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1. SEM images of the PCMO films grown by varying the oxygen pressure

Figure Sla and S1b show the cross-sectional SEM images of PCMO films grown on
TiN-Si substrates at 300 °C and at OPs of 200 and 300 mTorr, respectively. These PCMO
films were well formed under these conditions with thicknesses ranging from 32 to 36 nm.
The SEM images of the surfaces of these PCMO films are displayed in Figs. Slc and d and
show that the films exhibit a dense microstructure. Therefore, it can be concluded that the
amorphous PCMO films were well formed on the TiN-Si substrates at 300 °C by varying
the OP.
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Figure S1. Cross-sectional SEM images of the PCMO films grown at OPs of (a) 200 mTorr and (b) 300 mTorr. SEM images
of the surface of the PCMO thin film grown at OPs of (c) 200 mTorr and (d) 300 mTorr.

2. I-V curves and XPS results of the PCMO thin film grown by varying the OP

The I-V curve of the PCMO thin film grown at 200 mTorr OP is displayed in Figure
S2a. A forming process was not needed to obtain this curve. The I-V curve of the second
sweep is almost the same as the first I-V curve, confirming that the I-V curves can be ob-
tained without the forming process for the PCMO film deposited at 200 mTorr OP. This
PCMO film exhibited a typical bipolar switching curve and the set and reset voltages were
-2V and 2.5V, respectively. This PCMO film had a large set voltage of —2 V and its resis-
tivity in the HRS was high compared to that of the PCMO film grown at 100 mTorr OP.
The number of oxygen vacancies (OVs) in this PCMO film could be smaller than those in
the PCMO film grown at 100 mTorr OP because it was grown at higher OP. Therefore, the
increased set voltage and resistance in the HRS of the PCMO film grown at 200 mTorr OP
can be explained by the decreased number of OVs. Figure S2b shows the I-V curve of the
PCMO film grown at high OP of 300 mTorr. A forming process is required to obtain the
bipolar switching curve, confirming that the number of OVs decreased for the PCMO film
grown at high OP. After the forming process, a typical bipolar switching curve with set
voltage of —1.5 V and reset voltage of 2.5 V was obtained (Figure S2b). In addition, Figure
S2c shows the I-V curves of the PCMO films deposited at 50 mTorr and 5 mTorr OP; how-
ever, bipolar switching properties were not observed in these thin films. Furthermore, the
current level increased with decreasing OP due to the large number of OVs in the films
grown at low OP.

XPS analysis was conducted on the PCMO films grown at OP of 200 mTorr and 300
mTorr to determine the effect of the OVs on the switching properties of these PCMO films.
Figure S2(d-1) and (d-2) display the XPS N1s spectra of the PCMO film in the HRS and
LRS, respectively, and this PCMO film was grown at 200 mTorr OP. The XPS analysis was
conducted at the interface between the PCMO film and TiN electrode. The XPS result of
the PCMO film in the HRS displays an intense Ti-N peak at 396 eV (Figure S2(d-1)) and
could have originated from the TiN electrode. However, a very low-intensity peak is ob-
served at 397.5 eV, which corresponds to Ti-O-N bonding owing to the bonding between
the oxygen ions and the TiN electrode. This suggests that a very small number of oxygen
ions existed in the TiN electrode in the HRS. However, the XPS result obtained from this
PCMO film in the LRS exhibits an intense Ti-O-N peak (Figure 2(d-2)), implying that a
large number of oxygen ions existed in the TiN electrode in the LRS and could have mi-
grated to the TiN electrode during the set process. Moreover, the OVs could have been
produced in this PCMO film during the set process, and they formed the conducting ox-
ygen filaments in this PCMO film. Similar results were observed for the PCMO film grown
at 300 mTorr OP, as shown in Figure S2(e-1) and (e-2). These results imply that the switch-
ing properties of the PCMO memristors formed in this study can be explained by the for-
mation and rupture of the OV filaments.
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Figure S2. I-V curves of the PCMO films grown at (a) 200 mTorr, (b) 300 mTorr OP and (c) 50 and 5
mTorr. XPS N1s spectra in the (d-1) HRS and (d-2) LRS for the PCMO film grown at 200 mTorr OP.
XPS N1s spectra in the (e-1) HRS and (e-2) LRS for the PCMO film grown at 300 mTorr OP.

