorr OP using the pulsed laser deposition (PLD) method. The thickness of
the PCMO films was approximately 30—40 nm. A PCMO ceramic target with a diameter
of 1.0 in was sintered at 1200 °C. The wavelength, repetition rate, and energy fluency
of the Nd-YAG laser beam (EKSPLA NL303HT, Vilnius, Lithuania) were 266 nm, 10 Hz,
and 4 J/ cm?, respectively. This laser beam was focused on the PCMO target, which
was rotated inside a vacuum chamber at various OP. Pt was deposited on the PCMO
film by DC sputtering (Korea vacuum tech KVS101, Seoul, Korea) to form the top elec-
trode. The structural characteristics of the PCMO films were studied by X-ray diffraction
(XRD; Rigaku D/max-RC, Tokyo, Japan) and field-emission scanning electron microscopy
(FE-SEM; Hitachi S-4300, Tokyo, Japan). The chemical binding energies of the Ols and
N1s orbitals were measured by XPS (ULVAC-PHI X-tool, Kanagawa, Japan). The current
versus voltage (I-V) curves, DC-sweep endurance, and retention characteristics of the
PCMO memristor were recorded using a source meter (Keithley 2400, Solon, OH, USA).
Current compliance was utilized to limit the current flow to prevent complete dielectric
breakdown of the PCMO memristors. The synaptic properties, such as the nonlinear
transition properties and STP-LTP transformation, were measured using a semiconductor
characterization system (Keithley 4155C SCS, Solon, OH, USA) and pulse function arbitrary
noise generator (Agilent 81110A, Santa Clara, CA, USA). A semiconductor characterization
system (Keithley 4200 SCS, Solon, OH, USA) with pulse measurement units (PMUs) was
used to obtain the SRDP and STDP characteristics of PCMO memristors. The measured
device properties were used to conduct pattern recognition simulation with the aid of a
convolutional neural network (CNN). Images of 10,000 handwritten digits supplied by
MNIST were used for the simulation [50]. Five-fold cross-validation was used to confirm
the reliability of the simulation results of the CNN. Details of the CNN simulation process
are provided in Supplementary Information 7.

3. Results and Discussion

Figure 1a shows the grazing incidence XRD patterns of the PCMO thin films deposited
on the TiN-Si substrate at 300 °C by varying the OP and with a grazing incidence angle
of 3° [51]. The peaks of the crystalline PCMO phase were not detected, suggesting that
these films consisted of the amorphous PCMO phase. A cross-sectional SEM image of the
PCMO thin film, deposited at 100 mTorr OP, is shown in Figure 1b. The PCMO film with
a thickness of 31 nm was well developed on the TiN electrode. Similar results were also
observed for the PCMO thin films deposited at different levels of OP (Figure Sla,b). The
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surface of the PCMO film deposited at 100 mTorr OP is shown in Figure 1c, which shows
that a dense microstructure developed in this PCMO film. The other PCMO thin films
deposited by varying the OP yielded similar results (Figure S1c,d). The I-V curve of the
PCMO thin film deposited at 100 mTorr OP is shown in Figure 1d, and this PCMO film
showed a normal bipolar switching curve: a set voltage of —0.9 V, and a reset voltage of
1.6 V. A forming procedure was not required to obtain this [-V curve, and the I-V curve of
the second sweep was similar to the first [-V curve, confirming that the -V curves could
be obtained without the forming process for the PCMO film deposited at 100 mTorr OP.
The PCMO film deposited at 200 mTorr OP also displayed a normal bipolar switching
curve without a forming process (Figure S2a). However, this PCMO film showed a higher
set voltage of approximately —2 V and high resistance in the high resistance state (HRS),
as indicated in Figure S2a, probably owing to a decrease in the number of OVs in the film.
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Figure 1. (a) XRD patterns of the PCMO thin films deposited on the TiN-Si substrate at 300 °C by varying the OP. SEM
images of the (b) cross-section and (c) surface of the PCMO thin film deposited at 100 mTorr OP. (d) [-V curve of the
PCMO thin film deposited at 100 mTorr OP. XPS Ols spectra of the PCMO films grown by varying the OP: (e) 300 mTorr,
(f) 200 mTorr, and (g) 100 mTorr.

The number of OVs in the PCMO film was investigated by conducting XPS Ols
analysis of the PCMO films grown at different OP, as shown in Figure le—g. The spectra
were observed to exhibit two peaks: the peak at 529 eV was attributed to the oxygen
ions occupying lattice sites, and that at 531 eV corresponded to oxygen ions in non-lattice
sites [52,53]. The occupation of a non-lattice site by an oxygen ion resulted in the formation
of an OV in the lattice site. This suggests that the number of OVs increased with increasing
intensity of the peak at 531 eV. For the PCMO film deposited at 300 mTorr OP, the intensity
of the peak at 531 eV was approximately 65.3% of the total intensity of all the peaks
(Figure le), and the intensity of this peak increased with decreasing OP, as shown in
Figure 1f,g. In the case of the PCMO film grown at 100 mTorr OP, the intensity of the peak
at 531 eV was approximately 73.5% of the total peak intensity, indicating that many OVs
were formed in this PCMO film. According to the XPS results, the number of OVs in the
PCMO film decreased with increasing OP during the deposition of the film (Figure le-g),
and the PCMO film deposited at a high OP of 300 mTorr contained a small number of OVs
(Figure 1g). Hence, this PCMO thin film required a forming procedure to obtain the -V
curve (Figure S2b). Hence, it can be suggested that the bipolar switching properties of
these amorphous PCMO films are related to the number of OVs in the film. In addition,
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bipolar switching properties were not observed in the PCMO films deposited at 5 mTorr
and 50 mTorr OP (Figure S2c). Furthermore, the current level increased with a decrease in
OP due to the large number of OVs present in these PCMO films.

