a polymers @3

Article

Resistive Memory-Switching Behavior in Solution-Processed
Trans, trans-1,4-bis-(2-(2-naphthyl)-2-(butoxycarbonyl)-vinyl)
Benzene-PVA-Composite-Based Aryl Acrylate on
ITO-Coated PET

Rachana Kamath !, Parantap Sarkar 2, Sindhoora Kaniyala Melanthota 3, Rajib Biswas
and Shounak De 1*

40, Nirmal Mazumder 3

Department of Electronics and Communication Engineering, Manipal Institute of Technology,

Manipal Academy of Higher Education, Manipal 576104, Karnataka, India; kamathrach@gmail.com
Manipal Centre for Natural Sciences, Manipal Academy of Higher Education, Dr. T. M. A. Pai Planetarium
Building, Madhav Nagar, Manipal 576104, Karnataka, India; parantaporgchem@gmail.com

Department of Biophysics, Manipal School of Life Sciences, Manipal Academy of Higher Education,
Manipal 576104, Karnataka, India; sindhoora. km@learner.manipal.edu (5.K.M.);

nirmal. mazumder@manipal.edu (N.M.)

Department of Physics, Tezpur University, Tezpur 784028, Assam, India; rajib@tezu.ernet.in

*  Correspondence: shounak.de@manipal.edu

Abstract: Resistive switching memories are among the emerging next-generation technologies that are
possible candidates for in-memory and neuromorphic computing. In this report, resistive memory-
switching behavior in solution-processed trans, trans-1,4-bis-(2-(2-naphthyl)-2-(butoxycarbonyl)-
vinyl) benzene-PVA-composite-based aryl acrylate on an ITO-coated PET device was studied. A
sandwich configuration was selected, with silver (Ag) serving as a top contact and trans, trans-

ﬁr;;eé::tfg; 1,4-bis-(2-(2-naphthyl)-2-(butoxycarbonyl)-vinyl) benzene-PVA-composite-based aryl acrylate and
Citation: Kamath, R.; Sarkar, P; ITO-PET serving as a bottom contact. The current—voltage (I-V) characteristics showed hysteresis
Melanthota, S.K.; Biswas, R.; behavior and non-zero crossing owing to voltages sweeping from positive to negative and vice versa.
Mazumder, N.; De, S. Resistive The results showed non-zero crossing in the devices’ current-voltage (I-V) characteristics due to
Memory-Switching Behavior in the nanobattery effect or resistance, capacitive, and inductive effects. The device also displayed
Solution-Processed Trans, a negative differential resistance (NDR) effect. Non-volatile storage was feasible with non-zero
trans-1,4-bis-(2-(2-naphthy)-2- crossing due to the exhibition of resistive switching behavior. The sweeping range was —10 V to
(butoxycarbonyl)-vinyl) +10 V. These devices had two distinct states: ‘ON’ and ‘OFF’. The ON/OFF ratios of the devices
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were 14 and 100 under stable operating conditions. The open-circuit voltages (Voc) and short-circuit
currents (Isc) corresponding to memristor operation were explained. The DC endurance was stable.
Ohmic conduction and direct tunneling mechanisms with traps explained the charge transport model
governing the resistive switching behavior. This work gives insight into data storage in terms of a new
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things to realize about IoT gadgets is that they store information in non-volatile memory.
Resistive memory devices [7] have become immensely popular among other emerging
non-volatile-memory-like spin-transfer torque magneto-resistive (STT-MRAM) [8] and
phase-change RAM (PCRAM) devices [9] over the past few decades. These devices have
the advantages of being non-volatile, having fast access times, and having low power
consumption [10,11]. Initially, resistive devices used chalcogenides and oxides [12]. With
the saturation of the Moore model, there is now demand for new materials. A comparison
of various emerging non-volatile memories is provided in Table 1.

Table 1. Comparative analysis of various emerging non-volatile memories.

Type Advantages Disadvantages

- Simple architecture

- High device density

- Composed of simple and
versatile materials

- Forming voltage
- High write latency, sneak path
- Non-uniformity

ReRAM

- Well established - Noise and reliability issues

PCM - Stable performance ) La.rge power requirement
while switching

- Good performance
STTRAM - Novel mechanisms
- Well-established phenomenon

- Power stability issues
- Write failure and read disturb

- Simple one-transistor structure - Short memory retention
FeFET - Good endurance and scalability - Suffers from charge trapping
- Low field requirements - Depolarization field

Organic materials have provided another alternative for resistive switching memo-
ries. They are usually lightweight and flexible and have high data storage capacities and
well-defined, simple layered structures making them suitable for resistive memory devices.
Organic materials containing conjugated molecules and polymers have been researched
for resistive switching memory applications. Small-component organic molecules like
boron-based molecules (BF2BTDT) [13], pyrene-fused large N-heterocene (PyTTQ) [14],
and benzothiadiazole-based molecules (NONIBTDT) [15] with structural tunability have
shown resistive switching properties. In addition to single molecules, mixtures of organic
molecules with two or three components have resulted in resistive switching behavior in
MIM-type ITO/TCz:PDI/ Al devices with tunable properties [16], and mixing a donor of
indolo [3,2-b] carbazole (ICz) with a PDI acceptor (ICz:PDI = 2:1, 1:1, and 1:2) has resulted
in binary to ternary properties [17]. Bozano and Yang et al. [18,19] have conducted a
lot of work on incorporating metallic NPs into organic molecules to achieve the tunable
characteristics of bistable memory. Potentially applicable metals are Al, Ag, Mg, Cr, and
Ni [18]. They have shown an ON/OFF ratio of >10%, a high switching speed of <10 ns
(delay), a switching endurance of >10° cycles, and data retention >10° s in multilevel
switching devices. Single-component and multiple-layer polymers have optimized the
macromolecule structure for bistable and multilevel resistive switching (RS). Some of the
single-component materials include PVA composite [20], P55 [21], PMIDO3-based memory
devices [22], and PFTPA-Fc [23]. They exhibit RS mechanisms via donor-acceptor (DA)
charge transfer and conformational change mechanisms. Polymer blends of poly(methyl
methacrylate) (PMMA) and poly(3-butylthiophene) (P3BT), serving as the active compo-
nent [24], have been used. A Metal-Insulator-Metal (MIM)-type memory structure based
on the st-PMMA /C60 complex has shown WORM-type switching characteristics [25].

