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Abstract: In this study, we propose high-performance chitosan-based flexible memristors with em-
bedded single-walled carbon nanotubes (SWCNTs) for neuromorphic electronics. These flexible
transparent memristors were applied to a polyethylene naphthalate (PEN) substrate using low-
temperature solution processing. The chitosan-based flexible memristors have a bipolar resistive
switching (BRS) behavior due to the cation-based electrochemical reaction between a polymeric
chitosan electrolyte and mobile ions. The effect of SWCNT addition on the BRS characteristics was
analyzed. It was observed that the embedded SWCNTs absorb more metal ions and trigger the
conductive filament in the chitosan electrolyte, resulting in a more stable and wider BRS window
compared to the device with no SWCNTs. The memory window of the chitosan nanocomposite
memristors with SWCNTs was 14.98, which was approximately double that of devices without
SWCNTs (6.39). Furthermore, the proposed SWCNT-embedded chitosan-based memristors had
memristive properties, such as short-term and long-term plasticity via paired-pulse facilitation and
spike-timing-dependent plasticity, respectively. In addition, the conductivity modulation was evalu-
ated with 300 synaptic pulses. These findings suggest that memristors featuring SWCNT-embedded
chitosan are a promising building block for future artificial synaptic electronics applications.

Keywords: chitosan; single-walled carbon nanotube random network; memristor; analog switching;
neuromorphic; synaptic weight change

1. Introduction

Owing to the von Neumann bottleneck, conventional computing systems face enor-
mous challenges when dealing with real-time decision-making processes and large amounts
of unstructured data and processing large amounts of information [1]. Therefore, efficient,
high-performance computing systems are considered the new benchmarks for rapid pro-
cessing of big data [2,3]. Regarding the implementation of such computing systems,
two-terminal memristors with metal–insulator–metal structures have been studied ex-
tensively owing to their geometric simplicity, nonvolatile memory, low operating power
consumption, and ability to perform computations based on successive analog resistive
switching (RS) in the insulating layer [4–6]. Various materials, including bio-inspired,
organic, inorganic, and hybrid nanocomposites, have been explored for the RS layer of
memristors. Among them, bio-inspired organic materials, such as chitosan, cellulose,
albumen, and gelatin, are attracting considerable attention [7]. Prospective materials must
be suitable for integration with advanced electronics, such as skin-attachable and wearable
devices, which are fabricated on transparent, flexible, and stretchable substrates as opposed
to rigid substrates [8,9]. Accordingly, solution-based, low-temperature processable natu-
ral organic materials offer a variety of processing options and are a viable alternative to
inorganic-based solutions because of their good biodegradability and bio-absorbability and
non-toxicity [7,10]. Moreover, bio-organic memristors should overcome challenges such as
low endurance and unstable long-term retention. Among bio-inspired organic materials,
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several advantages identify chitosan electrolyte as a particularly suitable candidate for
the RS layer of memristors: (1) although chitosan is naturally insulating, adding an acidic
solution can increase its ionic conductivity, (2) its amine and hydroxyl groups react readily
with metal ions, (3) after cellulose, chitin, the primary component of chitosan, is the most
naturally abundant polysaccharide, (4) chitosan is a benign and biodegradable polymer,
and (5) chitosan flakes and powder dissolve in diluted acetic acid solutions [11–14].

In addition, carbon nanotubes (CNTs) are widely applicable carbon-based nanomateri-
als with extraordinary physicochemical properties, such as low-temperature processability,
transparency, elasticity, and high mobility [15–18]. Significantly, drop-casting-based solu-
tion processes enable the formation of highly uniform CNT random networks and, because
of their high aspect ratio, strong mechanical strength, and high modulus, CNTs represent
useful polymer supplements [19,20]. Therefore, CNTs are used in a variety of applications,
including solar cells, supercapacitors, and electric double-layer capacitors (EDLCs) [21,22].
Furthermore, the high thermal conductivity of CNTs makes them suitable as a nanofiller to
increase the thermal conductivity of polymeric materials, and extensive studies have been
conducted regarding the high internal resonance and large energy exchange properties of
polymer/CNT nanocomposite systems [23–26].

Inspired by the properties of chitosan and CNTs, we fabricated a two-terminal mem-
ristor comprising a single-walled CNT (SWCNT) random network embedded in a chitosan
film as a functional RS layer on a flexible, transparent polyethylene naphthalate (PEN)
substrate. To verify the efficiency of the SWCNT random network in the proposed mem-
ristor, an RS layer without SWCNTs was prepared for comparison. Specifically, the RS
operation, endurance, retention, and analog memristive switching characteristics were eval-
uated. Furthermore, the short- and long-term plasticity, which are important for synaptic
computation and information storage, were analyzed.

2. Experimental
2.1. Materials

The following materials were used to fabricate the two-terminal memristors: PEN
substrates (125 µm thick; AMG Co., Seoul, Korea), glass substrates (7059 glass; Corning
Inc., New York, NY, USA), cool-off-type adhesive (IntelimerTM Tape CS2325NA4; Nitta
Corp., Tokyo, Japan), Ti pellets (purity > 99.999%; TFN, Seoul, Korea), Pt pellets (purity
> 99.95%; TFN, Korea), poly-L-lysine solution (0.1% (w/v) in H2O; Sigma Aldrich, Saint
Louis, MO, USA), SWCNT solution (IsoNanotubes-S: average diameter = 1.4 nm, average
length = 300 nm; Nanointegris, Quebec, Canada), chitosan powder (derived from shrimp
shell, medium molecular weight 190–310 kDa, deacetylation degree > 75%; Sigma-Aldrich,
Seoul, Korea), and acetic acid solution (purity > 99%; Sigma-Aldrich).

