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In this study, we propose an effective strategy for achieving the flexible one organic transistor-one organic memristor (1T-1R)
synapse using the multifunctional organic memristor. The dynamics of the conductive nanofilament (CF) in a hydrophobic
fluoropolymer medium is explored and a hydrophobic fluoropolymer-based organic memiristor is developed. The flexible 1TT-1R
synapse can be fabricated using the solution process because the hydrophobic fluorinated polymer layer is produced on the
organic transistor without degradation of the underlying semiconductor. The developed flexible synapse exhibits multilevel
conductance with high reliability and stability because of the fluoropolymer film, which acts as a medium for CF growth and an
encapsulating layer for the organic transistor. Moreover, the synapse cell shows potential for high-density memory systems and
practical neural networks. This effective concept for developing practical flexible neural networks would be a basic platform to

realize the smart wearable electronics.
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INTRODUCTION

Hardware-based neural network systems have been drawing
attention as potential candidates for realizing the next generation
of computing systems beyond von Neumann architectures'™. In
such neural network systems, synaptic devices, acting as artificial
synapses, are key components for achieving parallel computation*-°.
Until now, many studies have been conducted on the artificial
synapses with 3-terminal’~® and 2-terminal structures'®'*. Among
them, solution-processed organic memristors are promising synaptic
devices for wearable neural network systems and neuromorphic
electronics due to their mechanical flexibility, scalability, biocompat-
ibility, and simple and low-cost fabrication process'>~°. For organic
memiristors, a metallic conductive nanofilament (CF) is selectively
formed (or ruptured), according to the electric field in the device,
which results in its resistive switching characteristics'®'92'. Addi-
tionally, the multilevel conductance for mimicking biorealistic neural
networks can be obtained by controlling the CF growth of the
device???®, Therefore, the electrochemical metallization (ECM)
phenomena for CF dynamics in organic media are essential for
developing organic memiristors. In the ECM-based memiristors, the
growth of the CF is arbitrarily achieved; thus, it is barely possible to
accurately program the device conductance to a target value'92+27,
Recently, for inorganic systems, a driving transistor serially
connected to the memristor cell has been used for practical neural
networks?®?°, In this system, the transistor regulates the electric
potential of the memristor according to the gate voltage (V), which
leads to delicate control of the CF thickness and a reliable
conductance change. However, for the case of solution-processed
organic electronics, it is difficult to integrate the driving transistor
with the memristor in a single substrate, because of the solvent
orthogonality, which limits multi-stacking of the organic layers>°3',
Additionally, the poor air stability of organic semiconductors induces
the degradation of the electrical performances of organic transistors
under ambient conditions3>33, For realizing practical wearable

neural networks, it is important to explore an effective yet simplistic
strategy for achieving the one organic transistor-one organic
memristor (1T-1R) structured cell with high stability.

Amorphous fluoropolymers with low permeability for gas and
moisture are promising candidates for robust encapsulation34—35,
Particularly, a hydrophobic fluorinated polymer, poly(2,2,3,3,4,4,4-
heptafluoro-butyl methacrylate) (EGC-1700), is widely used for
encapsulating organic electronics due to its orthogonal solvent
(methoxy-nonafluorobutane) compatible with the organic semi-
conductors®’=3°, Moreover, such a fluorinated polymer can be
simply coated or patterned onto the flexible substrates by transfer
printing, with the delicate control of the film thickness3®3°,
Despite the multifunctionality of the hydrophobic fluoropolymer
(EGC-1700) in practical organic electronics, the ECM effect of the
CF formation on such a polymer medium has not been explored,
and the hydrophobic fluoropolymer-based memristor is yet to be
developed.