Here, we are reporting the synthesis of trans, trans-1,4-bis-(2-(2-naphthyl)-2-(butoxycar
bonyl)-vinyl) benzene (in short, 2-NVB) [26] and PVA composite as an active material for the
resistive switching device. The I-V characteristics exhibited non-zero-crossing, nanobattery,
capacitive, resistive, and inductive effects. The charge transport mechanisms and the
process of the transfer of carriers between the interface and Ag ions were explored. A
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sandwich configuration of the M-I-M (Metal-Insulator-Metal) structure was considered.
We were looking for an organic material for use as a dielectric for resistive memory devices.
An analysis of the behavior was conducted for various transport models.

2. Materials and Methods
2.1. Materials

In the synthesis process, chemicals like acetone, ethanol, Polyvinyl Alcohol (PVA,
India), and hydrochloric acid (HCL, 36.5%, India) were procured from Sigma Aldrich and
Merck (India). De-ionized water (resistivity: 18.2 M(Q2) was obtained from a Millipore
system (India).

2.2. Synthesis of PVA Solutions and PVA-2-NV B Composites

A PVA dielectric layer was synthesized by dissolving 0.4 g of PVA powder in 6 mL of
absolute ethanol and 4 mL of de-ionized water in a beaker. The beaker with the solution
was then stirred on a magnetic stirrer at 120 °C for approximately 3 h until a uniform
solution was obtained.

The organic compound used in this work was trans, trans-1,4-bis-(2-(2-naphthyl)-2-
(butoxycarbonyl)-vinyl) benzene (2-NVB), which was mentioned in Reference [26]. The
molecule had two naphthalene units connected with a central benzene via an ethylene
bridge and was thus fully conjugated. Two butyl ester groups were also attached to
the molecule for solution processing to change/manipulate the electronic nature of the
compound. The compound was a white powder that formed a colorless solvent solution.
The chemical structure is shown in Figure 1.

CO,Bu

C40H3804
2.NVB  CO,Bu

Figure 1. Chemical structure of trans, trans-1,4-bis-(2-(2-naphthyl)-2-(butoxycarbonyl)-

vinyl) benzene.

Two samples were prepared for material characterizations: PVA and 1:4:2-NVB: PVA.
The synthesis of composite solutions (2-NVB:PVA) is discussed here. The sample was
prepared by taking 25% of the compound. A ratio of 0.1 g/0.4 g (2-NVB/PVA) was added
to the above solution. It was stirred on a magnetic stirrer until it became homogeneous.
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2.3. Device Fabrication
Sandwich device structures of Metal /1:4::2-NVB-PVA-/ITO-PET (Metal-Insulator—
Metal) and Metal /PVA-/ITO-PET were fabricated to realize the resistive switching phe-

nomenon. The ITO-PET substrate was flexible. A schematic of the fabrication of the MIM
structure is shown in Figure 2.

Composite film: PVA + 2-NVB

it Metal contact: Silver based

Device structure

Figure 2. Schematic of M-I-M structure used for this study. The top contact is silver, and the bottom
is ITO-coated PET.

2.4. Electrical and Physical Measurements

Electrical characterization was carried out on the M-I-M structure. An M-I-M structure
with ITO-coated PET as the bottom contact and a silver material as the top contact was
used. The current-voltage (I-V) measurements were carried out using a Keithley 2636 B
source meter (Tektronix, Beaverton, OR, USA) in a dark environment at room temperature.
A contact area of 0.5 mm x 0.5 mm was used for measuring the resistive switching char-
acteristics. The compliance limit was set to 1 mA to prevent overshooting of the current.
The voltages were swept between —10 V and 10 V and vice versa with a voltage step size
of 0.1 V. For each swept value of the voltages, currents were measured using the Keithley
source meter. The recorded current values were analyzed to establish the various transport
models described in the succeeding sections.

The following procedure was used for measurement:

1. The voltages were swept from 0 V toward 10 V, and currents were measured.

Initially, the current was very small (high resistance), and it increased toward 10 V.

3. At +10YV, the device switched to the low-resistance state (LRS). After that, voltages
were swept from 10 V to —10 V, and the output current decreased and then increased
toward —10 V.

4. Afterwards, voltages were swept from —10 V toward 0 V. At —10V, the current started
decreasing toward 0 V. It was at the minimum value (high-resistance state).

N

The X-ray diffraction (XRD) spectra of the films were measured using a Miniflex
600 version Rigaku diffractometer (Rigaku, Tokyo, Japan) with Cu K« radiation with
A =1.54 A. Thermal studies of the electrolyte were conducted using a differential scanning
calorimeter (DSC-60Plus, SHIMADZU, Kyoto, Japan) equipped with a thermal analysis
data station.

3. Results
3.1. Structural and Thermogravimetric Analysis

Figure 3 shows the X-ray diffraction patterns of pure PVA and pure 2-NVB. It can
be observed from Figure 3 that PVA film exhibits semi-crystallinity [27,28], showing a
relatively sharp peak at 19.49° with a shoulder and low-intensity broadening at 38.6°. This
indicates that the peak corresponds to an orthorhombic lattice, indicating a semi-crystalline
nature. The internal structure consists of both intramolecular and intermolecular hydrogen
bonds. Molecules in an individual monomer unit or even in different monomer units have
these types of bonds [29]. Figure 3 also shows the spectrum of 2-NVB. It shows a broad
peak at 24.8°, indicating it is not crystalline.
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Figure 3. XRD spectra of PVA and 2-NVB. PVA film shows a peak at 19.49° with a sharp shoulder
and a low broad peak at 38.6°.

The crystallite size can be calculated using the Scherrer formula given by

0.91
D = 1
( Bcos 6 ) @
where A is X-ray wavelength (1.54 A), B is the full width at half the maximum of the
diffraction peak, and 0 is the diffraction angle [30]. The effect of increasing the concentration
of 2-NVB in PVA on the thermal properties of the composite layer was studied using
Differential Scanning Calorimetry (DSC), as shown in Figure 4. This provided a better

understanding of the intermolecular interactions between 2-NVB and PVA. The DSC graphs
for pure PVA and 1:4::2-NVB:PVA are shown in Figure 4, and the data are enumerated in

Table 2.
1 < PVA 1
o] . 1:42-NVB:PVA 1
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Figure 4. DSC thermographs of PVA and 1:4 2-NVB:PVA. Differential scanning calorimetry exhibits

the materials’ phase transition temperatures. The PVA’s glass transition temperature is 90.41 °C, and
for 2-NVA this value is 105.44 °C.

Table 2. DSC temperature data of PVA and 2-NVB:PVA.