The PCMO film deposited at 100 mTorr OP was analyzed at the PCMO/TiN interface
by using XPS to investigate the effect of the OVs on the switching properties of the PCMO
film. Figure 2a,b display the spectra of XPS N1s obtained from this PCMO film in the
high-resistance state (HRS) and low-resistance state (LRS), respectively. A high-intensity
Ti-N peak, originating from the TiN electrode, was observed at 396 eV for the PCMO
film in the HRS (Figure 2a). Moreover, a low-intensity peak corresponding to the Ti-O-
N bonding was observed at 397.5 eV. This peak resulted from the bonding between the
oxygen ions and the TiN, indicating the presence of a very small number of oxygen ions
in the TiN electrode in the HRS. However, the XPS analysis of the PCMO film in the LRS
showed an intense Ti-O-N peak (Figure 2b), implying that a large number of oxygen
ions migrated into the TiN bottom electrode during the set process. Moreover, the OVs,
which were generated in the PCMO film during the set process, were considered to form
the conducting OV filaments in the PCMO film. The PCMO films formed at 200 and
300 mTorr OP exhibited similar results (Figure S2c,d). Figure 2c displays the variation in
the resistance of the PCMO film deposited at 100 mTorr OP in the HRS (Ryrs) and LRS
(Rrrs) with respect to the size of the top electrode of the PCMO memristor. The value of
Ryrs decreased as the size of the top electrode increased, suggesting that this current might
be explained by a mechanism related to the interface of the electrode/PCMO film or the
PCMO film [39]. On the contrary, the resistance of the PCMO film in the LRS did not change
as the size of the top electrode increased (Figure 2c). Therefore, the current in the PCMO
in the LRS can be explained by the presence of conducting OV filaments formed during
the set process. Furthermore, the currents in the PCMO memristors in both the LRS and
HRS can be explained by Ohmic conduction and space-charged-limited-current (SCLC),
respectively, as displayed in Figure S3a—c. The SCLC mechanism was previously used to
explain the current of the HRS of the PCMO film, although the OVs behaved as trap sites
in the PCMO film [54]. Figure 2d exhibits the change in the resistance of the PCMO film in
the HRS and LRS with respect to the measuring temperature. The resistance of the PCMO
film in the HRS decreased with an increase in the temperature, indicating that this PCMO
film has insulating properties [55]. These properties could be the result of the OV filaments
possibly being disconnected during the reset process. However, the resistance of the PCMO
film in the LRS increased with increasing temperature, implying that, in the LRS, the
PCMO film has metallic conducting properties [55]. This result implies that the conducting
OV filaments were connected in the LRS, inducing metallic properties in the PCMO film.
Furthermore, the bipolar switching mechanism of the PCMO memristors fabricated in
this study is attributed to the formation and disruption of the OV filaments. In addition,
the PCMO films grown by varying the OP had excellent reliability characteristics, as shown
in Figure S4a—c, indicating that these PCMO films could be utilized as a memristor.

To verify the existence of the conducting OV filaments in the PCMO film in the
LRS, the PCMO memristor in both the HRS and LRS was investigated using conductive
atomic force microscopy (CAFM). Figure 3a exhibits a plot of the current in the PCMO
memristor in the LRS obtained at 1.6 V, where the area of the PCMO film is 0.25 x 0.25 pm?.
A current of approximately 8.5 nA was detected in area I, but current was not detected
in area II (Figure 3a). The [-V curves were measured for areas I and II of the PCMO film
(Figure 3a). A bipolar switching curve was measured for area I, as displayed in Figure 3b.
However, current could not be measured for area II (Figure 3c). This suggests that the OV
filaments were formed in area I of the PCMO film and behaved as a current path in the LRS.
Moreover, the bipolar switching curve measured for area I of the PCMO memristor was
attributable to the presence of the OV filaments in this area. Hence, it can be concluded
that the switching behavior of the Pt/PCMO/TiN-5i memristor can be explained by the
formation and rupture of the OV filaments in the PCMO film. Figure 3d shows the -V
plots of the Pt/PCMO/TiN memristor measured at different reset voltages (Vrrser) to
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(a)

demonstrate the continuous change in the resistance level of the PCMO memristor. The
PCMO film was deposited at 100 mTorr OP. The continuous change in the resistance is
required for application as an artificial synapse [56]. Four resistance levels composed of one
LRS and three HRSs were measured from the PCMO memristor. The three HRSs, namely
Hj, Hy, and H3, were measured by using Vreser values of 1.25,1.75, and 2 V, respectively,
and these HRSs also had good reliability (Figure S4d). Furthermore, additional HRSs
are considered likely to be detected by further changing the Vrrsgr values. These results
confirm that the PCMO memristor exhibits a continuous change in its resistance levels,
indicating that the PCMO memristor could be employed as an artificial synapse with
several synaptic weights.

(b)
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Figure 2. XPS N1s spectra of the PCMO film in the (a) HRS and (b) LRS. (c) Variation in the Ryrgs and Ry s values with
respect to the size of the top electrode and (d) change in the Ryyrs and R gs values with respect to the temperature. The
PCMO film was grown at 100 mTorr OP.

The artificial synaptic properties of the Pt/PCMO/TiN-Si memristor were also studied.
Because the nonlinear transmission property is an important biological synaptic property,
it has been realized in the PCMO memristor. Figure 4a displays the I-V plots of the PCMO
film grown at 100 mTorr OP as five negative voltage sweeps (0 to —1.0 V) were supplied
to the PCMO memristor. The current in the PCMO memristor was negatively enhanced
with the application of each voltage sweep. However, when five positive voltage sweeps
(0 to 1.0 V) were supplied to the PCMO memristor, the current decreased with the supply
of each voltage sweep, as displayed in Figure 4b. The conductance obtained at 0.1 V is
displayed as a function of the number of sweeps (Figure 4c) to enable the variation in the
current (or conduction) to be clearly visualized. In addition, the voltage and current curves
were obtained as a function of time (Figure 4d). These results clearly indicate that the
current in the PCMO memristor changed with the supply of successive DC biases to the
device. Similar results were obtained from the PCMO films deposited by varying the OP,
as shown in Figure S5a—d. Because the conduction (or current) of the PCMO memristor
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can be considered as the synaptic weight, these continuous variations in conductance with
the application of repeated DC biases are regarded to be representative of the nonlinear
transmission property in a biological synapse. The PCMO memristors can therefore be
concluded to emulate the nonlinear transmission property of a biological synapse.
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Figure 3. (a) Current map for the PCMO memristor in the LRS measured at 1.6 V. Bipolar switching curves obtained from
(b) area I and (c) area II. (d) I-V plots of the Pt/PCMO/TiN-5i memristor measured at different reset voltages.
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Figure 4. [-V plots of the PCMO film measured by five successive applications of (a) negative voltage varying from 0 to
—1.0 V and (b) positive voltage varying from 0 to 1.0 V. (c) Variations in the conductance of the PCMO memristor with
respect to the number of sweeps and (d) the current and voltage with respect to time.