In this study, we demonstrate a fluoropolymer-based memristor
with multifunctionality for practical flexible neuromorphic sys-
tems. The CF growth in the fluoropolymer medium and the
resultant resistive switching phenomenon were explored. Based
on this physical analysis, we simply produced the fluoropolymer-
based memristor on a flexible substrate using the transfer printing
method (see Fig. 1a). The developed memristor was operated as a
reliable non-volatile memory with the multilevel states, exhibiting
high durability even under repeated mechanical stress. Moreover,
a highly stable 1T-1R cell for the artificial synapse was realized by
coating the hydrophobic fluoropolymer onto the organic transis-
tor. In our cell, the fluoropolymer film played the role of the
insulator of the organic memristor and encapsulating layer for the
transistor. During the operation of the cell, the conductance of our
organic memristor was reliably and stably tuned, and the sneak
current path was effectively suppressed according to the gate bias
of the transistor. In the numerical analysis, the proposed artificial
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Fig. 1

Concepts and operating principles of the fluoropolymer-based flexible memristor. a Schematics of the fabrication process of the

flexible memristors based on the fluoropolymer. Inset image shows the device configuration and the chemical structure of the fluoropolymer.
b Schematics illustrating the fluoropolymer-based memristor with a lateral structure. The gap between the electrodes was about 4.8 pm.
c Current-voltage curves of the lateral-type device. d Retention characteristics of the lateral-type device. e Active surfaces of the lateral-type
device after the writing and erasing processes, observed by field emission scanning electron microscopy (scale bar, 1 pm).

synapse using the 1T-1R structure exhibited the potential
capabilities for achieving practical neural network systems with
high integration density.

RESULTS AND DISCUSSION
Dynamics of CF growth in the fluoropolymer medium

To explore the CF growth in the fluoropolymer medium, we
prepared the lateral-structured organic memristor, as shown in
Fig. 1b. In the organic memristor, active and inert electrodes were
made of gold and silver, respectively, and EGC-1700 was utilized as
the hydrophobic fluoropolymer. We first measured the
current-voltage (/-V) characteristics of the device. A compliance
current (CC) of 3 x 1077 A was set to prevent the breakdown of the
polymer at the positive voltage sweep®4. As shown in
Supplementary Fig. 1, for the first positive voltage sweep, the
current level was abruptly increased at 43V, which is similar to the
electroforming phenomenon of a typical memristor*>#3, After the
sweeping process, the device exhibited the resistive switching
properties in a bipolar mode (see Fig. 1c). During the writing (or
erasing) process, the device was switched from the high resistance
state (HRS) to the low resistance state (LRS) (or the LRS to the HRS).
Additionally, each resistance state was maintained stably for
>2000s, as presented in Fig. 1d. Considering that, in the writing
process, the charge transport followed the space charge-limited
conduction, consisting of three different regions (the Ohmic, Child’s
law, and sharp conductance increase regions), the device was
governed by the ECM mechanism (see Supplementary Fig. 2)?4444>,
To clearly confirm the operating principle of the fluoropolymer-
based memristor, the active surface of the device was investigated
in each resistance state (the LRS and HRS) using field emission
scanning electron microscopy, as shown in Fig. Te. After the writing
process, the multiple metallic CFs were observed, being consistent
with the -V characteristics of the device (see Fig. 1¢). In the -V
curves of the device, the erasing current was higher than the CC
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value, being indicative of an overgrowth of the CF. It should be
noted that the current in a memristor can exceed the CC value due
to the stored charges'’. In the HRS, the CFs were completely
ruptured. These results mean that the resistive switching phenom-
ena in our organic memristor are mainly attributed to the formation
and rupture of the CFs. Moreover, in the energy-dispersive X-ray
spectroscopy measurement, the CF was found to be composed of
silver (Ag), as shown in Supplementary Fig. 3.