Glass Transition Onset Endset
Compound Temperature Temperature (To) Temperature (Te)  Melting Point (°C) Enthalpy (J/g)
(Tg) O O (@)
PVA 90.41 213.19 227.11 222.23 —47.24
1:4::2-NVB:PVA 105.44 209.22 223.57 218.77 —35.75

The PVA film’s glass transition temperature (Tg) was 90.41 °C, whereas, for 1:4::2-NVB:
PVA, this value was 105.44 °C. Hence, we can note that increasing the concentration of 2-
NVB in PVA caused an increase in the glass transition temperature for the 1:4:2-NVB: PVA
sample. The increase in the first case could be due to the formation of H/OH bonds between
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2-NVB and PVA molecules in the matrix. A similar study carried out by Shokralla et al. [31]
on the thermal properties of an epoxy/phenolic resin (NOVOLAC) composite demon-
strated that H bonding is the main factor for the increase in the glass transition temperature
of the composite. This proves that increasing the concentration of 2-NVB in PVA improves
thermal rigidity. An endothermic process occurs at 213.19 °C with a melting point of
222.23 °C. The slight reduction in temperatures for the endothermic processes and melting
points indicates increased crystallinity of the polymer matrix.

3.2. Electrical Characterization: Basic Analysis of I-V Characteristic

Insight into current-voltage (I-V) characteristics will highlight device switching be-
havior. Figure 5a shows the current-voltage (I-V) characteristic curves of the simple
PVA resistive switching memory devices, and their multi-run characteristic is shown in
Figure 5b. First, voltage scans with different voltage ranges were analyzed. Four cases
were considered. The DC voltage was swept from 0 V to 10 V, from 10 V to —10 V, and
from —10 V to 0 V. In other words, each sweep was carried out as follows: 0 V—10 V—
0 V—=—10 V=0 V. The voltage sweep rate was 500 mV /s, and a current compliance of
0.01 mA was applied. The bottom contact was the ITO-PET sheet, and the top contacts were
made out of a silver contact with a positive bias. The I-V curve showed bipolar switching
characteristics. The same procedure was repeated for all samples (Figure 5a—c). Figure 5c
shows the current-voltage (I-V) characteristic curves of 1:4::2-NVB: PVA-based composite
films, which also show the switching characteristic. The sample (PVA) was initially in a
high-resistance state (HRS) while sweeping the voltage from 0 V to +10 V. It was observed
that it changed its value from ~10~7 to ~10~> A. This was a switching operation of the
device, with the state changing from a high-resistance state (OFF) to a low-resistance (ON)
state. The transition from the OFF state to the ON state was like a “writing” process in
a memory device. Upon reverse sweeping, the ON state was reverted to the initial OFF
state. This was like an “erasing” process. It was the OFF state of the device. In this way, the
cycle of “write-read-erase-read” (WRER) could be achieved for a non-volatile rewritable
memory device. This was a repeatable process. After that, it changed to a low-resistance
state (LRS). It was kept for some time and again changed to a high-resistance state (HRS).
The current decreased by nearly two orders while sweeping in the reverse direction from
+10 V to 0 V. Then, during negative biasing from 0 V to —10 V, the current increased nearly
two-fold, and the cycle repeated. This was also true for 1:4::2-NVB: PVA-based composite
films (Figure 5¢). The composite materials’ properties were stable and steady. The ON/OFF
ratios of the devices were 14 and 100, and stable operation was found. The DC endurance
ratio showed promising results.

3.3. Analysis of Hysteresis in the I-V Characteristic

On further analysis of the I-V characteristics, it was observed that the I-V curves
show some butterfly shapes and non-zero current minima (the minimum current is not
at 0 V). Typically, this is an indicator of charge trapping/de-trapping phenomena and
the generation of an internal field due to carriers. It is also observed in Figure 5 that the
minimum value of current does not appear at zero V as in other memory devices with zero-
crossing hysteretic curves. The current values (minimum values) differ, indicating that the
sample’s resistivity varies. That means that at zero V, the device retains some charges. This
could be due to either the nanobattery effect [32] or the co-existence of capacitive, resistance,
and inductive effects [33]. This could be due to structural rearrangement during this type
of applied voltage and the orientation of charge carriers [33-35]. Majumdar et al. [36]
suggested that a charge stored in the conjugated polymer near the electrode/polymer
interface is the main contributor to charge injection and, hence, the non-zero minima in
the I-V characteristic [36]. Terms like Voc (open-circuit voltage, a non-zero voltage at zero
current) [36] and Isc (short-circuit current, a non-zero current at zero voltage) [36] were
defined to quantify the parameters to explain the origin of this characteristic. Figure 6a,b
show the hysteresis curves in our samples. As explained by [37], the origin of the hysteresis
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characteristic is due to the presence of a displacement current (I;) adding to the conductive
part (I;). I is given by

A(CV) _ o V), d©)

lo=—4 dt dt )
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Figure 5. I-V Characteristics of the PVA sample for (a) a single run, (b) multiple runs under normal
conditions, and (c) 1:4:2-NVB:PVA. I-V curves exhibit the switching characteristic in PVA and
PVA:NVB composite films. Multiple runs demonstrate the repeatability and stability of the films.

The contribution of I; is due to voltage variation (first term) and capacitance variation
(second term). The total current (I) is given by

I'=1Iz+1Ir ®)
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Figure 6. Hysteresis loop in the I-V characteristic of (a) PVA sample and (b) 1:4::22-NVB:PVA. It shows
the devices may belong to the memristor class.

In the case of our samples, mechanisms proposed by Majumdar et al. [36] were
considered. Initially, a voltage sweep was performed from 0 V to a positive voltage (small
to mid-level). At this time, space charge carriers accumulated in the films (PVA or 1:4::2-
NVB:PVA) near the ITO electrodes, and opposite carriers collected near the Ag electrodes.
With a further increase in the voltage sweep, space charge distribution occurred along
the complete lengths of the films. Then, while traversing from a positive voltage to 0 V,
this distribution of charge carriers remained, creating a potential barrier. A small positive
voltage called an open-circuit voltage (+Voc) was required to offset this potential and
maintain the current at zero. At zero voltage, current flowed due to charge carriers in the
external circuit, leading to a negative short-circuit current (—Isc). Typical values of +Voc and
—Isc for our samples are enumerated in Table 3. In the next cycle, charge storage happened
while traversing from 0 V to a negative voltage. In subsequent sweeping from a negative
voltage to 0 V, negative (—Voc) and positive (Isc) currents were obtained. The significant
negative voltage was due to the long discharge time, and this has been observed in bio-
memristors [37,38]. This negative cycle was the same as the positive cycle discussed above.
Typical values of —Voc and +Isc for our samples are enumerated in Table 3. Different values
could be due to the work function difference of Ag and ITO. Similar non-zero hysteresis
behaviors have been elucidated for several conjugated polymers [36], biomaterials [39],
and multiferroic BiFeO3 nanoribbons [40] in non-zero-crossing-based memristive systems
and the references in [38].
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Table 3. Enumerated values of open-circuit voltages (Voc) and short-circuit currents (Isc) in the case
of PVA and 2-NVB-PVA composite.