Figure 5(a-1—c-1) displays the variation in the conductance with the successive ap-
plication of 100 negative pulses (potentiation spikes (P-spikes)) and 100 positive pulses
(depression spikes (D-spikes)) to the PCMO memristors fabricated by varying the OP.
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The magnitudes of the P-spike and D-spike, which were supplied to each memristor, are
indicated in each figure. The potentiation curve was composed of two regions, i.e., part I
and part II. The rate at which the conductance increases was large in part I and became
small in part II. The depression curve displayed the identical tendency: the conductance
decreased rapidly in part I and decreased slowly in part II. Part I of the PCMO film grown at
300 mTorr OP was narrow, whereas part Il was wide (Figure 5(a-1)). The size of part I
increased but that of part II decreased as the OP decreased, as shown in Figure 5(b-1,c-1).
Moreover, the linearity of the conduction modulation of the PCMO memristor increased
with decreasing OP. This linearity of the PCMO memristor was required because the learn-
ing (or writing) accuracy was improved as the linearity of the conduction modulation of
RRAM increased [18]. The curvatures of the potentiation (cy) and depression (c4) curves
of the PCMO memristors grown by varying the OP were simulated by using theoretical
models, as shown in Supporting Information 6. The calculated curves and their curvatures
are also shown in Figure 5(a-2—c-2). The linearity of the curve was enhanced when the
curvature of the curve approached zero. The ¢, and ¢; values of the PCMO film grown
at 300 mTorr OP were 4.42 and 2.45, respectively (Figure 5(a-2)) and decreased with de-
creasing OP. The PCMO film deposited at 100 OP exhibited the smallest ¢, and c; values of
0.42 and 1.34, respectively, as shown in Figure 5(c-2). Therefore, the PCMO film grown at
low OP (100 mTorr) can be concluded to display good conduction modulation linearity.
Additionally, the slope of the normalized conductance curve was used to determine the
division between parts I and II, and the slope is shown in Figure 5a—c.

Pulse width: 1ps
Pulse interval: 0.1ps

1.05: (a-1)

0.90 4

0.75+

0.60 -
1.054
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Figure 5. Variation of conductance with the applications of 100 P-spikes and 100 D-spikes to the
PCMO memristor grown under various Ops: (a-1) 300 mTorr, (b-1) 200 mTorr, and (c-1) 100 mTorr.
Potentiation and depression curves with ¢, and ¢4 values for the PCMO memristor grown under
various Ops: (a-2) 300 mTorr, (b-2) 200 mTorr, and (c-2) 100 mTorr.

The classification accuracy is generally accepted to be related to the conduction modu-
lation linearity [25]. Hence, the PCMO memristor, which was fabricated using the PCMO
film grown at 100 mTorr OP, was expected to have improved classification accuracy. The
classification accuracy of the PCMO memristors grown by varying the OP was simulated
using a CNN. The CNN model consisted of two parts, namely feature extraction and classi-
fication, as shown in Figure 6a. Feature extraction was conducted using input, convolution,
and pooling layers, and the features of input images were extracted, as shown in Figure 6a.
Classification was carried out by using a fully connected layer and an output layer, and
the input image was classified using a neural network (Figure 6a). Details of the CNN are
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(@)
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described in Supporting Information 7. Figure 6b shows the change in the classification
accuracy of the PCMO memristors with respect to the number of epochs when the MNIST
patterns were used as input. The accuracy of the PCMO memristors was enhanced and
eventually saturated as the number of epochs increased. The maximum accuracy of the
digit recognition for the PCMO memristor grown at 300 mTorr OP was approximately
70%, and it increased for PCMO memristors fabricated at low OP (Figure 6b). In particular,
the PCMO memristor fabricated at 100 mTorr OP, which showed the best conduction
modulation linearity, exhibited the highest classification accuracy of 95.85%, as shown in
Figure 6b. Similar results were obtained when 5-fold cross-validation was used, as listed in
Table S1. Therefore, the classification accuracy of an artificial synapse could be concluded
to improve as the conduction modulation linearity increases. In addition, the PCMO film
grown at 100 mTorr OP also exhibited reliable multistate retention of the transmission
curve, as shown in Figure Séc.
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Figure 6. (a) Schematic diagram of the CNN structure and (b) calculated recognition accuracy of the MNIST patterns as a
function of the number of training epochs for the PCMO memristors grown by varying the OP.

Because the switching properties of the PCMO memristor are related to the OV
filaments, the change in the conductance of the PCMO memristor can be described by
the change in the size of the OV filaments. The conduction range of the potentiation and
depression curves corresponds to the HRS in the PCMO films. Hence, the variation in
the conductance in the potentiation (or depression) curve can be described by the change
in the length of the OV filaments in the PCMO film. According to previous studies, the
growth (or shrinkage) of the OV filament could be explained by two reactions: the redox
reaction (fast reaction) and oxygen ion diffusion (slow reaction) [18,26,29,30]. Parts I and II
in the potentiation (or depression) curve were described by the redox reaction and oxygen
diffusion process, respectively [18]. Moreover, it has been suggested that the linearity of
the conduction modulation can be enhanced when the change in the size of the filament
is mainly determined by one of these processes [18,26,29,30]. A small number of OVs
existed for the PCMO film grown at 300 mTorr OP, as shown in Figure 7a. When P-spikes
were applied to the PCMO memristor, OVs near the OV filament joined the OV filament
through the redox process, triggering an abrupt increase in the current (part I in Figure 5a).
However, these OVs were soon depleted as only a small number of OVs existed near
the OV filament. Hence, the OVs further from the filament diffused into the filament
and contributed to the increase in the filament size (Figure 7b). In this instance, the
growth of the filament was controlled by the diffusion of OVs, which slowly increased the
current (part II in Figure 5a). Therefore, the growth of the OV filaments in the PCMO film
grown at 300 mTorr is controlled by two mechanisms, redox reaction and OV diffusion
process, leading to nonlinear conduction modulation in the potentiation curve, as shown
in Figure 5a. The shrinkage of the filaments in the PCMO film grown at 300 mTorr OP is
also controlled by two mechanisms. Hence, the nonlinear conduction modulation was also
observed in the depression curve (Figure 5a).
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Oxygen vacancy Redox reaction Diffusion reaction

Figure 7. Schematic diagrams showing (a) the amount of OVs and (b) growth of the filament in the PCMO film grown at
300 mTorr; (c) the amount of OVs and (d) the growth of the filament in the PCMO film grown at 100 mTorr.