Development of fluoropolymer-based flexible memristor

We now discuss the performance of a vertical-type flexible
memristor based on the fluoropolymer from the viewpoint of its
electrical characteristics and mechanical flexibility, as shown in
Fig. 2a. In fabricating the device, the fluoropolymer film was
simply prepared by transfer printing, and its thickness was about
280 nm. Figure 2b shows the -V curves of the device measured at
the same CC as the value in Fig. 1c. To trigger the formation of the
CF, an electroforming process was utilized (see Supplementary Fig.
4)*243 The device was operated stably as a non-volatile memory,
which is consistent with the result in Fig. 1. The operating voltages
for resistive switching were about 1.5 and —1.0V for writing and
erasing, respectively, and the current on/off ratio of the device
was about 10°, which is comparable to those of the inorganic ECM
memristors with high performances*®#’. Note that the switching
voltages of the vertical-type device were smaller than those of the
device with the lateral structure (see Fig. 1c) due to the narrower
gap between the electrodes®®. To specifically evaluate the device
memory performance, we performed the retention and cycle tests,
as shown in Fig. 2¢c, d. At the reading voltage of 0.4V, our
memristor exhibited the constant current levels in the HRS and
LRS for 5 x 10® s without deterioration, and the device resistance
was reliably switched from the HRS to the LRS (or vice versa)
during the repeated cycles, consisting of the writing and erasing
processes. This implies that our reliable device can be used in
memory applications of flexible electronics. Another important
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Fig.2 Electro-mechanical characteristics of the fluoropolymer-based flexible memristor. a Photographic image of the vertical-type flexible
memristor under bending deformation. Inset image shows a structure of the memristor. The thickness of the polymer film was about 280 nm,
and the active area of the device was 0.5 mm x 0.5 mm. b Current-voltage (/-V) curves of the device. ¢ Retention performances of the device.
d Electrical endurance characteristics of the device. e Distributions of the switching voltages of the device in the repeated cycle tests.
f Demonstration of the multilevel conductance in the device. g I-V properties of the device under bending stresses with a radius of 5mm.
h Retention characteristics measured with the repeated bending stresses with a radius of 5 mm.

property of the memristor for practical systems is the reproduci-
bility of the switching voltages**~>°. We investigated the changes
in the writing and erasing voltages for 50 cycles, as shown in
Fig. 2e. The temporal variations estimated by the ratio of the
standard deviation to the mean were about 0.29 and 0.27 for
writing and erasing voltages, respectively, which are comparable
to those of the typical ECM organic memristors previously
reported'”. Supplementary Fig. 5 shows the switching voltage
distributions for 12 different cells. Although the switching voltages
of the devices were slightly different from each other by the
arbitrary growth of the CF, we can effectively improve the
reliability of the resistive switching by introducing the interfacial
metallic sites for local electric field enhancement?’12, Addition-
ally, we demonstrated the multilevel conductance in the device by
controlling the CF growth (see Fig. 2f). The CC values were
changed in the writing process to tune the CF thickness and the
resultant device conductance*®>3, Note that the multilevel state is
an essential condition for realizing the high-density memory and
neuromorphic systems®23, In this regard, we can consider that our
device can act as a crucial component not only in the memory
systems but also in the hardware-based neural networks. For
memory applications, the pulse operation of the device is
necessary for high speed and low power consumption®*°>, As
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shown in Supplementary Fig. 6, we measured the transient
response of the fluoropolymer-based memiristor in a pulse mode.
The device exhibited the stable resistive switching performances
under voltage pulses with amplitudes of 3.5V (for writing) and
—2.0V (for erasing), and the switching times for writing and
erasing were about 70 and 60 ps, respectively. It should be noted
that the CF formation is highly dependent on the voltage
parameters including the bias time and the voltage amplitude'®,
The operating speed of our device can be effectively improved
through the amplitude of the voltage pulse.

Further, we discuss the mechanical durability of the
fluoropolymer-based flexible memristor. The positive and negative
bending deformations with a curvature radius of 5mm were
conducted for evaluating the device durability for compressive
and tensile stresses, respectively (see Supplementary Fig. 7). As
presented in Fig. 2g, under the bending stresses, our device
exhibited the stable resistive switching characteristics similar to
that in its flat state (see Fig. 2b). Figure 2h shows the influence of
mechanical deformations on the retention performance of the
device. Regardless of the repeated stresses for 200, the device
conductance was stably maintained, which implies that our
developed organic memristor possesses superior endurance for
mechanical deformations'”'8,

npj Flexible Electronics (2021) 34
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Realization of flexible 1T-1R synapse cell

We then developed a flexible artificial synapse with the 1T-1R
structure by simply stacking the fluoropolymer-based memristor
onto an organic transistor, as shown in Fig. 3a. The memristor was
connected, serially, to the source electrode of the organic
transistor. For the organic transistor, we utilized a pentacene film
with 50 nm thickness as the semiconducting layer. Figure 3b
shows the transfer curve of the organic transistor, according to the
Vy from 10 to —50V at several drain voltage (Vq) values. The
channel conductance of the transistor was effectively varied by V,,
indicating that the CC for regulating the electric potential at the
organic memristor can be defined and delicately tuned by the
transistor. It should be noted that the control of the external CC
values is an effective way for achieving multilevel conductance in
ECM memristors*®>3, Additionally, in the organic transistor, the
leakage current was stably suppressed during the repeated
voltage sweeps, as shown in Supplementary Fig. 8a.