Sample Name Type of Applied Voltage Voc (V) Isc

PVA Positive biasing +1 —1.3 pA
Negative biasing —1.06 0.33 LA

1:4:: 2-NVB:PVA Positive biasing 1.5 —52.5pA
Negative biasing —34 23.67 pA

3.4. Analysis of Capacitive Effect and Negative Differential Resistance (NDR)

The I-V characteristic also shows a resistance-capacitive effect in memory devices [38].
This capacitive effect is due to the aggregation of carriers at the interface between an
electrode and a composite material. Upon applying the applied bias, carriers (+v and —-ve)
will move in the opposite direction and form a conductive electrode by shorting the top and
bottom parts. Also, a non-linear phenomenon of negative differential resistance (NDR) [41]
was observed in the pure PVA devices and other samples (in a limited voltage range),
as shown in Figures 7 and 8, along with the resistive switching phenomenon. In normal
conditions of NDR, electron density increases with electric fields. But in some devices,
an abrupt scenario of a decreasing current with an increasing field can happen, which is
NDR. This is also exhibited by graphene nanoribbon (GNR) junctions after a tunnel gap
is introduced [41], Pt/CeO2-x/Pt resistive memory devices [42], Cysteine-Functionalized
WS2 Quantum Dots [43], Continuous Film Based on Zeolitic Imidazole Framework-8 [44],
and organic poly (3, 4-ethylenedioxythio phene): Poly (styrenesulfonate) film [45].

3.5. Possible Charge Transport Mechanisms in the Resistive Device

As discussed earlier, the conduction mechanisms responsible for switching behavior
were investigated by analyzing the I-V characteristic in the full DC range. The analy-
sis of the charge transport mechanisms enabled a better understanding of the switching
window of the memory device. In the MIM structure, two types of conduction mecha-
nisms have been studied: (i) metal-interface-based Fowler-Nordheim (F-N) tunneling and
thermionic field emission; (ii) bulk-limit-based Schottky emission, hopping conduction,
direct tunneling, and Ohmic conduction [46,47].

The Schottky emission model is governed by

* 2 _ _
[— 47rqn;3(kT) exp[ q(¢ k\T/qV/47ts] @

where g is the electron charge, m* is the electron effective mass, k is Boltzmann’s constant,
T is the absolute temperature, 1 is Planck’s constant, ¢ is the junction barrier height, V is
the electric field, and ¢ is the permittivity. When the temperature is constant, the Schottky
emission model is approximated by

T exp [% \/V — %}
B =+/q°/4mne
where f is constant and the fitted relationship of In(I) « can determine the Schottky emission

model dominated by injections of charge carriers. In addition, hopping conduction (simple
model) is likely to be represented by

©)

I=Vexp {kETa] (6)
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where E, is the activation energy, k is Boltzmann’s constant, and T is the temperature in
Kelvin. Direct tunneling is modeled by

I=Vexp o

—2d, /2m<])] -

where & is the Planck constant and d is the thickness of a film. A logarithmic scale is used
for fitting purposes.
The following model is approximated as

1n(‘j2>,x1n(1) _ 24 y2mg ®)

\% h/21

The above equation points to the voltage dependency of the direct tunneling of charge
carriers. The Ohmic conduction of the I-V characteristic curve is modeled by

[ =0V =quN.Vexp [%EC_EF)} 9)
kT

where 0 is the conductivity, y is the electron mobility, N, is the effective density of states,

Ec is the conduction band edge, and Er is the Fermi level.

Single and multiple fits were carried out for the I-V characteristics of the PVA and
2-NVB-PVA samples to determine possible transport mechanisms. Figure 7a—d illustrate
the charge transport model for the PVA case in four different regions. In Figure 7a, a fitting
model was applied to the I-V characteristic. It was fit with a linear-fit model in the double
logarithmic scale. It shows Ohmic conduction, and the slope of the fit is ~1.22. In the biased
region, several thermally generated carriers in the composite film far exceed the charge
carrier injection from the electrode. This shows the formation of the conducting filaments
in the device. The slope is not ~1 but ~1.22 due to the carriers’ drifting due to the high
applied voltage. Similarly, Figure 7b,d show I-V characteristics that can be fit with Log(I)
vs. Log(V), showing the NDR effect (slope of negative linear fit) and Ohmic conduction
behavior (slope of positive linear fit). In Figure 7c, experimental data were linearly fit with
Ln(I/V2) vs. Ln(1/V), which might be due to direct tunneling [47]. Tunneling happened
through the trapped sites, overcoming the barriers due to the accumulation of charge
carriers at the interface. However, extensive XPS, FESEM, and TEM studies are required to
ascertain this phenomenon. It was the same for the other sample.