However, for the PCMO film grown at 100 mTorr OP, numerous OVs existed in the
PCMO film (Figure 7c), which contributed to the growth of the OV filament through the re-
dox process, as shown in Figure 7d. Therefore, the growth of the OV filaments in the PCMO
film grown at 100 mTorr is controlled by one mechanism, the redox reaction, resulting in
linear conduction modulation, as shown in Figure 5c. Furthermore, since the shrinkage of
the filaments in this PCMO film is controlled solely by the redox reaction, the depression
curve also exhibits a linear conduction modulation (Figure 5c). This suggests that the redox
reaction is the major growth mechanism driving the formation of OV filaments, thereby
improving the conduction modulation linearity. Particularly, the size of part I in the poten-
tiation (or depression) curve increased with decreasing OP, as shown in Figure 5a—c. This
confirms the redox reaction to be the major growth mechanism underlying the formation
of OV filaments. The improvement in the linearity of the conduction modulation in the
PCMO film deposited at 100 mTorr OP can therefore be attributed to the presence of the
large number of OVs in the PCMO film.

The PCMO memristor fabricated at 100 mTorr OP is considered to be an effective
artificial synapse because this memristor is characterized by linear conduction modula-
tion and high classification accuracy. This encouraged us to additionally study various
biological synaptic characteristics of this memristor. Because the STP-LTP transformation
emulates the memory process of the human brain, it is an essential synaptic characteristic
of an artificial synapse. Hence, the STP-LTP transformation of the PCMO memristor was
examined, as shown in Figure 8a, which shows the variation in the synaptic weight with
respect to the retention time after varying the number of P-spikes. When five P-spikes were
used, the amount of LTP, which was transmitted from the STP, was small at approximately
10% of the STP. The LTP was enhanced when the number of P-spikes increased, i.e., 95% of
the STP was transmitted to LTP when 80 P-spikes were supplied (Figure 8a). This indicates
that an STP-LTP transformation occurred in the PCMO memristor. This transformation
was in good agreement with the memory-loss property of the biological brain, as shown
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in Figure S8a,b. In addition, the change in the current accompanying the STP-LTP trans-
formation ranged from 105 to 135 pA at 0.1 V (reading voltage). Therefore, the STP-LTP
transformation in the PCMO memristor occurred in the HRS and could be attributed to
the change in the length of the OV filament (Figure S8c—e). The SRDP characteristic of
the PCMO memristor was also investigated, and Figure 8b exhibits the synaptic weight
change with respect to the number of P-spikes, as measured using the number of P-spikes
with different pulse intervals. The synaptic weight increased when the number of P-spikes
increased. However, this increase in the synaptic weight could be negligibly small for
large P-spike intervals of 20 ps. The increase in the synaptic weight with an increasing
number of P-spikes increased as the P-spike interval decreased. The synaptic weight
increased considerably with increasing P-spike number for a small P-spike interval of 2 ps
(Figure 8b). These results indicate that the SRDP characteristic of a biological synapse was
realized in the PCMO memristor. Likewise, the STDP characteristic of a biological synapse
was also emulated in the PCMO memristor. The pre- and post-spikes are illustrated in
Figure 8c, and the various net-spikes, which were used to obtain the synaptic weight
change (Aw), are shown in Figure S9a—d). The Pt top electrode and TiN bottom electrode in
the Pt/PCMO/TiN memristor corresponded to the pre- and post-neutrons, respectively.
Application of the spike to the Pt top electrode before the TiN bottom electrode resulted
in the time difference between the pre- and post-spikes (At) being positive. In contrast,
application of the spike to the TiN bottom electrode before the Pt top electrode yielded
negative At. Figure 8d displays the variation in Aw as a function of At with the PCMO
memristor potentiated as At > 0 and depressed as At < 0. The potentiation and depression
were large when the absolute value of At was small, and they were small when the absolute
value of At was large. This indicates that the STDP property of a biological synapse was
realized in the PCMO memristor. The STDP characteristic of a biological synapse can be
expressed by the following equation:

Cre A/ T L AWy, At >0

AW =
{C,e—\/“‘/L + AWy, At<0

)
where C, and C_ are constants, 7+ and 7_ are time constants, and AWy, (or AWy_) is
AW at infinite At (or —At). The STDP data of the PCMO memristor were well fitted by
Equation (1), as shown in Figure 8d, and the values of C,/C_ and 7.,/7_ were determined
as 157.9/—164.3 and 3.4 ms/3.3 ms, respectively. This result confirms that the STDP of a
biological synapse is well emulated in the PCMO memristor. The results presented above
show that the PCMO memristor can mimic several of the biological synaptic properties,
and the memristor also exhibits good conduction modulation linearity. The PCMO mem-
ristor fabricated at low OP of 100 mTorr is therefore concluded to be a promising artificial
synapse. In addition, the device size and HRS current of the PCMO film developed in
this study are relatively large compared to those of the commercial device. However, the size
and thickness of the PCMO film in PCMO devices can be readily reduced when produced by
a semiconductor company, since the device has a very simple structure (Pt/PCMO/TiN-Si)
and fabrication process, including a low growth temperature of 300 °C. Moreover, the
linearity of the conduction modulation is readily achieved in a small PCMO device as
it is obtained by controlling the OP during the growth of the PCMO film. Therefore,
the miniaturization and conduction modulation linearity of the PCMO device are
readily achieved.
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Figure 8. Variation in the synaptic weight as a function of (a) the retention time after the application of a different number
of P-spikes, and (b) the number of pulses measured with P-spikes with different pulse intervals. (c) Pre- and post-spikes
applied to PCMO memristor and (d) variation in Aw with respect to At.