2.2. Chitosan Solution Manufacturing Process

A bio-compatible chitosan solution was synthesized by dissolving chitosan powder
in acetic acid solution. First, the chitosan powder extracted from medium-molecular-
weight shrimp shells was dissolved in an acetic acid solution diluted with deionized (DI)
water, which was stirred continuously at 800 rpm at 50 ◦C for 6 h using a magnetic stirrer.
Subsequently, the mixture was filtered using a polytetrafluoroethylene syringe filter with
a 5 µm pore size to remove impurities. Finally, the filtered solution was cooled at room
temperature for 12 h.

2.3. Fabrication of Flexible Transparent Memristors

First, PEN substrates were attached to the rigid glass substrates using cool-off-type ad-
hesive to prevent the PEN substrates from shrinking and expanding during the fabrication
process. At the end of the process, the flexible, transparent PEN substrates were separated
from the glass substrates without incurring physical damage. To form the bottom electrode
(BE), a 100 nm thick indium tin oxide (ITO) film was deposited on the PEN substrates using
a radio-frequency (RF) magnetron sputtering system at a working pressure of 3.0 mTorr,
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RF power of 100 W, and an Ar gas flow rate of 20 sccm. Then, Ti and Pt layers (both
10 nm thick) were deposited sequentially using an e-beam evaporator deposition system.
The process of embedding the SWCNT random network in the chitosan layers, which
is crucial for stable RS, was conducted as follows: First, a 20 nm thick SiO2 layer was
deposited by RF magnetron sputtering at a working pressure of 4.0 mTorr, RF power of
200 W, and an Ar/O2 mixed gas flow rate of 30/2 sccm. Next, a poly-L-lysine solution
was drop-cast onto the SiO2 thin film surface at room temperature for 1 h, resulting in
the formation of an amine-termination layer that serves as an effective SWCNT adhesive
layer [27]. Then, the surface of the amine-functionalized SiO2 layer was washed with
DI water to remove any excess poly-L-lysine solution and dried under a flow of N2 gas.
Then, the SWCNT solution was drop-cast onto the amine-functionalized SiO2 layer to
form the SWCNT random network, with the sample maintained at room temperature
for 30 min. Then, any excess SWCNT solution was removed by washing with DI water
and the sample was blow-dried with N2 gas. Next, the chitosan electrolyte solution was
spin-coated onto the SWCNT random network at 6000 rpm for 30 s, dried in ambient air for
24 h, and hot-plate oven-baked at 80 ◦C for 10 min using 2 wt% of chitosan powder. The
thickness of the baked chitosan layer was 80 nm. Finally, a 150 nm thick Ti top electrode
(TE) with a diameter of 200 µm was deposited onto the RS layer using an e-beam evaporator
deposition system and a shadow mask. To determine the effect of the SWCNT random
network, comparative memristors without SWCNT random networks were fabricated.
Figure 1a,b shows a schematic diagram and an atomic force microscopy (AFM) image of
the SWCNT random network (10 µm × 10 µm). It was confirmed that the SWCNT random
network was uniformly formed through the drop-casting method. Figure 1c,d shows a
cross-sectional view of the chitosan–SWCNT memristors and a simplified mechanism of
filament formation and rupture.
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Figure 1. Overview of the developed memristors. (a) Schematic diagram of chitosan–SWCNT
nanocomposite memristors. (b) atomic force microscopy (AFM) image of the single-walled carbon
nanotube (SWCNT) random network (10 µm × 10 µm). (c) Cross-sectional view of the chitosan–
SWCNT nanocomposite memristors. (d) Simplified mechanism of filament formation and rupture.

2.4. Characterization Methods

The fabricated flexible, transparent memristors were placed in a dark box to protect
them from external electrical and light noise. The RS operation and memristive synap-
tic behavior were measured using an Agilent 4156B precision semiconductor parameter
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analyzer (Hewlett-Packard Co., Palo Alto, CA, USA). To measure the synaptic behavior,
electrical pulse stimulation was applied using an Agilent 8110A pulse generator (Hewlett-
Packard Co., USA). Furthermore, the optical transmittance of the chitosan–SWCNT RS layer
was measured from 190 to 1100 nm using an Agilent 8453 UV–visible spectrophotometer
(Hewlett-Packard Co., USA). Optical microscopy images of the prepared flexible memris-
tors were obtained at 150×magnification using a Sometech SV-55 video microscopy system
(Seoul, Korea). Figure 2a shows the optical transmittance spectra of the chitosan nanocom-
posite memristors with and without the SWCNT random network. The inset shows the
expanded view between transmittance values of 88% and 92% for visible wavelengths
(380–800 nm). Figure 2b shows an optical microscope image of the chitosan–SWCNT
nanocomposite memristors.
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3. Results and Discussion