In the case of 1:4::2-NVB:PVA (Figure 8a—d), from 0 V to 10 V, Ohmic conduction was
observed to follow the simple I-V characteristic. NDR conduction was observed in the
range of 10 V to 0 V. In the 0 V to —10 V range, the experimental data were linearly fit with
Ln (I/V2) vs. Ln (1/V) tunneling with trap states. From —10 V to 0 V, NDR and Ohmic
mechanisms were exhibited. Table 4 lists some resistive switching device parameters of the
same types of materials. It is observed that all the materials have high sweeping windows,
small ON/OFF ratios, and bipolar devices. However, some devices have good ON/OFF
ratios. Our device also exhibits a high sweeping window and a maximum ON/OFF ratio
of ~102. This value is less than the threshold of ~10%. However, this is our initial study, and
optimized work will be a part of future studies.
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Figure 7. The fitted I-V hysteresis curves of Ag/PVA/ITO-PET: (a) I-V fitting, (b) Log(I) vs. Log(V)
fitting, () Ln(I/V?) vs. Ln(1/V) characteristic plot, and (d) Log(abs(I)) vs. Log(abs(V)) plot.
Table 4. Comparative analysis of resistive switching memories.
Structure Deposition Technique ON/OFF Ratio Sweeping No. of Ref
P ! Window States )
ITO/P3HT:4CzIPN or 2CzPN/ Al Spin coating 10° —8Vto8V 2 [48]
Ag/keratin/ITO Solution processing ~104 —6Vto+6V 2 [49]
Ag/Zn0O/PVA:MoS, /ITO Sputtering, spin coating ~10* —3Vto+3V 2 [50]
Al/Au NPs:lignin/Al Spin coating ~10% —6Vto5V 2 [51]
Al/silk fibroin/ITO Spin coating ~1 —-15Vto 15V 2 [52]
Al/gelatin/ITO Spin coating ~10* —6Vto+6V 2 [53]
Au/Ni/FeOx-GO/SizNy /n*-Si PECVD, spin coating ~10* —10Vto10V 2 [54]
ITO/PMMA:MWCNT-COOH/Ni Spin coating ~107 —6Vto+6V 3 [55]
Ag/Bphen/MAPbBr3/PEDOT:PSS/ITO Spin coating 80 0OVto+6V 1 [56]
Ti/TiO2/CH3NH3PDb CIXI3-X/Au Coating 20 —-5Vto+5V 2 [57]
Al/Cs 3Cu 2I5/ITO Spin coating 65 —-1VtolV 2 [58]
ITO/PEI/CH3NH;Pbl; /PEI/metal Coating 20 -1VtolV 2 [59]
Ag/2-NVB-PVA/ITO Spin coating ~102 ~10Vto +10'V 2 Present

work
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3.6. Possible Model for Resistive Switching Device

A possible mechanism is discussed here. PVA is a hydrophilic linear polymer with
good mechanical and thermal stability [60]. This facilitates ionic conduction in the matrix.
Because of this, it shows switching behavior. The link between the top and bottom elec-
trodes indicates the onset of the set process, possibly due to electrochemical metallization
and Ag filament formation under an electric field [61]. The device structure comprises
an active electrode (Ag) and an ion-conducting insulating material. Authors [61] have
observed the formation of Ag bridges and dissolution in polymer cells. During the applica-
tion of the positive bias, the Ag top electrode takes the form of Ag+ ions and the liberation
of electrons. The Ag+ ions diffuse through the matrix of the PVA-2-NVB sample. From the
bottom electrode, electrons travel toward the top part and form a bridge with the top part,
thereby switching the LRS. PVA matrix has abundant hydroxyl groups that can attach to
carbon groups, and 2-NVB has nanographene molecules with helix-like structures. These
molecules have seven benzene rings [26]. DFT calculations predict the helicity in such dou-
bly helical carbon nanostructures [26]. In addition, 2-NVB has m-extended molecules that
show enhanced conjugation. PVA has a delocalized m-system backbone along polymeric
chains. Trapped electrons reduce the Ag+ ions’ travel speed in the composite or ITO. When
a positive bias is applied and it reaches the boundary of the turn-on voltage, a filament is
formed in the composite. It increases the current and sets the device in the ON state. Upon
changing the polarity of the bias of the top electrode, joule heating can disrupt the link, and
the device can change to an OFF state due to the rupturing of the link. Thus, the ON-OFF
ratio is two orders higher than in the case of PVA alone. The conductivity is enhanced due
to sp? bonds in the main structure.

4. Conclusions

In summary, we investigated the electrical characteristics of PVA film and a newly
synthesized trans, trans-1,4-bis-(2-(2-naphthyl)-2-(butoxycarbonyl)-vinyl) benzene-based
aryl acrylate (2-NVB)-PVA composite for non-volatile storage applications. They exhibited
both resistive switching and the NDR effect. An investigation of the I-V characteristic
displayed a hysteresis loop with non-zero crossing, showing our devices’ capacitive nature
(extended memristor). They had good ON/OFF ratios of 14 and 100, with good endurance
and retention properties. The charge transport model conformed to Ohmic conduction and
filament conduction in the different regions of operation. Our work attempts to use a facile
processed composite for flexible, foldable, and large-area applications.

Author Contributions: Conceptualization, R.K., N.M. and S.D.; methodology, R.K., P.S. and S.K.M.;
software, S.K.M.; validation, R.K. and N.M.; formal analysis, R.B. and S.K.M.; investigation, R.K. and
S.D.; data curation; writing—original draft preparation, R K.; writing—review and editing, N.M., R.B.
and S.D.; supervision, S.D. and N.M.; project administration, S.D. and N.M.; funding acquisition,
N.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Indian Council for Medical Research, Government of India,
India (grant 5/3/8/60-ITR) and the Science and Engineering Research Board (SERB) of the Depart-
ment of Science and Technology (DST), Government of India, India (project SERB/MTR /2020 /000058).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: The data are available from the corresponding author on request.

Acknowledgments: N.M. thanks the Science and Engineering Research Board (SERB) of the Depart-
ment of Science and Technology (DST), India (project SERB/MTR /2020/000058) and Indian Council
for Medical Research, Government of India, India (grant 5/3/8/60-ITR), for funding. N.M. also
thanks Manipal School of Life Sciences, Manipal Academy of Higher Education (MAHE), Manipal,
Karnataka, India, for providing infrastructure and facilities. S.D. thanks the Department of Electronics
and Communication Engineering, Manipal Institute of Technology, Manipal Academy of Higher
Education (MAHE), Manipal, Karnataka, India, for providing infrastructure and facilities.

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



Polymers 2024, 16, 218 150f 17

References

1. Pelka,].; Baldi, L. More-than-Moore Technologies and Applications. Nanoelectron. Mater. Devices Appl. 2017, 53-72. [CrossRef]

2. Wang, X.; Liu, Z.; Zhang, T. Flexible sensing electronics for wearable/attachable health monitoring. Small 2017, 13, 1602790.
[CrossRef]

3. Liu, Y; Pharr, M,; Salvatore, G.A. Lab-on-skin: A review of flexible and stretchable electronics for wearable health monitoring.
ACS Nano 2017, 11, 9614. [CrossRef]

4. Lee, SM.; Kwon, J.H.; Kwon, S.; Choi, K.C. A review of flexible OLEDs toward highly durable unusual displays. IEEE Trans.
Electron Devices 2017, 64, 1922. [CrossRef]

5. Gao, S.; Wu, X.; Ma, H.; Robertson, J.; Nathan, A. Ultrathin Multifunctional Graphene-PVDF Layers for Multidimensional Touch
Interactivity for Flexible Displays. ACS Appl. Mater. Interfaces 2017, 9, 18410. [CrossRef]