4. Conclusions

A dense amorphous phase was developed in the PCMO film deposited on a TiN-Si
substrate at 300 °C and at 100 mTorr OP using PLD. This PCMO film exhibited normal
bipolar switching without the forming procedure. However, the PCMO film that was
deposited at a high OP of 300 mTorr needs a forming procedure to show bipolar switching
because this film contains a small number of OVs relative to that deposited at 100 mTorr
OP. The switching characteristic of the Pt/PCMO/TiN memristor can be attributed to
the establishment and disruption of the OV filaments. The PCMO memristor fabricated
at 100 mTorr OP exhibited four resistance levels when the reset voltage was changed.
This indicates that this PCMO memristor exhibits a continuous change in its resistance
level, which is required for application as an artificial synapse. The current in the PCMO
memristor decreased when negative voltage was successively applied, indicating that the
nonlinear transmission properties of a biological synapse were replicated in the PCMO
memristor. The conductance of PCMO memristors increased with the application of
P-spikes and decreased with the application of D-spikes. A PCMO memristor would
require linear conduction modulation for application to the neuromorphic computing
system. The conduction modulation linearity increased as the number of OVs increased,
because the change in the size of the OV filaments is mainly attributable to the redox
reaction in film with a large number of OVs. The PCMO memristor fabricated at low OP of
100 mTorr contained a large number of OVs and exhibited good conduction modulation
linearity. The results of the CNN simulation showed that the PCMO memristor fabricated
at 100 mTorr OP, which has good conduction modulation linearity, exhibited higher pattern
recognition accuracy compared to the other PCMO memristors. This result confirms that
conduction modulation linearity considerably affects the classification performance of
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neuromorphic computing. Moreover, the PCMO memristor fabricated at 100 mTorr OP
exhibited various properties of a biological synapse such as STP-LTP transformation, SRDP,
and STDP.
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(a) 200 mTorr and (b) 300 mTorr. SEM images of the surface of the PCMO thin film grown at OPs of
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varying the OP: (a) 100 mTorr, (b) 200 mTorr, and (c) 300 mTorr, Figure S4: Currents in the LRS and
HRS measured up to 300 DC cycles for the PCMO films grown by varying the OP: (a-1) 100 mTorr,
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200 mTorr OP measured with the application of five successive (a) negative voltage sweeps varying
from 0 to —0.6 V and (b) positive voltage sweeps varying from 0 to 1.2 V. I-V curves of the PCMO
film grown at 300 mTorr OP measured with the application of five successive (c) negative voltage
sweeps varying from 0 to —1.5 V and (d) positive voltage sweeps varying from 0 to 1.1 V, Figure Sé6:
(a) Various parameters of Equations (S1) and (S2) such as Guax, Gpin, Cp, ¢4, Bp, and B4 are indicated
on the potentiation and depression curves. (b) Potentiation and depression curves with various ¢,
and c; values. (c) Multistate retention of the PCMO film grown at 100 mTorr obtained from the
transmission curve, Figure S7: (a) Schematic diagram of the basic convolutional neural network
(CNN) architecture. (b) Diagram of neural networks in the form of crossbar array architecture
with memristors, Figure S8: Schematics of the filament length in the PCMO memristor in (a) HRS,
(b-1) with the application of five P-spikes, (b-2) after removal of the P-spikes, (c-1) with the application
of 80 P-spikes, and (c-2) after removal of the P-spikes, Figure S9: (a) Pre-, (b) post-, and (c) various
net-spikes applied to the PCMO memristors to obtain the synaptic weight change (Aw), Table S1:
Five-fold cross validation. Comparison of classification accuracies computed by CNNs with weights
composed of conductance obtained at 100, 200, and 300 mTorr.

Author Contributions: Conceptualization, ].-U.W., Y.P, S.N. and ].].; methodology, ] -U.W. and Y.P;
software, Y.P; validation, H.-G.H., S.N. and ].J.; formal analysis, Y.P,; investigation, J.-U.W.; resources,
S.N. and J.J.; data curation, J.-U.W. and Y.P,; writing—original draft preparation, J.-U.W. and Y.P.;
writing—review and editing, S.N. and ].J.; visualization, ].-U.W., Y.P. and H.-G.H.; supervision, S.N.
and J.J.; project administration, S.N.; funding acquisition, S.N. and ].J. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by an Institute of Information & Communications
Technology Planning & Evaluation (IITP) grant funded by the Korea government (MSIT) (No. 2017-0-
00451) and a National Research Foundation of Korea (NRF) grant funded by the Korea government
(MSIT) (No. 2020R1A2B5B01002063).

Acknowledgments: We thank the KU-KIST graduate school program of Korea University.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Mead, C. Neuromorphic electronic systems. Proc. IEEE 1990, 78, 1629-1636. [CrossRef]

Kim, S.; Choi, B.; Lim, M.; Kim, Y.; Kim, H.D.; Choi, S.J. Synaptic Device Network Architecture with Feature Extraction for

Unsupervised Image Classification. Small 2018, 14, 1800521. [CrossRef]

[CrossRef]

Peteiro-Barral, D.; Guijarro-Berdifias, B. A survey of methods for distributed machine learning. Prog. Artif. Intell. 2013, 2, 1-11.

Prezioso, M.; Merrikh-Bayat, F.; Hoskins, B.; Adam, G.C.; Likharev, K.K,; Strukov, D.B. Training and operation of an integrated

neuromorphic network based on metal-oxide memristors. Nature 2015, 521, 61-64. [CrossRef]

Jo, S.H.; Chang, T.; Ebong, I.; Bhadviya, B.B.; Mazumder, P.; Lu, W. Nanoscale memristor device as synapse in neuromorphic

systems. Nano Lett. 2010, 10, 1297-1301. [CrossRef]


https://www.mdpi.com/article/10.3390/nano11102684/s1
https://www.mdpi.com/article/10.3390/nano11102684/s1
http://doi.org/10.1109/5.58356
http://doi.org/10.1002/smll.201800521
http://doi.org/10.1007/s13748-012-0035-5
http://doi.org/10.1038/nature14441
http://doi.org/10.1021/nl904092h

Nanomaterials 2021, 11, 2684 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jeong, D.S.; Kim, K.M.; Kim, S.; Choi, B.J.; Hwang, C.S. Memristors for energy-efficient new computing paradigms. Adv. Electron.
Mater. 2016, 2, 1600090. [CrossRef]