3. Conduction mechanism of PCMO thin films grown by varying the OP

Figure S3a shows the I-V curves in the HRS and LRS for the PCMO film grown at 100
mTorr OP. The slope of the I-V curve of this PCMO film in HRS is 1.06 at low voltage, but
it changes to 2.09 when the voltage exceeds 1.0 V. Therefore, it can be concluded that
space-charge-limited conduction (SCLC) is the conduction mechanism of this PCMO film
in the HRS [1]. In contrast, the slope of the I-V curve of this PCMO film in the LRS is 1.09,
which is very close to 1.0. Hence, in the LRS, the PCMO film has metallic conductive prop-
erties, and Ohmic conduction is the current conduction mechanism of this PCMO film in
LRS. The I-V curves in the HRS and LRS for the PCMO film grown at 200 mTorr OP are
displayed in Figure S3b. The slope of the I-V curve of this PCMO film in the HRS is 1.1 at
low voltage, and it changes to 2.06 when the applied voltage exceeds 0.4 V. Finally, the
slope of the I-V curve changes to 7.85 when the applied voltage exceeds 2 V, indicating
that SCLC is the conducting mechanism of this PCMO film in the HRS. On the contrary,
the slope of the I-V curve of this PCMO film in the LRS is 1.06, which closely approximates
1.0. Hence, in the LRS, Ohmic conduction is the current conduction mechanism of this
PCMO film. The PCMO film grown at 300 mTorr OP exhibits similar results, as shown in
Figure S3c. Therefore, SCLC and Ohmic conduction are considered to be the current con-
duction mechanisms of this PCMO film in the HRS and LRS, respectively.

The SCLC mechanism requires an Ohmic contact between the electrode and film at
the interface [2]. Therefore, it is understood that the OVs, which existed in the PCMO film
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near the PCMO/TiN interface, decreased the potential barrier of this interface, resulting in
a quasi-conductive interface between the TiN electrode and PCMO film. Furthermore, be-
cause the oxygen ions moved into the TiN electrode during the set process, the OVs in the
PCMO film produced metallic conducting filaments in the PCMO film in the LRS. There-
fore, Ohmic conduction is the current conduction mechanism of the PCMO film in the
LRS.
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Figure S3. I-V curves in HRS and LRS for the PCMO films grown by varying the OP: (a) 100 mTorr, (b) 200 mTorr, and (c)

300 mTorr.

4. Reliability characteristics of PCMO thin films grown by varying the OP

The reliability properties of the PCMO films, which were grown on the TiN-Si sub-
strate at 300 °C by varying the OP, were investigated. Figure S4(a-1) shows the currents
in the LRS and HRS that are measured at 0.1 V after DC cycling from 2.0 to —1.5 V for the
PCMO film grown at 100 mTorr OP. The LRS and HRS were well maintained after 300
cycles. Therefore, the PCMO ReRAM memristor that is fabricated at 300 °C and at OP of
100 mTorr exhibits a uniform distribution of Rurs and Rirs. Similar results were observed
for the PCMO films grown at OP of 200 mTorr and 300 mTorr, as shown in Figure S4(b-1)
and (c-1), respectively.

Figure S4(a-2) displays the retention properties of the LRS and HRS of the PCMO
film grown at 100 mTorr OP, and it is clear that the Rirs and Rurs values remain constant
up to 10° s. Therefore, the Pt/PCMO/TiN-Si ReRAM memristor with the PCMO film that
was grown at 300 °C at 100 mTorr OP has good reliability characteristics. Similar results
were observed for the PCMO films grown at 200 mTorr and 300 mTorr OP, as displayed
in Figure 54(b-2) and (c-2). These results clearly show that the PCMO memristors can be
used as ReRAM memristors. The retention properties of the PCMO memristor in the LRS
and various HRSs were also investigated, as shown in Figure S4d. This PCMO memristor
was fabricated at 100 mTorr OP. All states exhibited constant resistance up to 10° s. This
suggests that this PCMO memristor has stable electrical reliability properties for an artifi-
cial synapse.
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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, (b-1) 200 mTorr, and (c-1) 300 mTorr. Retention characteristics of the LRS and HRS measured up to 10° s for
the PCMO memristors grown by varying the OP: (a-2) 100 mTorr, (b-2) 200 mTorr, and (c-2) 300 mTorr. (d) Retention
characteristics of LRS, Hi, Hz, and Hs, measured up to 10° s for the PCMO memristor fabricated at 100 mTorr OP.

