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1. Introduction

A Zn(u)-metal ion directed self-healing wide
bandgap semiconducting supramolecular
metallohydrogel: effective non-volatile
memory design for in-memory computingt

Arpita Roy,#? Subhendu Dhibar,*° Kripasindnu Karmakar, ¢ ° Sangita Some,°
Sk Abdul Hafiz,“ Subham Bhattacharjee, Bidyut Saha {2 *° and
Soumya Jyoti Ray (2 *®

A well-organized, facile method for the development of a rapid supramolecular metallohydrogel of
Zn(i)-ions, i.e. ZN@5AP, has been established using 5-amino-1-pentanol as a low molecular weight
gelator (LMWG) in water at room temperature. The mechanical properties of the synthesized hydrogel
were characterized through angular frequency and oscillatory stress-dependent rheological study. The
self-healable nature of Zn@5AP was established through thixotropic analysis. Hierarchical microstructural
features were characterized through field-emission scanning electron microscopy (FESEM) and tunneling
electron microscopy (TEM) investigation. The EDS elemental mapping confirmed the primary chemical
composition of the metallohydrogel. The potential metallohydrogel formation mechanism has been
analyzed by FT-IR spectroscopic studies. Furthermore, a zinc(n) metallohydrogel (Zn@5AP)-based
Schottky diode device in a lateral metal-semiconductor—-metal geometry was fabricated to explore the
charge transport behaviour. The resistive random access memory (RRAM) device based on zinc(i)
metallohydrogel (Zn@5AP) exhibited bipolar resistive switching behavior at ambient temperature. The
RRAM device offers exceptional switching endurance over 5000 consecutive switching cycles with a
high ON/OFF ratio of ~100. Due to the easy fabrication process, robust resistive switching behaviour,
and enhanced stability of this system, these structures are suited for usage in non-volatile memory
design, neuromorphic and in-memory computing, flexible electronics, and optoelectronics devices.

gels, supramolecular gels represent a smart type of material, in
which an excess amount of solvent is trapped by low molecular

Gels are used in everyday household products, such as hair gel,
toothpaste, shaving cream, soft contact lenses, lithium grease
and gelatin puddings, and so on. Gels can be easily detected by
the “inverted vial test”” and are able to support their own weight
against the force of gravity without falling on the floor." The gel
has a solid-like architecture formed by the self-assembly of the
solvent and the gelator molecules.> Among the various types of
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weight gelators (LMWGs) through various non-covalent inter-
actions such as hydrophobic-hydrophobic interactions, hydro-
gen bonds, metal coordination, van der Waals interactions,
n- - -1 interactions, etc.® Three-dimensional fibrous networks of
supramolecular gels are formed from LMWGSs, with molecular
masses <3000, that can trap the solvent in a very low concen-
tration of gelator.* In the last few decades supramolecular gels
have become an important cluster for essential applications,
including sensors,” liquid crystalline materials,® electronic
materials,” personal care formulations,® drug delivery,’ thera-
peutic agents,’ optoelectronic applications,” light harvesting
systems,' catalysis,"" etc.

Hydrogels are an important class of supramolecular gel
materials. The term hydrogel defines a three-dimensional net-
work obtained from the immobilization of aqueous solution by
LMWG molecules. The discovery and design of LMWGs with
the ability to store aqueous solvent for the hydrogelation
process are increasing day by day.? Various LMWGs with good
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reputations in hydrogelation include fatty acids,"’ steroids,"*
amino acids,"® nucleic acids,'® peptides,'” and carbohydrates.®
Overall, hydrogels can be classified based on various proper-
ties, including the nature of associated groups, rheological and
morphological structures, preparation method, constituting
elements, non-covalent interactions, external stimuli, etc.*®

Metal ions in metallohydrogels play an important role in the
gelation process by scavenging the water solvent through
molecular interactions with the gelator molecules.”® The metal
ions can act functionally or simply as coordinating entities, as
part of gelators or as auxiliaries. In the supramolecular hydro-
gel class, metallohydrogels are renowned for their extensive
response to chemical and physical stimuli.>® Supramolecular
metallohydrogels have become an important topic in the mate-
rial science arena for their wide range of potential applications
in drug delivery,®” artificial skin,® sensing,** tissue repair,’
semiconducting materials,”® dye absorption,>” optically active
materials,*® electronic devices,?® etc.