In our synapse, the hydrophobic fluoropolymer acting as the
insulator of the memristor completely, covered the organic
transistor, thus the transistor was completely protected from the
moisture in the air. To confirm the capability of the fluoropolymer
as an encapsulation layer, we performed the gate bias stress test
for the organic transistor®®*’. A constant V, of —40V was applied
to the transistor for 1000 s in the stress test. As shown in Fig. 3¢,
we compared the transfer curves of the device measured in the
initial state and after the bias stress. For both cases, the device
exhibited a reliable operation without hysteresis because of the
gate insulator of poly(methyl methacrylate) (PMMA)>® In PMMA,
methyl methacryl groups with low polarity have a relatively low
degree of water permeability than other polymer materials. In
addition, the PMMA film stably played as the electrical insulator
that suppresses the leakage current (see Supplementary Fig. 8b).
In our organic transistor, the mobility (about 0.15cm?V~"s~") was
not changed regardless of the bias stress, and the threshold
voltage shift was about 1.0 V, which is much lower than that of the

previously reported non-capsulated device, which had the same
structure as our device. This implies that the fluoropolymer layer
effectively prevents the exposure of the transistor to moisture.
Supplementary Fig. 9 shows the -V characteristics of our 1TT-1R
cell. For the writing process, Vy and the voltage for the active
electrode were fixed at —20 and 0V, respectively, and V4 was
controlled. Contrarily, in the erasing process, an active electrode
bias was changed at V,=—50V and V4=0V. The cell exhibited
the stable resistive-switching characteristics, and the increased
current level was saturated to a target value without an external
CC of the measurement system, which was an indicator of the
accurately tuned conductance. As shown in Supplementary Figs.
10 and 11, the developed 1T-1R cell showed the highly improved
reliability and device-to-device uniformity, compared to those of
the single fluoropolymer-based memiristor, due to the regulated
CF growth. Moreover, the developed organic cell can be used for
developing high-density memory systems with a crossbar config-
uration because the sneak current paths are selectively sup-
pressed according to V. An integration density of the crossbar
array based on our cell was theoretically calculated to be larger
than about 8.7 Mbit in the floating scheme, which is superior to
previous studies (see Supplementary Fig. 12)°%°°. In realizing
vector-matrix multiplication for the neural network, the reliable
multilevel conductance and its stable retention performance are
very important factors of an artificial synapse®*. We measured the
multilevel conductance of the synapse cell under the pulse mode.
In the 1T-1R cell, the CF growth and the resultant conductance of
the memristor can be precisely controlled at the writing process
by the transistor. Thus, during the consecutive writing processes,
we controlled the value of V for achieving the linear conductance
change. For potentiation, the amplitude and width of the V pulse
were —2.5V and 100 ms, respectively, and the Vg value was
decreased from —17 to —35V. In contrast, in the depression
process, the voltage pulse of —2.5V for 100 ms was applied to the
active electrode of the memristor, and the V, was fixed at —50V.
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Fig. 3 Electro-mechanical characterization of the artificial synapse cells. a Photographic image of the flexible artificial synapse under a
bending stress. Inset image shows the schematics illustrating the developed synapse cell structure. For the organic transistor, 50-nm-thick
pentacene was used as the semiconducting layer. The channel width and length of the transistor were 1 mm and 150 pm, respectively. The
thickness of the fluoropolymer film was 320 nm, and the active area of the memristor was 0.15 mm x 0.5 mm. b Transfer characteristics of the
organic transistor for the synapse cell. ¢ Transfer characteristics of the organic transistor in the initial state and after the application of bias
stress. For the bias stress, the gate voltage of —40V was applied to the device for 1000 s. d Reliable multilevel memory properties of the
artificial synapse. e Mechanical and electrical stabilities of the synapse in seven memory states.
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Fig. 4 Pattern recognition in neural networks based on the developed synapse array. a Schematics presenting the 1T-1R structured
crossbar array and its applications. b A fully connected one-layer neural network for the recognition of labeled fashion images. The input (784
neurons for input images with 28 x 28 pixels) and output (10 neurons for 10 classes of images) neurons were used. ¢ Distributions of ideal
synaptic weights for the accurate pattern recognition (top) and the weights of the trained synapse arrays after the learning process (bottom).
d Recognition accuracy after training 10 epochs for an ideal software and the developed synapse-based neural networks.