5. Nonlinear transmission properties of the PCMO memristors fabricated by varying
the OP

The synaptic nonlinear transmission properties of the PCMO memristor fabricated
by varying the OP were studied. Figure S5a shows the I-V curves of the PCMO film grown
at 200 mTorr OP with the application of five successive negative voltage sweeps from 0 V
to —0.6 V. The current in the PCMO memristor increased negatively with the application
of each voltage sweep. However, when five successive positive voltage sweeps varying
from 0 V to 1.2 V were applied to the PCMO memristor, the current decreased with the
application of each voltage sweep, as shown in Figure S5b. These results clearly show that
the current of this PCMO memristor changed with the repeated application of DC bias to
the device. Similar results were obtained for the PCMO films grown at 300 mTorr OP, as
shown in Figure S5c and d. Because the conduction (or current) of the PCMO memristor
is considered as the synaptic weight, continuous changes in the conductance with the re-
peated application of DC bias can be regarded as the nonlinear transmission characteristic
in a biological synapse. Therefore, it can be concluded that the PCMO memristors grown

by varying the OP can emulate the nonlinear transmission property of a biological syn-
apse.
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Figure S5. I-V curves of the PCMO film grown at 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.

6. Mathematical model to calculate the curvature of the conduction curves and multi-
state retention property of PCMO device

Variations in the conductance (G) of RRAM memristors with respect to the pulse
number (or time, f) for the potentiation and depression are described by the following
equations (S1) and (52), respectively [3].

dG —ex=8=CGmin
E = Bp X e( CpXGmax_Gmin) (S1)
14
dG —cyxOmax—G
E = —ﬁd X e( Cdemax_Gmin) (SZ)
d

where Guax and Gumin are the maximum and minimum conductance, respectively, of
the potentiation (or depression) curve; cpand ca are the curvatures of the potentiation and
depression curves, respectively; and fyand B« are the differences in the conductance be-
tween two points on the potentiation and depression curves, respectively. These parame-
ters are illustrated in the potentiation and depression curves (Figure S6a). In addition, the
linearity of the conductance modulation of the potentiation (depression) curve is related
to the cp (ca) value.

The solutions of equations (S1) and (S2) are given by equations (S3) and (S4), respec-
tively:
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1
Grormp = . XIn(w X e? + (1 —w)) (S3)
p
1 C
Gnorma =1 — a X In(w X e®d + (1 —w)) (54)
G—Gmin

t
and , respectively. By using equation (52),
Gmax—Gmin max
we can express the conductance values of the potentiation curve with respect to the num-

ber of pulses for various c, values, as shown in Figure S6b. When the ¢, value is large (10),
the curvature of the potentiation curve is considerably large. Hence, this curve exhibits
large nonlinear conductance modulation. When the ¢, value approaches zero, the linearity
of the conductance modulation increases owing to the decrease in the curvature of the
potentiation curve (Figure S6b). When the ¢, value is zero, the corresponding potentiation
curve forms a straight line (Figure S6b). Therefore, the potentiation curve with zero ¢y
exhibits perfect conductance modulation linearity. In addition, equation (S1) should be
used to draw the potentiation curve when ¢y is zero, because ¢ is in the denominator of
equation (S3). Similar results can be obtained for the depression curves, as displayed in
Figure S6b. The conduction modulation linearity is therefore concluded to increase when
the values of ¢, and cz approach zero. The potentiation and depression curves of the PCMO
memristors that were grown by varying the OP can be fitted by using equations (S3) and
(S4). Moreover, the ¢y and ca values of the potentiation and depression curves of these
memristors can be determined, as shown in Figure 5(a-2)—(c-2).