Bi, G.Q.; Poo, M.M. Synaptic modifications in cultured hippocampal neurons: Dependence on spike timing, synaptic strength,
and postsynaptic cell type. J. Neurosci. 1998, 18, 10464-10472. [CrossRef] [PubMed]

John, R.A,; Ko, J.; Kulkarni, M.R.; Tiwari, N.; Chien, N.A.; Ing, N.G.; Leong, W.L.; Mathews, N. Flexible Ionic-Electronic
Hybrid Oxide Synaptic TFTs with Programmable Dynamic Plasticity for Brain-Inspired Neuromorphic Computing. Small 2017,
13,1701193. [CrossRef]

He, HK; Yang, R.; Zhou, W.,; Huang, H.M.; Xiong, J.; Gan, L.; Zhai, T.Y.; Guo, X. Photonic potentiation and electric habituation in
ultrathin memristive synapses based on monolayer MoS,. Small 2018, 14, 1800079. [CrossRef] [PubMed]

Guo, Z.; Guo, L.; Zhu, L.; Zhu, Y. Short-Term Synaptic Plasticity Mimicked on Ionic/Electronic Hybrid Oxide Synaptic Transistor
Gated by Nanogranular SiO; Films. |. Mater. Sci. Technol. 2014, 30, 1141-1144. [CrossRef]

Wang, T.-Y,; Meng, ].-L.; Qing-Xuan, L.; Lin, C.; Hao, Z.; Qing-Qing, S.; Shi-Jin, D.; David, W.Z. Forming-free flexible memristor
with multilevel storage for neuromorphic computing by full PVD technique. J. Mater. Sci. Technol. 2020, 60, 21-26. [CrossRef]
Lee, T.H.; Hwang, H.G.; Woo, ].U.; Kim, D.H.; Kim, T.W.; Nahm, S. Synaptic Plasticity and Metaplasticity of Biological Synapse
Realized in a KNbO3 Memristor for Application to Artificial Synapse. ACS Appl. Mater. Interfaces 2018, 10, 25673-25682. [CrossRef]
Guo, R;; Zhou, Y.; Wu, L.; Wang, Z.; Lim, Z.; Yan, X.; Lin, W.; Wang, H.; Yoong, H.Y.; Chen, S. Control of synaptic plasticity
learning of ferroelectric tunnel memristor by nanoscale interface engineering. ACS Appl. Mater. Interfaces 2018, 10, 12862-12869.
[CrossRef]

Jo, S.H.; Lu, W. CMOS compatible nanoscale nonvolatile resistance switching memory. Nano Lett. 2008, 8, 392-397. [CrossRef]
Hwang, C.S. Prospective of semiconductor memory devices: From memory system to materials. Adv. Electron. Mater. 2018,
1, 1400056. [CrossRef]

Zhang, Y.; He, W.; Wu, Y,; Huang, K.; Shen, Y.; Su, J.; Wang, Y.; Zhang, Z.; Ji, X; Li, G.; et al. Highly compact artificial memristive
neuron with low energy consumption. Small 2018, 14, 1802188. [CrossRef] [PubMed]

Han, M,; Tang, Y.; Wang, Y.; Zhu, Y.; Ma, |.; Geng, W.; Feng, Y.; Zou, M.; Zhang, N.; Ma, X. Charged domain wall modulation of
resistive switching with large ON/OFF ratios in high density BiFeO3 nano-islands. Acta Mater. 2020, 187, 12-18. [CrossRef]
Wang, Z.; Yin, M.; Zhang, T.; Cai, Y.; Wang, Y.; Yang, Y.; Huang, R. Engineering incremental resistive switching in TaOyx based
memristors for brain-inspired computing. Nanoscale 2016, 8, 14015-14022. [CrossRef] [PubMed]

Kuzum, D.; Jeyasingh, R.G.; Lee, B.; Wong, H.-S.P. Nanoelectronic programmable synapses based on phase change materials for
brain-inspired computing. Nano Lett. 2012, 12, 2179-2186. [CrossRef]

Tsai, H.; Ambrogio, S.; Narayanan, P.; Shelby, R M.; Burr, G.W. Recent progress in analog memory-based accelerators for deep
learning. J. Phys. D 2018, 51, 283001. [CrossRef]

Li, C; Hu, M.; Li, Y;; Jiang, H.; Ge, N.; Montgomery, E.; Zhang, ].; Song, W.; Davila, N.; Graves, C.E.; et al. Analogue signal and
image processing with large memristor crossbars. Nat. Electron. 2018, 1, 52. [CrossRef]

Park, S.; Chu, M.; Kim, J.; Noh, J.; Jeon, M.; Lee, B.H.; Hwang, H.; Lee, B.; Lee, B.-g. Electronic system with memristive synapses
for pattern recognition. Sci. Rep. 2015, 5, 10123. [CrossRef]

Querlioz, D.; Bichler, O.; Vincent, A.F; Gamrat, C. Bioinspired programming of memory devices for implementing an inference
engine. Proc. IEEE 2015, 103, 1398-1416. [CrossRef]

Moon, K.; Kwak, M.; Park, J.; Lee, D.; Hwang, H. Improved conductance linearity and conductance ratio of 1T2R synapse device
for neuromorphic systems. IEEE Electron Device Lett. 2017, 38, 1023-1026. [CrossRef]

Jang, J.-W.; Park, S.; Burr, G.W.,; Hwang, H.; Jeong, Y.-H. Optimization of Conductance Change in Pr; _,CaxMnO3-Based Synaptic
Devices for Neuromorphic Systems. IEEE Electron Device Lett. 2015, 36, 457—459. [CrossRef]

Kim, S.; Choi, S.; Lu, W. Comprehensive Physical Model of Dynamic Resistive Switching in an Oxide Memristor. ACS Nano 2014,
8, 2369-2376. [CrossRef] [PubMed]

Kim, S.; Chen, J.; Chen, Y.-C.; Kim, M.-H.; Kim, H.; Kwon, M.-W.; Hwang, S.; Ismail, M.; Li, Y.; Miao, X.-S.; et al. Neuronal
dynamics in HfOx/ AlOy-based homeothermic synaptic memristors with low-power and homoge4neous resistive switching.
Nanoscale 2019, 11, 237-245. [CrossRef] [PubMed]