Note that the active electrode bias for potentiation and V4 for
depression were grounded. Under the potentiation, our cell
exhibited the relatively superior linearity in the conductance
change, compared to the previous studies®® (see Supplementary
Fig. 13). Moreover, as shown in Fig. 3d, the conductance of the cell
was reliably changed in the repeated potentiation processes.
Although the conductance ratio (about 4) is restricted by the
conventional organic transistor with the low on/off ratio (about
5 x 10?) (see Fig. 3b), it can be effectively enhanced by utilizing the
transistor device with the high on/off ratio.

Let us discuss about the electrical and mechanical stability of our
1T-1R cell. As shown in Supplementary Figs. 14 and 15, under the
memory retention and bending cycle tests, the cell showed
the stable eight different conductance states®®. Figure 3e presents
the mechanical and electrical stabilities of the cell at seven
different LRSs. We applied the successive negative and positive
bending stresses to the cell for 800 s, at the memory retention test.
In all states, the conductance was maintained without any
degradation, which means that our 1T-1R cell is a promising
component for practical flexible neural networks'”>8>°,

Pattern-recognition capability of developed synapse array

Hardware-based neural networks can be used in various
artificial intelligence applications, such as pattern-recognition
systems'?, as shown in Fig. 4a. To specifically analyze the
potentials of the developed 1T-1R synapse for realizing
hardware-based neural networks, the SPICE simulation for
pattern recognition was carried out by using a dataset from the
Fashion Modified National Institute of Standards and Technol-
ogy (MNIST), as shown in Fig. 4b. The Fashion MNIST dataset is
composed of 70,000 grayscale images (10,000 images for test
and 60,000 images for training) for 10 categories of fashion
images. It is known to be more difficult to obtain high
classification accuracy in the Fashion MNIST than the com-
monly used original MNIST for handwritten digits®'®2. For the

Published in partnership with Nanjing Tech University

pattern-recognition simulation, we set a simple one-layer
neural network with general conditions, and the input (784
neurons for input images with 28 x 28 pixels) and output (10
neurons for 10 classes of fashion images) neurons were used. In
all, 784 x 10 synapses in the connected network were trained,
and only the non-negative weight was used to effectively
transfer the weight value to the conductance of the hardware
synapse cell. Note that the performance of the neural network
based on the non-negative weight constraint was similar to
that of the system with a pair of synapses for the negative
weight in the software-based numerical simulation (see
Supplementary Fig. 16). Each synapse consisted of our 1TT-1R
cell (see the inset image in Fig. 4a), and the cell parameters,
estimated in Fig. 3d, were used. Details for the simulation
conditions are as follows. For the software training level, we
adopted softmax activation function for the output value®.
During the training process, we used the adaptive momentum
estimation optimizer®* and the sparse categorical crossentropy
loss function®. In the SPICE simulations for evaluating the
hardware-based neural networks, we converted the weight
value obtained in the training process into the conductance of
the cell on the synaptic array and in some cases quantize it to a
specific level. Figure 4c shows the weight distributions of the
synapse array after the converting process. Each synaptic
weight of the cell was found to be close to the target value,
which is ideal for recognizing the fashion images of MNIST,
indicating that our 1T-1R synapse with the reliable multilevel
conductance is promising for offline learning systems®'. For
inference that is quite similar to the read operation of the
memory array, the input voltage between 0 and 1V was set,
and the output current of each bit line was checked. In our
trained system, the accuracy for recognizing the fashion
images was about 85% (see Fig. 4d), similar to that of the
ideal software-based neural networks, consistent with the
result shown in Fig. 4c. Note that, the learning accuracy
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increases with epochs at the initial training stage, but it tends
to saturate after 10 epochs due to the convergent character-
istics of the neural networks®5, as shown in Supplementary Fig.
17. In addition, in the simulations for the handwritten digits
based on the original MNIST, our neural network system
exhibited the classification accuracy of about 93% (see
Supplementary Fig. 18), which is close to that of the ideal
software system.