In addition, the multistate retention of the transmission curve of the PCMO film
grown at 100 mTorr was obtained, as shown in Figure Séc. Various number of pulses were
applied to this PCMO device, and all states exhibited stable conductance for more than
103 s. Therefore, it can be suggested that the PCMO film grown at 100 mTorr OP has good
multistate retention of the transmission curve.

where Guorm and w are

Conductance (mS}

Normalized conductance

T . T . .
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Figure S6. (a) Various parameters of equations (S1) and (S2) such as Gmax, Gmin, cp, ¢4, By, and fa are indicated on the poten-
tiation and depression curves. (b) Potentiation and depression curves with various ¢p and cs values. (c) Multistate retention
of the PCMO film grown at 100 mTorr obtained from the transmission curve.

7. Detailed convolutional neural network process for pattern classification

A convolutional neural network (CNN) system was used to simulate the digit recog-
nition. The Neural Network Toolbox of MATLAB was employed to operate the CNN
model with the PCMO memristor device. The CNN has two components: feature extrac-
tion and classification, as shown in Figure S7a.

The feature extraction component, which selects and combines the features of input
images, consists of two layers: the convolution and pooling layers. The function of these
layers is to simplify the input data and accelerate the learning process. The input pattern
consists of digits ranging from 0 to 9 digits from the Modified National Institute of Stand-
ards and Technology (MNIST) handwritten digit dataset. Furthermore, this input pattern
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has 10,000 images because 1000 images of each digit exist. Each input image consists of
28x28x1 pixels, and these numbers correspond to the height, width, and channel size, re-
spectively. Because the input image is in grayscale, the channel size is 1. In the convolution
layer, input images are subjected to the convolution operation via the multiplication of
28x28 image matrices and 3x3 kernel matrices with a stride of 1. The matrices produced
from the convolution operation are known as feature maps. A padding process is used to
ensure that the size of the output feature maps is the same as the size of the image matri-
ces. Subsequently, batch normalization was conducted to normalize the mean value to 0
and the variance to 1 for each feature map. Batch normalization stabilizes the training
process and prevents a change in the distribution. After batch normalization, the rectified
linear unit (ReLU) activation function, which is a nonlinear activation function, was used
to activate only positive values in the extracted feature map. Successively, the pooling
layer follows the ReLU activation function. The feature maps were then subjected to max
pooling, which extracts the maximum value from the feature map, and the number of
extracted features was reduced. This operation is essential to avoid overfitting problems
in CNN simulation. The convolution layer and pooling layer were repeated twice to re-
duce the amount of computation.

The classification component includes a fully connected layer and the output layer.
The softmax function was used for classification in the output layer. In the fully connected
layer, the feature map matrix was converted to a vector, which was classified by the neural
network. The neural network can be implemented in the form of a crossbar array with the
memristor to realize the computation of matrix-vector multiplication. The input vector (xi)
was multiplied by the synaptic weight matrix (wij). The value of wij was defined as wi; =
gij* - gij, where gij* and gij are the normalized conductance of memristors that are close to
each other [4]. The values of gij* and gi; were initialized randomly between gmin and gmax,
where gmin and gmar are the minimum and maximum values of the normalized conduct-
ance, respectively. The output neuron (y;) is described as yj= ) wi,;xi, as displayed in Figure
S7b) [5]. The weight between the input and output neurons was updated based on the
delta rule: Awij= nejxi and 1) is the learning rate and ej = t-y; is the error, where ¢ is a target
value that is determined using wij= wij+ Awi; [6]. A neural network was used to calculate
the error of the output layer and the weights were updated to minimize the error. The
softmax function classifies the output as the class between 0 and 9 using the weighted sum
from the crossbar array and presents a probability distribution. The class with the highest
probability is determined to be the classification result. The classification process was re-
peated 20 epochs until saturated accuracy was obtained.

Furthermore, 5-fold cross-validation was used to evaluate the performance of the
CNN model using the PCMO memristor. The MNIST dataset consisted of five folds: four
training sets and one test set. In the first iteration, the first fold was used as the test set and
the remaining 4 folds were used as the training sets. In the second iteration, the second
fold was used as the test set while the other four folds were used as training sets. This
process was repeated until each of the five folds was used as the test set, as displayed in
Table S1. Three PCMO memristors synthesized under different OPs were used to calculate
the accuracy. The PCMO synthesized at 100 mTorr OP had the highest accuracy of 95%.
The accuracy decreased as the OP increased, as shown in in Table S1. All the memristors
exhibited similar accuracies after each iteration, indicating that the CNN model using the
PCMO memristor provides highly reliable results.
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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.