Li, Y; Chu, J.; Duan, W,; Cai, G.; Fan, X.; Wang, X.; Wang, G.; Pei, Y. Analog and Digital Bipolar Resistive Switching in
Solution-Combustion-Processed NiO Memristor. ACS Appl. Mater. Interfaces 2018, 10, 24598-24606. [CrossRef]

Woo, J.-U.; Hwang, H.-G.; Park, S.-M.; Lee, T.-G.; Nahm, S. Improvement in conductance modulation linearity of artificial
synapses based on NaNbO3 memristor. Appl. Mater. Today 2020, 19, 100582. [CrossRef]

Park, S.-M.; Hwang, H.-G.; Woo, ].-U.; Lee, W.-H.; Chae, S.-J.; Nahm, S. Improvement of Conductance Modulation Linearity in
a Cu®*-Doped KNbO3 Memristor through the Increase of the Number of Oxygen Vacancies. ACS Appl. Mater. Interfaces 2019,
12,1069-1077. [CrossRef]

Simanjuntak, FM.; Ohno, T.; Chandrasekaran, S.; Tseng, T.-Y.; Samukawa, S. Neutral oxygen irradiation enhanced forming-less
ZnO-based transparent analog memristor devices for neuromorphic computing applications. Nanotechnology 2020, 31, 26LT01.
[CrossRef]

Banerjee, W.; Liu, Q.; Lv, H.; Long, S.; Liu, M. Electronic imitation of behavioral and psychological synaptic activities using
TiOy / Al,O3-based memristor devices. Nanoscale 2017, 9, 14442. [CrossRef] [PubMed]


http://doi.org/10.1002/aelm.201600090
http://doi.org/10.1523/JNEUROSCI.18-24-10464.1998
http://www.ncbi.nlm.nih.gov/pubmed/9852584
http://doi.org/10.1002/smll.201701193
http://doi.org/10.1002/smll.201800079
http://www.ncbi.nlm.nih.gov/pubmed/29504245
http://doi.org/10.1016/j.jmst.2014.04.015
http://doi.org/10.1016/j.jmst.2020.04.059
http://doi.org/10.1021/acsami.8b04550
http://doi.org/10.1021/acsami.8b01469
http://doi.org/10.1021/nl073225h
http://doi.org/10.1002/aelm.201400056
http://doi.org/10.1002/smll.201802188
http://www.ncbi.nlm.nih.gov/pubmed/30427578
http://doi.org/10.1016/j.actamat.2020.01.034
http://doi.org/10.1039/C6NR00476H
http://www.ncbi.nlm.nih.gov/pubmed/27143476
http://doi.org/10.1021/nl201040y
http://doi.org/10.1088/1361-6463/aac8a5
http://doi.org/10.1038/s41928-017-0002-z
http://doi.org/10.1038/srep10123
http://doi.org/10.1109/JPROC.2015.2437616
http://doi.org/10.1109/LED.2017.2721638
http://doi.org/10.1109/LED.2015.2418342
http://doi.org/10.1021/nn405827t
http://www.ncbi.nlm.nih.gov/pubmed/24571386
http://doi.org/10.1039/C8NR06694A
http://www.ncbi.nlm.nih.gov/pubmed/30534752
http://doi.org/10.1021/acsami.8b05749
http://doi.org/10.1016/j.apmt.2020.100582
http://doi.org/10.1021/acsami.9b18794
http://doi.org/10.1088/1361-6528/ab7fcf
http://doi.org/10.1039/C7NR04741J
http://www.ncbi.nlm.nih.gov/pubmed/28926076

Nanomaterials 2021, 11, 2684 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wu, Q.; Wang, H.; Luo, Q.; Banerjee, W.; Cao, J.; Zhang, X.; Wu, F; Liu, Q.; Li, L.; Liu, M. Full imitation of synaptic metaplasticity
based on memristor devices. Nanoscale 2018, 10, 5875. [CrossRef]

Bhavsar, K.H.; Joshi, U.S. Effect of substrate on memristive switching of PryyCag 3sMnQOj3. Solid State Phenom. 2014, 209, 198-202.
[CrossRef]

Seong, D.; Park, J.; Lee, N.; Hasan, M.; Jung, S.; Choi, H.; Lee, J.; Jo, M.; Lee, W,; Park, S.; et al. Effect of oxygen migration
and interface engineering on resistive switching behavior of reactive metal/polycrystalline Pry7Cag3MnOs device for non-
volatile memory applications. In Proceedings of the 2009 IEEE International Electron Devices Meeting, Baltimore, MD, USA,
7-9 December 2009; pp. 1-4.

Banerjee, W.; Kim, S.H.; Lee, S.; Lee, S.; Lee, D.; Hwang, H. Deep insight into steep-slope threshold switching with record
selectivity (>4 x 10'?) controlled by metal-ion movement through vacancy-induced-percolation path: Quantum-level control of
hybrid-filament. Adv. Funct. Mater. 2021, 31, 2104054. [CrossRef]

Lashkare, S.; Saraswat, V.; Ganguly, U. Understanding the Region of Resistance Change in Pry7;Cag3MnO3; RRAM. ACS Appl.
Electron. Mater. 2020, 2, 2026-2031. [CrossRef]

Moon, K.; Fumarola, A.; Sidler, S.; Jang, J.; Narayanan, P.; Shelby, R.M.; Burr, G.W.; Hwang, H. Bidirectional Non-Filamentary
RRAM as an Analog Neuromorphic Synapse, Part I: Al/Mo/Prj7Cap3MnO3 material Improvements and Device Measurements.
IEEE ]. Electron Devices Soc. 2018, 6, 146-155. [CrossRef]

Baek, K.; Park, S.; Park, J.; Kim, Y.-M.; Hwang, H.; Oh, S.H. In situ TEM observation on the interface-type resistive switching by
electrochemical redox reactions at a TIN/PCMO interface. Nanoscale 2017, 9, 582-593. [CrossRef] [PubMed]

Choi, K.B.; Lee, B.S.; Joung, M.R.; Yoo, ].H.; Kim, W.; Nahm, S. Microstructure and Resistive Switching Behavior of Amorphous
Pry7Cap3MnOj3 Films Grown under Various Oxygen Pressures. ECS Solid State Lett. 2013, 2, N21-N25. [CrossRef]