Figure 3a shows the Fourier-transform infrared spectroscopy (FT-IR) spectra of the
chitosan electrolyte with and without baking at 80 ◦C. After baking, the representative
chitosan FT-IR peaks were observed. The O–H and C–H stretching peaks were observed
around 3412 and 2912 cm−1, respectively. In addition, we observed N–H bending of
–NH2 at 1672 cm−1, the C–N (amide) peak at 1398 cm−1, and the C–O peak at 1066 cm−1.
Synaptic transistor experiments with a chitosan electrolyte as the EDL usually report
these bands [28,29]. The inset in Figure 3a shows the molecular structure of the chitosan
electrolyte. Figure 3b shows X-ray photoelectron spectroscopy (XPS) spectra, specifically
the C1s peak, of the SWCNT random network. The spectra were measured after etching the
surfaces of the CNTs with Ar+ ions to a depth of a few nanometers to validate the chemical
composition of the CNTs. According to the chemical bonding state, we deconvoluted the
C1s peak into three peaks. The sp2 peak (284.5 eV) is the primary peak of the graphite
structure, the sp3 peak (285.3 eV) is related to irregular carbon atoms, and the C–OH peak
(286.7 eV) is attributed to contaminants [30,31].

Figure 4a,b shows the endurance characteristics (over 500 DC cycles) of the nanocom-
posite memristors prepared with and without SWCNTs, which were investigated by apply-
ing a DC bias to the TE while the BE was grounded. When a positive voltage is applied to
the TE (as indicated by green arrow 1), the memristor changes to the SET (ON) state, which
corresponds to the resistance state changing from the high-resistance state (HRS) to the
low-resistance state (LRS). Conversely, when a negative voltage is applied to the TE (as
indicated by green arrow 3), the resistance state changes from LRS to HRS, resulting in
a RESET (OFF) state. Consequently, both nanocomposite memristors showed bipolar RS
(BRS) characteristics. Because of the redox reaction of mobile ions in the polymer electrolyte,
the contact between the chitosan electrolyte and the electrode may be exploited for cation-
based electrochemical conversion [11,32]. Electrochemical metallization reactions greatly
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influence the RS operation when an electric field is applied to an electrode of the chitosan
nanocomposite memristors. Mobile cations are provided by chemically reactive metal
electrodes, and their discharge causes the development of highly conductive filaments [33].
Figure 4c,d shows the resistance state extracted at a read voltage (Vread) of 0.2 V for mem-
ristors with and without an SWCNT random network. The average resistances (Ravg) of
the HRS and LRS for memristors with SWCNT random networks were 2.18 × 103 Ω and
96.64 Ω, respectively, with corresponding standard deviations (SDs) of 1.66 × 102 Ω and
3.18 Ω. In contrast, for the HRS and LRS of memristors without SWCNT random networks,
the Ravg values were 1.69 × 103 Ω and 2.25 × 102 Ω, respectively, with corresponding SDs
of 1.08 × 102 Ω and 6.34 Ω. Consequently, the RS memory window, which is defined as the
minimum HRS (HRSmin)/maximum LRS (LRSmax), and the uniform resistance distribution
of the nanocomposite memristors with SWCNT random networks were 2.3 times that of
devices without SWCNTs. This is because the embedded SWCNT random network affects
the interface dynamics of the chitosan thin-film layer via the adsorption of metal ions [34],
which affects its interface dynamics, resulting in a large memory window through stable
multilevel RS operation [35].
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Figure 4. Results of resistive switching endurance tests over 500 DC cycles. BRS I-V curves of
chitosan nanocomposite memristors (a) with and (b) without SWCNT random networks. Resistance
states of the chitosan nanocomposite memristors (c) with and (d) without SWCNT random networks.
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To characterize the RS properties of chitosan nanocomposite memristors, the current
mechanism was analyzed from current–voltage (I–V) curves of the SET operating region.
Figure 5 shows I–V curves on a double-logarithmic scale for the chitosan nanocomposite
memristors in the (a) presence or (b) absence of SWCNTs, showing the relationship of
space-charge-limited conduction (SCLC) mechanisms. In the SET operation region, the
chitosan nanocomposite memristor with an SWCNT random network showed two distinct
sections, while the memristor without SWCNTs showed four sections. In region 1, the
memristors follow the Ohmic law because the electric field applied to the RS layer is low
and the number of thermally generated free charge carriers is greater than the few carriers
injected into the RS layer [12]. As the voltage increases, the current rises nonlinearly and
the slope of the curve changes in three sections as a result: trap filled limited (TFL) in
region 2, a rapid increase in current in region 3, and Child’s law in region 4 [36]. In region
2, the memristor device is converted to TFL operation from the transition voltage (Vtr).
The number of injected carriers is greater than that of the thermally generated carriers in
this situation, resulting in a steeper slope of the curve than that in region 1. The injected
carriers are trapped in the shallow trap of the RS layer, and the mechanism is limited by the
I–V2 relationship. The slope of the current curve steepens when the shallow traps are filled
with carriers, correlating to the TFL voltage (VTFL). In region 4, all trapped carriers behave
similar to space charges, which follow Child’s law, and the slope of the curve follows the
I–V2 relationship [36–38]. The space charges are attributed to electrons injected from the
electrode, dopant ionization at the interfacial depletion region, or the accumulation of
mobile ions at the electrode interface [39–42]. The fitted I–V curves in the high-voltage
section are shown as insets in Figure 5, and they match well the I ∝ V2 relationship. The I–V
characteristics in the 1.5→ 0 V region follow a linear relationship after the SET operation,
suggesting the development of a filament conduction path that is maintained until the
RESET operation. Equations (1–3) were used to express the current density of each region.
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V
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µεθ
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d3 (2)
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Figure 5. SCLC mechanism shown via double-logarithmic I–V curves of the chitosan nanocomposite
memristors (a) with and (b) without SWCNTs. The HRS I–V curves at a high voltage are shown in
the insets, which are well fitted by the SCLC mechanism.