Modern science has recently been in high demand for high
performance self-healing hydrogel materials for multiple
purposes.®® Convenient metallohydrogel materials with rapid
regaining of their structural integrity are in high demand
for myriad applications in the biomedical field, such as for
drug delivery.®" Materials with self-healing features have
been developed by many researchers over the past few decades.
The common type self-healing materials, ie. polymers or
elastomers,*” ceramics, fibre reinforced composites, cementi-
tious materials, and metal-ion polymer systems®® are already
established. Specifically, the sensitivity of self-healing hydro-
gels to temperature, chemical responsiveness, pH and enzymes
can rapidly identify cell transport and drug delivery that can
gratify the healing and tissue redevelopment of bio-systems.>*
Besides the biological relevance, using self-healing hydrogel
materials, some scientific groups are active in developing
electronic devices,* soft-robotics,*® 3D/4D printing®” and load-
bearing applications.*®

For the last few years, our group have been actively working
in the field of metallogel-based semiconducting devices and
memory switching applications.?>*® However, self-healable
metallohydrogels are still challenging for scientists. On the
other hand, due to their superior memory properties, resistive
random-access memory*'™*> (RRAM) devices offer a wide range
of applications in switching, non-volatile memory design,
neuromorphic computing, etc. In RRAM devices the switching
can occur between the high and low resistance states.*”*® The
mechanism can be explained by different physical processes,
such as charge carrier trapping and vacancy migration, electro-
chemical migration, etc. Due to its compatibility with CMOS
architecture, simple structure, good manufacturability, low
cost, low power consumption, high speed, long durability,
and dependability, it is an advantageous technology for next-
generation memory design and in-memory computing where
computing and storage can occur at the same place to offer
distinct advantages over the current Von-Neumann based
architecture in terms of processing speed and time lag in the
hardware. The switching behavior of oxide-based RRAM
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devices**>* has been demonstrated in our recent works.
However, researchers are constantly looking for alternative
materials and devices to improve their switching behavior
and metallohydrogels can be a useful candidate due to their
semiconducting nature and device integration capacity. More-
over, metallohydrogel-based RRAM structures*® can be devel-
oped on flexible substrates to design flexible electronic and
optoelectronic devices useful for memory, sensing and optical
detection.

Memristors have a large application in memory, logic opera-
tions and neural synaptic networks due to their non-volatility
and nonlinearity. Our work presents a concise overview of
memristor-based logic circuits and analyses their role in mem-
ory applications. Furthermore, this work explores the possibi-
lities of utilizing memristors for implementing logic in
memristor arrays. Memristive devices with in-memory comput-
ing technology differ from conventional computing systems,
where logical operations and data storage are different by
presenting greater potential in artificial intelligence applica-
tions. Therefore, research on memristor-based logic circuits
opens new possibilities and methodologies for designing inno-
vative logic architectures. These memristor-based logic opera-
tions are categorized as an exploration of novel logic circuits.

Through the present work, we attempted to establish an eco-
friendly method to achieve a rapid self-healable zinc(u) and
5-amino-1-pentanol-based metallohydrogel under ambient
reaction conditions at room temperature using water as a
solvent (Fig. 1). The available amine and hydroxyl groups in
the gelator are responsible for rapid gelation via non-covalent
interactions with Zn(u)-ions in the presence of water molecules
and the resulting gel network acts as an ideal soft scaffold.
Based on the synthesized Zn(u)-metallohydrogel (Zn@5AP)
mediated metal-semiconductor (MS) junctions, we have suc-
cessfully developed non-volatile resistive random access mem-
ory (RRAM) devices. Our approach to creating a versatile, useful
soft gel scaffold may develop the field of memory devices based
on science and technology for applications in neuromorphic

H,N\/\/\/DH

S-amino-1-pentanol

Self-Assembly

Zn(NO3) 6H0

in Zn@SAP Metallohydrogel
Self-
' + ' Assembly
@=Zn, =N, ®-=0

—' = 5-amino-1-pentanol

Fig.1 Synthetic technique and the inverted image of the Zn(i)-
metallohydrogel.
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computing and data-driven applications like the Internet of
Things (I0T), 5G connectivity, etc.

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (98% reagent grade) and 5-amino-1-
pentanol were bought from Sigma-Aldrich chemical company
and used as received. The tests were all done using double-
distilled water.

2.2. Apparatus and measurements

UV-vis absorption spectral data was collected using a SHIMADZU
made UV-3101PC model spectrophotometer.

The rheological investigation was performed utilizing a
20 mm SS parallel plate geometry and a Peltier plate tempera-
ture system set to 25 °C on a DHR-2 stress-controlled rhe-
ometer, supplied by TA Instruments.

FESEM pictures were collected by a Carl Zeiss SUPRA 55VP
instrument.

TEM images were conducted in an aberration corrected FEI
Titan Themis operating at 300 kv.

The ZEISS EVO 18 microscope was used to conduct elemental
mapping and EDX tests.

A JASCO FTIR 4700 spectrometer was used to collect the
FTIR data.

The current-voltage (I-V) measurements of our synthesized
metallohydrogel material-based devices were performed at
room temperature using a Keithley 2400 sourcemeter inter-
faced through Labview.