6.  Singh RSingh, E.; Nalwa, H.S. Inkjet printed nanomaterial based flexible radio frequency identification (RFID) tag sensors for the
internet of nano things. RSC Adv. 2017, 7, 48597. [CrossRef]

7. Beck, A.; Bednorz, J.; Gerber, C.; Rossel, C.; Widmer, D. Reproducible switching effect in thin oxide films for memory applications.
Appl. Phys. Lett. 2000, 77, 139. [CrossRef]

8.  Gallagher, WJ.; Parkin, S.S. Development of the magnetic tunnel junction MRAM at IBM: From first junctions to a 16-Mb MRAM
demonstrator chip. IBM J. Res. Dev. 2006, 50, 5. [CrossRef]

9. Raoux, S.; Burr, G.W,; Breitwisch, M.].; Rettner, C.T.; Chen, Y.-C.; Shelby, RM.; Salinga, M.; Krebs, D.; Chen, S.-H.; Lung, H.-L.
Phase-change random access memory: A scalable technology. IBM ]. Res. Dev. 2008, 52, 465. [CrossRef]

10. Meijer, G.I. Who wins the nonvolatile memory race? Science 2008, 319, 1625. [CrossRef]

11.  Lu, W,; Lieber, C.M. Nanoelectronics from the bottom up. Nat. Mater. 2007, 6, 841. [CrossRef]

12.  Hickmott, T.W. Low-frequency negative resistance in thin anodic oxide films. J. Appl. Phys. 1962, 33, 2669. [CrossRef]

13.  Poon, C.T.; Wu, D.; Lam, W.H.; Yam, VW.W. A solution-processable donor-acceptor compound containing boron (III) centers for
small-molecule-based high-performance ternary electronic memory devices. Angew. Chem. Int. Ed. 2015, 54, 10569. [CrossRef]

14. Li, Y,; Zhang, C.; Gu, P; Wang, Z.; Li, Z; Li, H; Lu, J.; Zhang, Q. Nonvolatile tri-state resistive memory behavior of a stable
pyrene-fused N-heteroacene with ten linearly-annulated rings. Chem. Eur. . 2018, 24, 7845. [CrossRef]

15. Zhang, Q.; He, J.; Zhuang, H; Li, H,; Li, N.; Xu, Q.; Chen, D.; Lu, J. Rational design of small molecules to implement organic
quaternary memory devices. Adv. Funct. Mater. 2016, 26, 146. [CrossRef]

16. Miao, S.; Zhu, Y.; Bao, Q.; Li, H.; Li, N.; Ji, S.; Xu, Q.; Lu, J.; Wang, L. Solution-processed small molecule donor/acceptor blends
for electrical memory devices with fine-tunable storage performance. J. Phys. Chem. C 2014, 118, 2154. [CrossRef]

17. Zhu, E; Zhang, Q.; Zhou, J.; Li, H.; Lu, J. Tuning the microstructure of donor/acceptor blend films to achieve high-performance
ternary data-storage devices. J. Phys. Chem. C 2019, 123, 12154. [CrossRef]

18. Bozano, L.D.; Kean, B.W,; Deline, V.R,; Salem, J.R.; Scott, ].C. Mechanism for bistability in organic memory elements. Appl. Phys.
Lett. 2004, 84, 607. [CrossRef]

19. Ma, L,; Pyo, S.; Ouyang, J.; Xu, Q.; Yang, Y. Nonvolatile electrical bistability of organic/metal-nanocluster/organic system. Appl.
Phys. Lett. 2003, 82, 1419. [CrossRef]

20. Lin, WP;Liu, SJ.; Gong, T.; Zhao, Q.; Huang, W. Polymer-based resistive memory materials and devices. Adv. Mater. 2014, 26,
570. [CrossRef]

21. Liu, SJ.; Wang, P; Zhao, Q.; Yang, H.Y.; Wong, J.; Sun, H.B.; Dong, X.; Lin, W.; Huang, W. Single polymer-based ternary electronic
memory material and device. Adv. Mater. 2012, 24, 2901. [CrossRef] [PubMed]

22.  Zhuang, H.; Xu, X; Liu, Y,; Zhou, Q.; Xu, X.; Li, H.; Xu, Q.; Li, N,; Lu, J.; Wang, L. Dual-mechanism-controlled ternary memory
devices fabricated by random copolymers with pendent carbazole and nitro-azobenzene. J. Phys. Chem. C 2012, 116, 25546.
[CrossRef]

23. Zhang, B.; Fan, E; Xue, W.; Liu, G.; Fu, Y,; Zhuang, X.; Xu, X.-H.; Gu, J.; Li, R.-W,; Chen, Y. Redox gated polymer memristive
processing memory unit. Nat. Commun. 2019, 10, 736. [CrossRef] [PubMed]

24. Lai, Y.C.; Hsu, EC,; Chen, ].Y,; He, ].H.; Chang, T.C.; Hsieh, Y.P; Lin, T,; Yang, Y.; Chen, Y. Transferable and flexible label-like
macromolecular memory on arbitrary substrates with high performance and a facile methodology. Adv. Mater. 2013, 25, 2733.
[CrossRef] [PubMed]

25. Qi, S; Ilida, H.; Liu, L, Irle, S;; Hu, W.; Yashima, E. Electrical switching behavior of a [60] fullerene-based molecular wire
encapsulated in a syndiotactic poly (methyl methacrylate) helical cavity. Angew. Chem. 2013, 125, 1083. [CrossRef]

26. Sarkar, P; Das, B.K.; Chakraborty, D.; Muthamma, K. Carbohelicenes and thiahelicene from phthalaldehydes through Perkin
approach. J. Mol. Struct. 2019, 1195, 309. [CrossRef]

27. Aziz, S.B. Modifying poly (vinyl alcohol)(PVA) from insulator to small-bandgap polymer: A novel approach for organic solar
cells and optoelectronic devices. J. Electron. Mater. 2016, 45, 736. [CrossRef]

28. Abdullah, O.G.; Saleem, S.A. Effect of copper sulfide nanoparticles on the optical and electrical behavior of poly (vinyl alcohol)
films. J. Electron. Mater. 2016, 45, 5910. [CrossRef]

29. Abdullah, O.G.; Aziz, S.B.; Rasheed, M. A. Structural and optical characterization of PVA: KMnO4 based solid polymer electrolyte.
Results Phys. 2016, 6, 1103. [CrossRef]