Figure 6a,b shows the analog RESET process for chitosan nanocomposite memristors
with and without SWCNT random networks. The analog RESET characteristics were
measured by consecutively decreasing the maximum negative RESET voltage in steps of
−0.05 V after performing one positive digital SET operation by applying a DC bias loop
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of 0 V → 1.5 V → 0 V. Figure 6c,d shows the change in resistance at Vread = −0.2 V in
Figure 6a,b. The closed symbols show the resistance values when the TE bias decreases
from 0 V to the maximum RESET voltage (Vreset−max) in a RESET cycle, while the open
symbols show the resistance when the TE bias increases from Vreset−max to 0 V. Therefore,
the difference in resistance between the two symbols at the same Vreset−max (∆RIC, i.e., the
in-cycle resistance change) represents the increase in the current according to Vreset−max,
and the change in resistance between the two symbols between Vreset−max values (∆RCTC,
i.e., the cycle-to-cycle resistance change) represents the current retention over time. The
results indicate that a consecutive increase in the resistance, a common analog property,
stems from an increase in the Vreset−max value. The influence of the embedded SWCNT
random network is evident in the ∆RCTC value, which reveals that the resistance is main-
tained until a new stimulus is applied. For the chitosan nanocomposite memristor with an
SWCNT random network, ∆RCTC was constant, whereas it increased in the device without
an SWCNT random network. This confirms that chitosan nanocomposite memristors
with SWCNT random networks have less volatile behavior than those without. Therefore,
the chitosan–SWCNT nanocomposite device is expected to provide reliable memristive
switching.
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Paired-pulse facilitation (PPF) is a neural facilitation phenomenon in which the post-
synaptic potentials stimulated by an impulse are increased when that impulse closely
follows the previous one and is an excitatory response between contiguous synaptic
connections, which is an important property of short-term synaptic plasticity. The mobile
protons transported by the first pre-synaptic spike accumulate between the electrolyte
and the interface. If the interval time (∆t) is short, there is insufficient time for the mobile
protons to return to their original positions, resulting in the continuous accumulation
of mobile protons at the interface [43]. Figure 7a,b shows the excitatory post-synaptic
currents (EPSCs) triggered by paired pre-synaptic spikes (amplitude: 1 V; duration: 50 ms;
∆t = 250 ms) for chitosan nanocomposite memristors with and without SWCNT random
networks. In both memristors, the second EPSC peak is larger than the first (A2 > A1). This
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PPF property is attributed to partially relaxed mobile protons that are driven by paired
pre-synaptic spikes as a function of ∆t. Figure 7c,d shows the PPF index as a function
of ∆t for two consecutive pre-synaptic pulses, which is determined by a combination
of the ratio of the EPSC peak amplitudes (A2/A1) and ∆t. In both devices, when ∆t is
short, the PPF index increases, but when ∆t is long, it decreases, mimicking a biological
synaptic response [44]. The measured PPF index data were fitted with the following double
exponential decay relation [45]:

PPF index = A + C1exp
(
−∆t

τ1

)
+ C2exp

(
−∆t

τ2

)
, (4)

where A is a constant, C1 and C2 are the original facilitation magnitudes, and τ1 and τ2 are
characteristic relaxation times. As indicated by the solid lines, the double exponential decay
relation provides a close approximation of the PPF exponential-decay process. In this neural
synapse model, τ1 is 436 ms and τ2 is 532 ms, which is consistent with the results obtained
in biological synapses [46], indicating that our chitosan nanocomposite memristors can
effectively emulate the PPF process of biological synapses. For the artificial synapse with
an SWCNT random network, τ1 and τ2 were 158.2 and 1586.4 ms, respectively, whereas
in the artificial synapse without an SWCNT random network, τ1 and τ2 were 19.7 and
340 ms, respectively. These fitting results are consistent with typical biological synapses,
indicating that the proposed device can subdivide synaptic timescales into fast and slow
steps lasting tens to hundreds of milliseconds [47].
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Figure 7. Triggered EPSC by PPF (amplitude: 1 V; duration: 50 ms; interval time: 250 ms) of chitosan
memristors (a) with and (b) without SWCNT random networks. PPF indexes for chitosan memristors
(c) with and (d) without SWCNT random networks.

Figure 8 shows the spike-timing-dependent plasticity (STDP) characteristics for the
excitatory response mode. Note that STDP is the ability of natural or artificial synapses
to change their strength depending on the precise timing of individual pre- and/or post-
synaptic spikes (I1 and I2, respectively). The synaptic weight changes as a function of the
relative timing (∆T = tpost − tpre) between the arrival time of the pre-synaptic spike (tpre)
and the post-synaptic spike generation time (tpost). When the pre-synaptic spike appears
before the post-synaptic spike (∆T > 0), the synaptic weight increases, strengthening the
synaptic connection (i.e., potentiation). In addition, the smaller the spike timing difference,
the greater the change in the synaptic weight. Conversely, when the post-spike precedes the
pre-spike (∆T < 0), the synaptic weight decreases, meaning that the synaptic connection is
inhibited (i.e., depression). The change in the synaptic weight decreases as ∆T increases. A
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pair of pulses (+1 V, 10 ms and−1 V, 10 ms) was implemented as the pre- and post-synaptic
spikes to emulate the STDP rule. When the STDP was inverted, the same device was
switched to the inhibitory response mode [43]. The relative synaptic weight change is
defined as ∆W = (I2 − I1), yielding a positive value for ∆T > 0 and a negative value for
∆T < 0. The fitting lines describing the STDP behavior in each response mode are:

∆W =

{
A+exp(−∆T/τ+), ∆T ≥ 0
−A−exp(∆T/τ−), ∆T < 0

. (5)

The range of ∆T is given by τ+ and τ−, which represent the ranges in which the
potentiation and depression of synaptic connections occur, respectively. In addition, A+

and A− determine the maximum amount of synaptic modification that occurs when ∆t is
close to zero [48–50]. As a result, the synaptic weight change (in percent) of memristors
with SWCNT random networks is larger than that of memristors without SWCNT random
networks. The precise pre- and post-spike timing windows that control the sign and
magnitude of synaptic weight modifications are approximately 100 ms for biological
synapses [51,52]. The reinforcement and inhibition of synaptic connections between two
neurons are known as long-term potentiation (LTP) and long-term depression (LTD),
respectively [53]. Because of its simplicity, biological relevance, and computational power,
the STDP is the subject of significant attention in neuroscience.
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Figure 8. The STDP for the excitatory response mode of chitosan nanocomposite memristors with
and without SWCNT random networks. The inset show illustrations of the spike signals.

Figure 9 shows the analog synaptic weight change characteristics in the chitosan
nanocomposite memristors with and without embedded SWCNT random networks, thus
revealing the change in the conductance through repeated reinforcement (weight increase)
and degradation (weight decrease). Figure 9a,c shows the conductance change characteris-
tics in one cycle consisting of 50 potentiation pulses and 50 depression pulses. The pulse
conditions for potentiation and depression were +1.2 V for 20 ms and −1.2 V for 20 ms,
respectively. As shown in Figure 9a, the dynamic range of conductance modulation was
~5.1 mS for the memristor with an SWCNT random network, which decreased to ~2.6 mS
for the memristor without an SWCNT random network (Figure 9c). Figure 9b,d shows
the successive conductance increase and decrease behaviors over 300 synaptic pulses,
which provides insights into the reliability of the weight modulation. The results show
that during cycle repetition, memristors with SWCNT random networks operate stably
with a large dynamic range of conductance, whereas memristors without SWCNT random
networks show small conductance fluctuations. Thus, the embedded SWCNT random
network is effective for improving the uniform weight modulation and memory behavior
of memristors in response to stimulation from potentiation/depression pulses, indicating
its applicability for artificial synaptic devices. In addition, it is expected that the efficiency
of the learning process will be amplified because the chitosan nanocomposite memristors
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with embedded SWCNT random networks have higher conductance than those without
CNTs [54,55].
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Figure 9. Potentiation and depression behavior of chitosan nanocomposite memristors (a) with and
(c) without SWCNT random networks. Cycle testing under stimulation from 300 synaptic pulses for
memristors (b) with and (d) without SWCNT random networks.

4. Conclusions

High-performance two-terminal memristors were fabricated on flexible, transparent
PEN substrates using RS layers of SWCNT random networks embedded in chitosan layers.
The resistive and memristive switching characteristics, STDP, and learning process of the
devices were evaluated. To pinpoint the influence of the SWCNT random network, mem-
ristors were prepared with and without SWCNT random networks using low-temperature
solution processing. Both devices were transparent at visible wavelengths (380–800 nm)
and demonstrated BRS behavior; however, a larger memory window was identified in the
devices with SWCNT random networks, where metal-ion adsorption leads to the formation
of highly conductive filaments at the interface with the chitosan layer. In addition, the
chitosan memristors with SWCNT random networks had improved analog synaptic proper-
ties regarding their memristive switching behavior, which more closely emulated the long-
and short-term plasticity associated with PPF and STDP, respectively, because the synaptic
weight change was larger than for memristors without SWCNTs. As such, the flexible,
transparent chitosan–SWCNT memristor devices proposed here show great promise as
artificial synaptic devices for future applications such as solar cells, supercapacitors, and
EDLCs.

Author Contributions: Conceptualization, J.-G.M. and W.-J.C.; investigation, J.-G.M. and W.-J.C.;
writing—original draft preparation, J.-G.M. and W.-J.C.; writing—review and editing, J.-G.M. and
W.-J.C.; supervision, W.-J.C.; project administration, W.-J.C.; funding acquisition, W.-J.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1A2C1007586).

Acknowledgments: The research was conducted by the Research Grant of Kwangwoon University
in 2021 and by the excellent research support project of Kwangwoon University in 2021.

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



Micromachines 2021, 12, 1259 11 of 12

References
1. Zanotti, T.; Puglisi, F.M.; Pavan, P. Smart logic-in-memory architecture for low-power non-von Neumann computing. IEEE J.