In conclusion, we demonstrated the flexible artificial synapse
with the 1T-1R configuration for practical hardware-based neural
network systems. We developed a hydrophobic fluoropolymer-
based memristor that can be simply printed onto the organic
transistor without damage to the underlying semiconducting
layer. We found that the metallic CF was effectively grown at the
hydrophobic fluoropolymer medium based on the amplitude of
an electric potential. In our proposed artificial synapse, composed
of the fluoropolymer-based memristor integrated with the organic
transistor, the hydrophobic fluorinated film, acting as an insulator
of the memristor, prevented the moisture diffusion to the
transistor, and thus the stability of the device was highly
enhanced. Our synapse showed the linearly and accurately
tunable multilevel conductance, which is essential for realizing
practical neural networks. Moreover, under the repeated bending
stresses, the device was operated stably with high mechanical
durability. In developing the flexible memory systems, the
proposed synapse array with the 1T-1R structure showed an
integration density >8.7 Mbit. Additionally, our synapse showed
the capability for realizing hardware-based neural networks. The
neural networks based on our synapse achieved about 85%
accuracy for the complex image recognition, which is similar to
the ideal software system. This effective strategy for developing
practical and flexible neural networks would provide a basic
platform for achieving the next generation of wearable electronics
linked to artificial intelligence.

METHODS
Characterization

The geometrical profiles of all devices were investigated utilizing an
atomic force microscopy (XE-100, PSIA). The electrical performances of the
devices were measured utilizing a semiconductor parameter analyzer
(4200-SCS, Keithley) and an ultrafast /-V module (4225-PMU, Keithley). In
testing the electrical characteristics of the organic memristors, the
scanning voltage was applied to the active electrode (Ag), and the inert
electrode (Au) was grounded. The CF growth in the polymer medium was
analyzed through a field-emission scanning electron microscope (JSM-
7401F, JEOL) and an energy-dispersive X-ray spectrometer (AZtec Energy,
Oxford).

Fabrication of hydrophobic fluoropolymer-based memristor
To fabricate the fluoropolymer-based memiristor, first, a polyethylene
naphthalate (PEN) substrate was cleaned under ultrasonication in acetone,
isopropyl alcohol, and deionized water in sequence for 30 min. As the inert
electrode, a gold layer with thickness of 50 nm was thermally evaporated
at 0.5A s~ under 1076 Torr. To form the fluoropolymer layer, predefined
fluoropolymer film (Novec™ EGC-1700, 3 M) was transfer-printed on the
cleaned substrate using the gold electrode through an elastomeric stamp
made of poly(dimethylsiloxane). The thickness of the fluorinated polymer
film was 280 nm. For the active electrode, a 50-nm-thick silver layer was
deposited using thermal evaporation at 0.8 As~' under 10~®Torr. The
active area of the device was 0.5 mm x 0.5 mm.

Fabrication of flexible 1T-1R synapse

In fabricating the flexible artificial synapse, an indium-tin—oxide (ITO)
patterned PEN substrate was cleaned under ultrasonication in acetone,
isopropyl alcohol, and deionized water in sequence for 30 min. Note that
the ITO patterns on the substrate played as the gate electrode of the
organic transistor. As the gate insulator, PMMA (Sigma-Aldrich) dissolved in
anisole at a concentration of 9wt% was deposited on the substrate by
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spin-coating at 3000 rpm for 60s. To prepare the organic semiconductor
layer of the organic transistor, 50-nm-thick pentacene (Sigma-Aldrich) film
was thermally evaporated on the gate insulator at the rate of 0.5As™"
under pressure of 7 x 1076 Torr. For the source and drain electrodes, gold
patterns with 50-nm thickness were thermally deposited at the rate of
1.0As™" under 7x 10 ®Torr. The channel width and length of the
transistor were 1mm and 150 um, respectively. We produced the
fluoropolymer film, which acted as the encapsulating layer and insulator
for the organic memiristor, on the transistor by dip-coating EGC-1700 in a
fluorinated solvent (HFE-7100DL, 3M) at the speed of 200 mmmin~'.
The thickness of the fluoropolymer film was 320 nm, and the source
electrode of the transistor served as the inert electrode of the organic
memiristor. As the active electrode of the memiristor, a silver layer with 50-
nm thickness was thermally deposited at 0.8 As~" under 10°Torr. The
active area of the memristor was 0.15 mm X 0.5 mm.
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