30. Cullity, B.; Stock, S. Microcomputed Tomography: Methodology and Applications; CRC Press: Upper Saddle River, NJ, USA, 2001;

p. 388.


https://doi.org/10.1002/9783527800728.ch2
https://doi.org/10.1002/smll.201602790
https://doi.org/10.1021/acsnano.7b04898
https://doi.org/10.1109/TED.2017.2647964
https://doi.org/10.1021/acsami.7b03437
https://doi.org/10.1039/C7RA07191D
https://doi.org/10.1063/1.126902
https://doi.org/10.1147/rd.501.0005
https://doi.org/10.1147/rd.524.0465
https://doi.org/10.1126/science.1153909
https://doi.org/10.1038/nmat2028
https://doi.org/10.1063/1.1702530
https://doi.org/10.1002/anie.201504997
https://doi.org/10.1002/chem.201801146
https://doi.org/10.1002/adfm.201503493
https://doi.org/10.1021/jp4062303
https://doi.org/10.1021/acs.jpcc.9b02704
https://doi.org/10.1063/1.1643547
https://doi.org/10.1063/1.1556555
https://doi.org/10.1002/adma.201302637
https://doi.org/10.1002/adma.201104307
https://www.ncbi.nlm.nih.gov/pubmed/22539455
https://doi.org/10.1021/jp307156c
https://doi.org/10.1038/s41467-019-08642-y
https://www.ncbi.nlm.nih.gov/pubmed/30760719
https://doi.org/10.1002/adma.201205280
https://www.ncbi.nlm.nih.gov/pubmed/23553715
https://doi.org/10.1002/ange.201208481
https://doi.org/10.1016/j.molstruc.2019.05.118
https://doi.org/10.1007/s11664-015-4191-9
https://doi.org/10.1007/s11664-016-4797-6
https://doi.org/10.1016/j.rinp.2016.11.050

Polymers 2024, 16, 218 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Shokralla, S.A.; Al-Muaikel, N. Thermal properties of epoxy (DGEBA)/phenolic resin (NOVOLAC) blends. Arab. J. Sci. Eng.
2010, 35, 7-14.

Valov, I; Linn, E.; Tappertzhofen, S.; Schmelzer, S.; van den Hurk, J.; Lentz, F; Waser, R. Nanobatteries in redox-based resistive
switches require extension of memristor theory. Nat. Commun. 2013, 4, 1771. [CrossRef]

Zhou, G; Ren, Z.; Sun, B.; Wu, J.; Zou, Z.; Zheng, S.; Wang, L.; Duan, S.; Song, Q. Capacitive effect: An original of the resistive
switching memory. Nano Energy 2020, 68, 104386. [CrossRef]

Kamble, G.U.; Patil, A.P; Kamat, R.K.; Kim, J.H.; Dongale, T.D. Promising Materials and Synthesis Methods for Resistive
Switching Memory Devices: A Status Review. ACS Appl. Electron. Mater. 2023, 5, 2454. [CrossRef]

Zhou, G; Ji, X.; Li, J.; Zhou, F; Dong, Z.; Yan, B.; Sun, B.; Wang, W.; Hu, X.; Song, Q. Second-order associative memory circuit
hardware implemented by the evolution from battery-like capacitance to resistive switching memory. Iscience 2022, 25, 105240.
[CrossRef] [PubMed]

Majumdar, H.S.; Bandyopadhyay, A.; Bolognesi, A.; Pal, A.J. Erratum:“Memory device applications of a conjugated polymer:
Role of space charges. . Appl. Phys. 2002, 91, 2433. [CrossRef]

Sun, B.; Xiao, M.; Zhou, G.; Ren, Z.; Zhou, Y.N.; Wu, Y.A. Non-zero-crossing current-voltage hysteresis behavior in memristive
system. Mater. Today Adv. 2020, 6, 100056. [CrossRef]

Zhu, S.; Zhou, G.; Yuan, W.; Mao, S.; Yang, F,; Fu, G.; Sun, B. Non-zero-crossing current-voltage hysteresis behavior induced by
capacitive effects in bio-memristor. J. Colloid Interface Sci. 2020, 560, 565. [CrossRef]

Zheng, L.; Sun, B.; Mao, S.; Zhu, S.; Zheng, P.; Zhang, Y.; Lei, M.; Zhao, Y. Metal ions redox induced repeatable nonvolatile
resistive switching memory behavior in biomaterials. ACS Appl. Bio Mater. 2018, 1, 496. [CrossRef]

Wei, L.; Sun, B.; Zhao, W.; Li, H.; Chen, P. Light regulated I-V hysteresis loop of Ag/BiFeO3/FTO thin film. Appl. Surf. Sci. 2017,
393, 325. [CrossRef]

Nguyen, P.D.; Nguyen, T.C.; Hossain, EM.; Huynh, D.H.; Evans, R.; Skafidas, E. Negative differential resistance effect in planar
graphene nanoribbon break junctions. Nanoscale 2015, 7, 289. [CrossRef]

Wang, B.; Zang, C. Negative differential resistance effect induced by bulk and interface defect states in Pt/CeO,. /Pt resistive
memory devices. Vacuum 2022, 202, 111171. [CrossRef]

Chen, Y.T.; Santiago, S.R.M.S.; Sharma, S.; Wu, C.B.; Chou, C.L.; Chang, S.H.; Chiu, K.-C.; Shen, J.-L. Resistive switching
accompanied by negative differential resistance in cysteine-functionalized WS2 quantum dots toward nonvolatile memory
devices. ACS Appl. Nano Mater. 2022, 5, 2250. [CrossRef]

Park, M.].; Lee, ].S. Zeolitic-imidazole framework thin film-based flexible resistive switching memory. RSC Adv. 2017, 7, 21045.
[CrossRef]

Awais, M.N.; Jo, ].-D.; Choi, K.H. Negative differential resistive switching in poly (3, 4-ethylenedioxythiophene): Poly (styrenesul-
fonate) thin film through electrohydrodynamic atomization. Appl. Phys. A 2013, 113, 89. [CrossRef]

Hamann, C.; Burghardt, H.; Frauenheim, T. Electrical Conduction Mechanisms in Solids; VEB Deutscher Verlag der Wissenschaften:
Berlin, Germany, 1990.

Mott, N.E; Gurney, R.W. Electronic Processes in Ionic Crystals, 2nd ed.; Mott, N.E,, Gurney, R.W., Eds.; Clarendon Press: Oxford, UK,
1940.