Electron Dev. Soc. 2020, 8, 757–764. [CrossRef]
2. Zhang, Z.; Wang, Z.; Shi, T.; Bi, C.; Rao, F.; Cai, Y.; Zhou, P. Memory materials and devices: From concept to application. InfoMat

2020, 2, 261–290. [CrossRef]
3. Premsankar, G.; Di Francesco, M.; Taleb, T. Edge computing for the Internet of Things: A case study. IEEE Int. Things J. 2018, 5,

1275–1284. [CrossRef]
4. Yanagida, T.; Nagashima, K.; Oka, K.; Kanai, M.; Klamchuen, A.; Park, B.H.; Kawai, T. Scaling effect on unipolar and bipolar

resistive switching of metal oxides. Sci. Rep. 2013, 3, 1–6. [CrossRef]
5. Waser, R.; Aono, M. Nanoscience and Technology: A Collection of Reviews from Nature Journals; World Scientific: Singapore, 2009.
6. Khalid, M. Review on various memristor models, characteristics, potential applications, and future works. Trans. Electr. Electron.

Mater. 2019, 20, 289–298. [CrossRef]
7. Raeis Hosseini, N.; Lee, J.-S. Resistive switching memory using biomaterials. J. Electroceramics 2017, 39, 223–238. [CrossRef]
8. Li, Y.; Qian, Q.; Zhu, X.; Li, Y.; Zhang, M.; Li, J.; Zhang, Q. Recent advances in organic-based materials for resistive memory

applications. InfoMat 2020, 2, 995–1033. [CrossRef]
9. Xia, Y.; He, Y.; Zhang, F.; Liu, Y.; Leng, J. A review of shape memory polymers and composites: Mechanisms, materials, and

applications. Adv. Mater. 2021, 33, 2000713. [CrossRef] [PubMed]
10. Kim, D.H.; Viventi, J.; Amsden, J.J.; Xiao, J.; Vigeland, L.; Kim, Y.S.; Blanco, J.A.; Panilaitis, B.; Frechette, E.S.; Contreras, D.;

et al. Dissolvable films of silk fibroin for ultrathin conformal bio–integrated electronics. Nat. Mater. 2010, 9, 511–517. [CrossRef]
[PubMed]

11. Raeis Hosseini, N.; Lee, J.-S. Resistive switching memory based on bioinspired natural solid polymer electrolytes. ACS Nano 2015,
9, 419–426. [CrossRef]

12. Hosseini, N.R.; Lee, J.-S. Biocompatible and flexible chitosan-based resistive switching memory with magnesium electrodes. Adv.
Funct. Mater. 2015, 25, 5586–5592. [CrossRef]

13. Jiang, J.; Kuroda, M.A.; Ahyi, A.C.; Isaacs-Smith, T.; Mirkhani, V.; Park, M.; Dhar, S. Chitosan solid electrolyte as electric double
layer in multilayer MoS2 transistor for low-voltage operation. Phys. Status Solidi A 2015, 212, 2219–2225. [CrossRef]

14. Liu, Y.H.; Zhu, L.Q.; Feng, P.; Shi, Y.; Wan, Q. Freestanding artificial synapses based on laterally proton-coupled transistors on
chitosan membranes. Adv. Mater. 2015, 27, 5599–5604. [CrossRef] [PubMed]

15. Ihara, K.; Numata, H.; Nihey, F.; Yuge, R.; Endoh, H. High purity semiconducting single-walled carbon nanotubes for printed
electronics. ACS Appl. Nano Mater. 2019, 2, 4286–4292. [CrossRef]

16. Hirotani, J.; Kishimoto, S.; Ohno, Y. Origins of the variability of the electrical characteristics of solution-processed carbon nanotube
thin-film transistors and integrated circuits. Nanosc. Adv. 2019, 1, 636–642. [CrossRef]

17. Kim, H.; Seo, J.; Seong, N.; Kim, T.; Lee, S.; Hong, Y. P-29: Solution-processed single-walled carbon nanotube thin film transistors
in-situ patterned by inkjet-printing of surface treatment material. SID Symp. Dig. Tech. Papers 2019, 50, 1321–1324. [CrossRef]

18. Sun, Y.; Miao, F.; Li, R. Bistable electrical switching and nonvolatile memory effect based on the thin films of polyurethane-carbon
nanotubes blends. Sens. Actuator A Phys. 2015, 234, 282–289. [CrossRef]

19. Bose, S.; Khare, R.A.; Moldenaers, P. Assessing the strengths and weaknesses of various types of pre-treatments of carbon
nanotubes on the properties of polymer/carbon nanotubes composites: A critical review. Polymer 2010, 51, 975–993. [CrossRef]

20. Chaudhary, D.; Vankar, V.D.; Khare, N. Noble metal-free g-C3N4/TiO2/CNT ternary nanocomposite with enhanced photocatalytic
performance under visible-light irradiation via multi-step charge transfer process. Sol. Energy 2017, 158, 132–139. [CrossRef]

21. Shoukat, R.; Khan, M.I. Carbon nanotubes: A review on properties, synthesis methods and applications in micro and nanotech-
nology. Microsys. Tech. 2021, 1–10. [CrossRef]

22. Janani, M.; Srikrishnarka, P.; Nair, S.V.; Nair, A.S. An in-depth review on the role of carbon nanostructures in dye-sensitized solar
cells. J. Mater. Chem. A 2015, 3, 17914–17938. [CrossRef]

23. Han, Z.; Fina, A. Thermal conductivity of carbon nanotubes and their polymer nanocomposites: A review. Prog. Polymer Sci.
2011, 36, 914–944. [CrossRef]