Seong, T.G.; Choi, K.B.; Lee, B.S.; Kim, B.Y.; Oh, ].H.; Jung, K.H.; Hong, K.; Nahm, S. Effect of Oxygen Pressure on the Resistive
Switching Behavior of Amorphous Prj7Cag3MnOs Films. ECS Solid State Lett. 2013, 2, P35-P37. [CrossRef]

Seong, T.-G.; Lee, B.-S.; Choi, K.B.; Kweon, S.-H.; Kim, B.Y;; Jung, K.; Moon, ].W.; Lee, ] K.; Hong, K.; Nahm, S. Unipolar resistive
switching properties of amorphous Prj ;Cag3MnOj3 films grown on a Pt/Ti/SiO, /Si substrate. Curr. Appl. Phys. 2014, 14, 538-542.
[CrossRef]

Sawa, A. Resistive switching in transition metal oxides. Mater. Today 2008, 11, 28-36. [CrossRef]

Park, S.; Sheri, A.; Kim, J.; Noh, J.; Jang, J.; Jeon, M.; Lee, B.; Lee, B.R.; Lee, B.H.; Hwang, H. Neuromorphic speech systems using
advanced ReRAM-based synapse. In Proceedings of the 2013 IEEE International Electron Devices Meeting, Washington, DC,
USA, 9-11 December 2013; pp. 25.6.1-25.6.4.

Panwar, N.; Rajendran, B.; Ganguly, U. Arbitrary Spike Time Dependent Plasticity (STDP) in Memristor by Analog Waveform
Engineering. IEEE Electron Device Lett. 2017, 38, 740-743. [CrossRef]

Sheri, AM.; Hwang, H.; Jeon, M.; Lee, B. Neuromorphic Character Recognition System With Two PCMO Memristors as a Synapse.
IEEE Trans. Ind. Electron. 2014, 61, 2933-2941. [CrossRef]

Kawano, H.; Shono, K.; Yokota, T.; Gomi, M. Enhancement of Switching Capability on Bipolar Resistance Switching Device with
Ta/Prg7Cag3MnOj3 /Pt Structure. Appl. Phys. Express 2008, 1, 101901. [CrossRef]

Liu, X,; Biju, K.P; Park, S.; Kim, I; Siddik, M.; Sadaf, S.; Hwang, H. Improved resistive switching properties in
Pt/Pry7Cag3MnO3/Y,O3-stabilized ZrO, /W via-hole structures. Curr. Appl. Phys. 2011, 11, e58-e61. [CrossRef]

Liu, X.; Biju, K.P; Bourim, E.M.; Park, S.; Lee, W.; Shin, J.; Hwang, H. Low programming voltage resistive switching in reactive
metal/polycrystalline Pry ;Cag3MnOs devices. Solid State Commun. 2010, 150, 2231-2235. [CrossRef]

Schuman, C.D.; Potok, T.E.; Patton, R.M.; Birdwell, ].D.; Dean, M.E.; Rose, G.S.; Plank, J.S. A survey of neuromorphic computing
and neural networks in hardware. arXiv 2017, arXiv:1705.06963.

Simanjuntak, EM.; Chandrasekaran, S.; Lin, C.-C.; Tseng, T.-Y. ZnO,/ZnO bilayer switching film for making fully transparent
analog memristor devices. APL Mater. 2019, 7, 051108. [CrossRef]

Yang, J.; Yang, Z.; Meng, T.; Han, Y.; Wang, X.; Zhang, Q. Effects of silicon doping on the performance of tin oxide thin film
transistors. Phys. Status Solidi (A) 2016, 213, 1010-1015. [CrossRef]

Park, S.; Jung, S.; Siddik, M.; Jo, M; Lee, J.; Park, J.; Lee, J.; Kim, S.; Sadaf, S.M.; Liu, X,; et al. Memristive switching behavior in
Prg7Cap3MnOj3 by incorporating an oxygen-deficient layer. Phys. Status Solidi (RRL) 2011, 5, 409-411. [CrossRef]

Saraswat, V.; Prasad, S.; Khanna, A.; Wagh, A.; Bhat, A.; Lashkare, S.; Ganguly, U. Reaction-Drift Model for Switching Transients
in Prg7Cag3MnOj3-Based Resistive RAM. IEEE . Electron Devices Soc. 2020, 67, 3610-3617. [CrossRef]

Burkov, A.T.; Fedotov, A.L; Novikov, S.V. Methods and Apparatus for Measuring Thermopower and Electrical Conductivity of Ther-
moelectric Materials at High Temperatures in Thermoelectrics for Power Generation: A Look at Trends in the Technology; Nikitin, M.,
Skipidarov, S., Eds.; IntechOpen: London, UK, 2016; pp. 353-355.

Ryu, J.-H.; Hussain, F.; Mahata, C.; Ismail, M.; Abbas, Y.; Kim, M.-H.; Choi, C.; Park, B.-G.; Kim, S. Filamentary and interface
switching of CMOS-compatible Ta,Os memristor for non-volatile memory and synaptic devices. Appl. Surf. Sci. 2020, 529, 147167.
[CrossRef]


http://doi.org/10.1039/C8NR00222C
http://doi.org/10.4028/www.scientific.net/SSP.209.198
http://doi.org/10.1002/adfm.202104054
http://doi.org/10.1021/acsaelm.0c00297
http://doi.org/10.1109/JEDS.2017.2780275
http://doi.org/10.1039/C6NR06293H
http://www.ncbi.nlm.nih.gov/pubmed/27886327
http://doi.org/10.1149/2.003307ssl
http://doi.org/10.1149/2.004304ssl
http://doi.org/10.1016/j.cap.2014.01.012
http://doi.org/10.1016/S1369-7021(08)70119-6
http://doi.org/10.1109/LED.2017.2696023
http://doi.org/10.1109/TIE.2013.2275966
http://doi.org/10.1143/APEX.1.101901
http://doi.org/10.1016/j.cap.2010.11.123
http://doi.org/10.1016/j.ssc.2010.09.036
http://doi.org/10.1063/1.5092991
http://doi.org/10.1002/pssa.201532774
http://doi.org/10.1002/pssr.201105317
http://doi.org/10.1109/TED.2020.3011387
http://doi.org/10.1016/j.apsusc.2020.147167

	Introduction 
	Experimental Procedures 
	Results and Discussion 
	Conclusions 
	References