Li, W.; Zhu, H.; Sun, T.; Qu, W.; Fan, X.; Gao, Z.; Shi, W.; Wei, B. High On/Off Ratio Organic Resistive Switching Memory Based
on Carbazolyl Dicyanobenzene and a Polymer Composite. . Phys. Chem. 2022, 126, 12897-12905. [CrossRef]

Guo, B.; Sun, B.; Hou, W.; Chen, Y.; Zhu, S.; Mao, S.; Zheng, L.; Lei, M.; Fu, G. A sustainable resistive switching memory device
based on organic keratin extracted from hair. RSC Adv. 2019, 9, 12436. [CrossRef] [PubMed]

Sun, T,; Shi, H.; Gao, S.; Zhou, Z.; Yu, Z.; Guo, W,; Li, H.; Zhang, F; Xu, Z.; Zhang, X. Stable Resistive Switching in ZnO/PVA:
MoS2 Bilayer Memristor. Nanomaterials 2022, 12, 1977. [CrossRef] [PubMed]

Wu, W.; Han, S.-T.; Venkatesh, S.; Sun, Q.; Peng, H.; Zhou, Y.; Yeung, C.; Li, RK.Y,; Roy, V.A L. Biodegradable skin-inspired
nonvolatile resistive switching memory based on gold nanoparticles embedded alkali lignin. Org. Electron. 2018, 59, 382-388.
[CrossRef]

Hota, M.K,; Bera, M.K,; Kundu, B.; Kundu, S.C.; Maiti, C.K. A natural silk fibroin protein-based transparent bio-memristor. Adv.
Funct. Mater. 2012, 22, 4493. [CrossRef]

Ge, L,; Xuan, W,; Liu, S.; Huang, S.; Wang, X.; Dong, S.; Jin, H.; Luo, J. Biomaterial gelatin film based crossbar structure resistive
switching devices. IEEE Trans. Nanotech. 2018, 17, 78-83. [CrossRef]

Oh, S.I; Rani, ].R.; Hong, S.M.; Jang, ].H. Self-rectifying bipolar resistive switching memory based on an iron oxide and graphene
oxide hybrid. Nanoscale 2017, 9, 15314. [CrossRef] [PubMed]

Li, L.; Wen, D. Memristic characteristics from bistable to tristable memory with controllable charge trap carbon nanotubes.
Nanomaterials 2018, 8, 114. [CrossRef] [PubMed]

Yu, X; Shen, T.; Zhu, C.; Zeng, Q.; Yu, A; Liu, S.; Yi, R;; Weng, Z.; Zhan, Y.; Hou, X,; et al. Memory Devices via unipolar resistive
switching in symmetric organic-inorganic perovskite nanoscale heterolayers. ACS Nano. 2020, 3, 11889. [CrossRef]

Yan, K.; Chen, B.; Hu, H.; Chen, S.; Dong, B.; Gao, X,; Xiao, X.; Zhou, J.; Zou, D. irst Fiber-Shaped Non-Volatile Memory Device
Based on Hybrid Organic-Inorganic Perovskite. Adv. Electron. Mater. 2016, 2, 1600160. [CrossRef]

Zeng, F; Tan, Y.; Hu, W.; Tang, X.; Luo, Z.; Huang, Q.; Guo, Y.; Zhang, H.; Yin, H.; Feng, J.; et al. Impact of Hydroiodic Acid on
Resistive Switching Performance of Lead-Free CszCujyl5 Perovskite Memory. J. Phys. Chem. Lett. 2021, 12, 1973. [CrossRef]


https://doi.org/10.1038/ncomms2784
https://doi.org/10.1016/j.nanoen.2019.104386
https://doi.org/10.1021/acsaelm.3c00062
https://doi.org/10.1016/j.isci.2022.105240
https://www.ncbi.nlm.nih.gov/pubmed/36262310
https://doi.org/10.1063/1.1445281
https://doi.org/10.1016/j.mtadv.2020.100056
https://doi.org/10.1016/j.jcis.2019.10.087
https://doi.org/10.1021/acsabm.8b00226
https://doi.org/10.1016/j.apsusc.2016.09.010
https://doi.org/10.1039/C4NR05133E
https://doi.org/10.1016/j.vacuum.2022.111171
https://doi.org/10.1021/acsanm.1c03948
https://doi.org/10.1039/C6RA28361F
https://doi.org/10.1007/s00339-013-7851-8
https://doi.org/10.1021/acs.jpcc.2c03641
https://doi.org/10.1039/C8RA10643F
https://www.ncbi.nlm.nih.gov/pubmed/35515851
https://doi.org/10.3390/nano12121977
https://www.ncbi.nlm.nih.gov/pubmed/35745316
https://doi.org/10.1016/j.orgel.2018.05.051
https://doi.org/10.1002/adfm.201200073
https://doi.org/10.1109/TNANO.2017.2683525
https://doi.org/10.1039/C7NR01840A
https://www.ncbi.nlm.nih.gov/pubmed/28820212
https://doi.org/10.3390/nano8020114
https://www.ncbi.nlm.nih.gov/pubmed/29462989
https://doi.org/10.1021/acsanm.0c02457
https://doi.org/10.1002/aelm.201600160
https://doi.org/10.1021/acs.jpclett.0c03763

Polymers 2024, 16, 218 17 of 17

59. Wu, X,; Yu, H.; Cao, J. Unraveling the origin of resistive switching behavior in organolead halide perovskite based memory
devices. AIP Advances 2020, 10, 085202. [CrossRef]

60. Krishnan, K.; Aono, M.; Tsuruoka, T. Thermally stable resistive switching of a polyvinyl alcohol-based atomic switch. J. Mater.
Chem. C 2018, 6, 6460. [CrossRef]

61. Cho, B,; Yun, ].M,; Song, S.; Ji, Y.; Kim, D.Y.; Lee, T. Direct observation of Ag filamentary paths in organic resistive memory
devices. Adv. Funct. Mater. 2011, 21, 3976. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1063/1.5130914
https://doi.org/10.1039/C8TC01809J
https://doi.org/10.1002/adfm.201101210

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of PVA Solutions and PVA-2-NVB Composites 
	Device Fabrication 
	Electrical and Physical Measurements 

	Results 
	Structural and Thermogravimetric Analysis 
	Electrical Characterization: Basic Analysis of I–V Characteristic 
	Analysis of Hysteresis in the I–V Characteristic 
	Analysis of Capacitive Effect and Negative Differential Resistance (NDR) 
	Possible Charge Transport Mechanisms in the Resistive Device 
	Possible Model for Resistive Switching Device 

	Conclusions 
	References