24. Berber, S.; Kwon, Y.K.; Tománek, D. Unusually high thermal conductivity of carbon nanotubes. Phys. Rev. Lett. 2000, 84,
4613–4616. [CrossRef]

25. Strozzi, M.; Pellicano, F. Nonlinear resonance interaction between conjugate circumferential flexural modes in single-walled
carbon nanotubes. Shock Vibr. 2019, 2019. [CrossRef]

26. Strozzi, M.; Smirnov, V.V.; Manevitch, L.I.; Pellicano, F. Nonlinear normal modes, resonances and energy exchange in single-walled
carbon nanotubes. Int. J. Non-Linear Mech. 2020, 120, 103398. [CrossRef]

27. Wang, C.; Takei, K.; Takahashi, T.; Javey, A. Carbon nanotube electronics—Moving forward. Chem. Soc. Rev. 2013, 42, 2592–2609.
[CrossRef]

28. Jiang, S.; He, Y.; Liu, R.; Zhang, C.; Shi, Y.; Wan, Q. Synaptic metaplasticity emulation in a freestanding oxide-based neuromorphic
transistor with dual in-plane gates. J. Phys. D 2021, 54, 185106. [CrossRef]

29. Woranuch, S.; Yoksan, R. Preparation, characterization and antioxidant property of water-soluble ferulic acid grafted chitosan.
Carbohydrate Polym. 2013, 96, 495–502. [CrossRef] [PubMed]

http://doi.org/10.1109/JEDS.2020.2987402
http://doi.org/10.1002/inf2.12077
http://doi.org/10.1109/JIOT.2018.2805263
http://doi.org/10.1038/srep01657
http://doi.org/10.1007/s42341-019-00116-8
http://doi.org/10.1007/s10832-017-0104-z
http://doi.org/10.1002/inf2.12120
http://doi.org/10.1002/adma.202000713
http://www.ncbi.nlm.nih.gov/pubmed/32969090
http://doi.org/10.1038/nmat2745
http://www.ncbi.nlm.nih.gov/pubmed/20400953
http://doi.org/10.1021/nn5055909
http://doi.org/10.1002/adfm.201502592
http://doi.org/10.1002/pssa.201532284
http://doi.org/10.1002/adma.201502719
http://www.ncbi.nlm.nih.gov/pubmed/26426725
http://doi.org/10.1021/acsanm.9b00746
http://doi.org/10.1039/C8NA00184G
http://doi.org/10.1002/sdtp.13178
http://doi.org/10.1016/j.sna.2015.09.016
http://doi.org/10.1016/j.polymer.2010.01.044
http://doi.org/10.1016/j.solener.2017.09.012
http://doi.org/10.1007/s00542-021-05211-6
http://doi.org/10.1039/C5TA03644E
http://doi.org/10.1016/j.progpolymsci.2010.11.004
http://doi.org/10.1103/PhysRevLett.84.4613
http://doi.org/10.1155/2019/3241698
http://doi.org/10.1016/j.ijnonlinmec.2019.103398
http://doi.org/10.1039/C2CS35325C
http://doi.org/10.1088/1361-6463/abdc92
http://doi.org/10.1016/j.carbpol.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23768592


Micromachines 2021, 12, 1259 12 of 12

30. Estrade-Szwarckopf, H. XPS photoemission in carbonaceous materials: A “defect” peak beside the graphitic asymmetric peak.
Carbon 2004, 42, 1713–1721. [CrossRef]

31. Yu, J. Carbon sp2-on-sp3 Technology: Graphene-on-Diamond Devices and Interconnects. Doctoral Dissertation, UC Riverside,
Riverside, CA, USA, 2012.

32. Wu, S.; Tsuruoka, T.; Terabe, K.; Hasegawa, T.; Hill, J.P.; Ariga, K.; Aono, M. A polymer-electrolyte-based atomic switch. Adv.
Funct. Mater. 2011, 21, 93–99. [CrossRef]

33. Waser, R.; Dittmann, R.; Staikov, G.; Szot, K. Redox-based resistive switching memories–nanoionic mechanisms, prospects, and
challenges. Adv. Mater. 2009, 21, 2632–2663. [CrossRef]

34. Belloni, F.; Kütahyali, C.; Rondinella, V.V.; Carbol, P.; Wiss, T.; Mangione, A. Can carbon nanotubes play a role in the field of
nuclear waste management? Environ. Sci. Technol. 2009, 43, 1250–1255. [CrossRef]

35. Min, S.Y.; Cho, W.J. Resistive switching characteristic improvement in a single-walled carbon nanotube random network
embedded hydrogen silsesquioxane thin films for flexible memristors. Int. J. Mol. Sci. 2021, 22, 3390. [CrossRef]

36. Chiu, F.C.; Pan, T.M.; Kundu, T.K.; Shih, C.H. Thin film applications in advanced electron devices. Adv. Mater. Sci. Eng. 2014,
2014. [CrossRef]

37. Kim, T.W.; Baek, I.J.; Cho, W.J. Resistive switching characteristics of solution-processed Al–Zn–Sn–O films annealed by microwave
irradiation. Solid State Electron. 2018, 140, 122–128. [CrossRef]

38. Kim, K.M.; Choi, B.J.; Shin, Y.C.; Choi, S.; Hwang, C.S. Anode-interface localized filamentary mechanism in resistive switching of
TiO2 thin films. Appl. Phys. Lett. 2007, 91, 012907. [CrossRef]