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.

Classification accuracy (%)

Iteration

100 mTorr 200 mTorr 300 mTorr
1 96.25 80.54 70.25
2 91.63 80.41 68.23
3 94.95 77.89 70.50
4 97.81 81.44 69.36
5 96.98 80.81 68.05
Mean 95.52 80.22 69.28

8. Modeling of the STP-to-LTP transformation of the PCMO memristor

The forgetful characteristic of the biological brain is generally expressed using the
following equation [7,8]:

P(t) = P, + B exp(— ;) (S5)

where P(t) is a memory level at instant time ¢ and P. is a memory level obtained after
a long time, B is a scaling factor, and 7is a relaxation time constant. A large 7 value indi-
cates that a large amount of STP is transformed into LTP. The relaxation curves of the STP-
to-LTP transformation for the PCMO memristor were fitted using equation (55) and Pe
and 7 were obtained as illustrated in Figure S8a. The P. increased as the number of P-
spikes increased, indicating that the LTP increased with an increase in the number of P-
spikes. Therefore, the PCMO memristor can emulate the STM and LTM behavior. Moreo-
ver, the 7 value also increased when the number of P-spikes increased, as illustrated in
Figure S8b, confirming that the amount of STP that was transformed into LTP increased
with the number of P-spikes. Therefore, it can be concluded that the STP-to-LTP transfor-
mation corresponds well with the memory-loss property of the human brain.

The STP-to-LTP transformation can be explained by the variation in the OV fila-
ments. When the PCMO memristor was transformed from STP to LTP, the current
changed from 105 to 135 pA at the reading voltage of 0.1 V, indicating that the STP-to-
LTP transformation in the PCMO memristor occurred in the HRS. Hence, the STP-to-
LTP transformation of the PCMO memristor can be explained by the change in the
length of the OV filaments. Figure S8a shows a schematic diagram of the filament formed
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in the PCMO memristor in the HRS. When a small number of P-spikes (five P-spikes) were
applied to the PCMO memristor, a few OVs moved into this pre-existing filament and
increased its length, as shown in Figure S8(b-1); this resulted in an instantaneous increase
in current corresponding to the STP. However, these OVs immediately diffused back after
the P-spikes stopped because of the concentration gradient of OVs in the PCMO film and
few OVs remained in the filament, as shown in Figure S8(b-2). The current then signifi-
cantly decreased after removal of the P-spikes. Therefore, the current in LTP could be
small. The behavior of the OVs, shown in Figure 58(b-1) and (b-2) can explain the STP-to-
LTP transformation with the application of a small number of P-spikes.

In contrast, the continuous application of 80 spikes to the PCMO memristor caused
many OVs to move into the filament (Figure S8(c-1)), where they remained after removal
of the P-spikes. This is because sufficient electrical energy was continuously supplied to
the OVs during the application of the 80 P-spikes. Finally, these additional OVs resulted
in the growth of the filament, leading to an increase in the filament length, even after the
P-spikes stopped (Figure S8(c-2)). Therefore, the increase in the current was permanent,
and this condition corresponded to a new stable state, suggesting that the increased LTP
current with the application of many P-spikes can be explained by the increase in the
length of the OV filaments.

(b-1) (b-2)

© ¢ o o

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.

9. Various net-spikes used to obtain the synaptic weight change of a PCMO memris-
tor

The pre-synaptic spike consisted of six spikes: five spikes with a positive voltage
whose amplitude increased gradually from 0.65 to 0.85 V and one spike with a negative
voltage of —0.3 V, as shown in Figure S9a. The post-synaptic spike is the same as the pre-



Nanomaterials 2021, 11, 2684 11 of 11

synaptic spike except that it is a negative spike with a voltage of —0.8 V (Figure S9b). The
net spikes applied to the PCMO memristors are the difference between the pre-spike and
post-spike, [Vir(t) — Viost(t)]. Figure S9¢c shows the various net-spikes that were obtained at
different At and these net-spikes were applied to the PCMO memristors to determine the
synaptic weight change (Aw) with respect to At (Figure 8d).
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Figure S9. (a) Pre-, (b) post-, and (c) various net-spikes applied to the PCMO memristors to obtain the synaptic weight
change (Aw).
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