39. Tran, K.M.; Do, D.P.; Thi, K.H.T.; Pham, N.K. Influence of top electrode on resistive switching effect of chitosan thin films. J. Mater.
Res. 2019, 34, 3899–3906. [CrossRef]

40. Lin, W.P.; Liu, S.J.; Gong, T.; Zhao, Q.; Huang, W. Polymer-based resistive memory materials and devices. Adv. Mater. 2014, 26,
570–606. [CrossRef]

41. Mondal, S.; Her, J.L.; Chen, F.H.; Shih, S.J.; Pan, T.M. Improved resistance switching characteristics in Ti–doped Yb2O3 for
resistive nonvolatile memory devices. IEEE Electron Dev. Lett. 2012, 33, 1069–1071. [CrossRef]

42. Feng, P.; Chen, C.; Wang, Z.S.; Yang, Y.C.; Yang, J.; Zeng, F. Nonvolatile resistive switching memories–characteristics, mechanisms
and challenges. Prog. Nat. Sci. Mater. Int. 2010, 20, 1–15.

43. Yu, F.; Zhu, L.Q.; Xiao, H.; Gao, W.T.; Guo, Y.B. Restickable oxide neuromorphic transistors with spike-timing-dependent plasticity
and Pavlovian associative learning activities. Adv. Funct. Mater. 2018, 28, 1804025. [CrossRef]

44. Majumdar, S.; Tan, H.; Qin, Q.H.; van Dijken, S. Energy-efficient organic ferroelectric tunnel junction memristors for neuromorphic
computing. Adv. Electron. Mater. 2019, 5, 1800795. [CrossRef]

45. Zhao, S.; Ni, Z.; Tan, H.; Wang, Y.; Jin, H.; Nie, T.; Yang, D. Electroluminescent synaptic devices with logic functions. Nano Energy
2018, 54, 383–389. [CrossRef]

46. Sjostrom, P.J.; Rancz, E.A.; Roth, A.; Hausser, M. Dendritic excitability and synaptic plasticity. Physiol. Rev. 2008, 88, 769–840.
[CrossRef] [PubMed]

47. Zucker, R.S.; Regehr, W.G. Short-term synaptic plasticity. Ann. Rev. Physiol. 2002, 64, 355–405. [CrossRef]
48. Bi, G.; 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]
49. Song, S.; Miller, K.D.; Abbott, L.F. Competitive Hebbian learning through spike-timing-dependent synaptic plasticity. Nat.

Neurosci. 2000, 3, 919–926. [CrossRef]
50. Kim, S.; Du, C.; Sheridan, P.; Ma, W.; Choi, S.; Lu, W.D. Experimental demonstration of a second-order memristor and its ability

to biorealistically implement synaptic plasticity. Nano Lett. 2015, 15, 2203–2211. [CrossRef]
51. Zhang, L.I.; Tao, H.W.; Holt, C.E.; Harris, W.A.; Poo, M. A critical window for cooperation and competition among developing

retinotectal synapses. Nature 1998, 395, 37–44. [CrossRef]
52. Markram, H.; Lübke, J.; Frotscher, M.; Sakmann, B. Regulation of synaptic efficacy by coincidence of postsynaptic APs and EPSPs.

Science 1997, 275, 213–215. [CrossRef]
53. Zhang, X.; Liu, S.; Zhao, X.; Wu, F.; Wu, Q.; Wang, W.; Cao, R.; Fang, Y.; Lv, H.; Long, S.; et al. Emulating short-term and long-term

plasticity of bio-synapse based on Cu/a-Si/Pt memristor. IEEE Electron Dev. Lett. 2017, 38, 1208–1211. [CrossRef]
54. 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]
55. Wu, X.; Saxena, V.; Zhu, K. Homogeneous spiking neuromorphic system for real-world pattern recognition. IEEE J. Emerg. Sel.

Top. Circuits Syst. 2015, 5, 254–266. [CrossRef]

http://doi.org/10.1016/j.carbon.2004.03.005
http://doi.org/10.1002/adfm.201001520
http://doi.org/10.1002/adma.200900375
http://doi.org/10.1021/es802764g
http://doi.org/10.3390/ijms22073390
http://doi.org/10.1155/2014/927358
http://doi.org/10.1016/j.sse.2017.10.029
http://doi.org/10.1063/1.2749846
http://doi.org/10.1557/jmr.2019.353
http://doi.org/10.1002/adma.201302637
http://doi.org/10.1109/LED.2012.2196672
http://doi.org/10.1002/adfm.201804025
http://doi.org/10.1002/aelm.201800795
http://doi.org/10.1016/j.nanoen.2018.10.018
http://doi.org/10.1152/physrev.00016.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391179
http://doi.org/10.1146/annurev.physiol.64.092501.114547
http://doi.org/10.1523/JNEUROSCI.18-24-10464.1998
http://doi.org/10.1038/78829
http://doi.org/10.1021/acs.nanolett.5b00697
http://doi.org/10.1038/25665
http://doi.org/10.1126/science.275.5297.213
http://doi.org/10.1109/LED.2017.2722463
http://doi.org/10.1109/JPROC.2015.2437616
http://doi.org/10.1109/JETCAS.2015.2433552

	Introduction 
	Experimental 
	Materials 
	Chitosan Solution Manufacturing Process 
	Fabrication of Flexible Transparent Memristors 
	Characterization Methods 

	Results and Discussion 
	Conclusions 
	References