2.3. Synthesis of the zinc(u)-metallohydrogel

A white colour stable Zn(u)-metallohydrogel (Zn@5AP) was
formed during direct mixing of a 500 pL aqueous solution of
Zn(NO;),-6H,0 (0.297 g, 1 mM) and 500 pL of pure 5-amino-1-
pentanol under ambient conditions (Fig. 1). Fig. 1 shows the
synthetic technique and inverted image of the Zn(u)-metallo-
hydrogel and demonstrates the stability of the hydrogel. See
Table S1 (ESIt) for the gelation ability procedure of the Zn(u)-
metallohydrogel (Zn@5AP) in different solvents.

2.4. Determination of minimum critical gelation
concentration (MGC) and gel-melting temperature (Tye1)

By varying the concentration of Zn(u)-metallohydrogel from
50 mg mL~ ' to 297 mg mL ™', it was established that the
minimum critical gelation concentration (MGC) of the Zn@5AP
metallohydrogel was efficiently formed at a concentration of
256 mg mL ™' (Fig. 2). Zn@5AP has a gel to sol transition
temperature (Tye;) of 180 °C.

3. Results and discussion
3.1. Rheological analysis

Rheological experiments, such as the storage modulus (G')
and loss modulus (G”), validated the viscoelastic semi-solid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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150 mg mL*!

Fig. 2 Assessment MGC of the Zn(i)-metallohydrogel (297 mg mL™Y) by
varying the concentration.

characteristics of the Zn(u)-metallohydrogel (Fig. 3a). When
shear is applied to the viscoelastic area, the system stores
energy, denoted by the quantity G’ and it is represented as
(o0/70) cos(d), whereas the energy lost due to oscillatory stress is
denoted by the symbol G” and it is represented as (/7o) sin(d).
In order for a material to be considered as a gel, the condition
G'(w) > G"(w) [where, G'(w) ~ »° and the angular frequency is
] has to be satisfied. Experimental rheology on a Zn(n)-
metallohydrogel at a fixed concentration of Zn(NO;),-6H,O
(i.e. [Zn(n)] = 297 mg mL™") revealed that the storage modulus
(G') was much higher than the loss modulus (G”) (i.e. G’ »> G”)
(Fig. 3a). As shown by the rheological data, the Zn(u)-
metallohydrogel retains its gel structural structure and exhibits
solid-like behaviour. Since its average storage modulus (G') is
so much greater than its loss modulus (G”), the Zn(u)-
metallohydrogel has a very high tolerance limit (Fig. 3a).
Fig. 3b depicts a strain-sweep experiment performed on the
Zn(u)-metallohydrogel material at a constant frequency of
6.27997 rad s .
show that the critical strain, the lowest strain for gel breakdown

Results from the strain-sweep experiment

of the Zn(u)-metallohydrogel, occurs at a strain of 0.45%, when
G’ mixes with G” (Fig. 3b).

However, the storage modulus (G’) crosses loss modulus
(G") when the strain reaches ~0.1%, demonstrating gel-to-sol
transition. Finally, to discern the self-healing behavior, a thix-
otropy test was performed (Fig. 3c). Interestingly, the soft
material remains in the gel state when the strain is ~0.01%,
but it turns into a sol immediately upon sudden increase of the
strain to ~100%. Upon removal of the high strain, the soft
material turns into a viscoelastic gel state almost immediately.
Such successive low/high strain cycles were repeated, which
clearly showed the reversible transition of the soft material
from gel-to-sol state, which in turn, demonstrated the self-
healing behaviour of the metallohydrogel.

3.2. Self-healing performance of the Zn@5AP metallohydrogel

Living organisms exhibit beautiful examples of self-healing
properties. The available electronegative N/O-atoms in gelator
5-amino-1-pentanol make the Zn@5AP metallohydrogel a rea-
sonable aspirant to show self-healing properties, as the gelator

Mater. Adv, 2024, 5, 3459-3471 | 3461
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Fig. 3 (a) Angular frequency vs. storage modulus (G’) and loss modulus
(G") plot of the Zn@5AP metallohydrogel; (b) strain-sweep experiments of
the Zn@5AP metallohydrogel performed at a constant frequency of

6.27997 rad s7%; (c) thixopropic measurement of the Zn@5AP metallo-
hydrogel.

has a tendency to make good hydrogen bonds with solvent
molecules and metal centers.

The column of pure Zn@5AP metallohydrogel for testing the
self-healing property was prepared following the synthesized
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Fig. 4 (a) and (b) Self-healing and self-supported monolith bridge con-
structed by cylindrical blocks of Zn@5AP metallohydrogel; (c) and (d)
alternate arrangement of the self-healing Zn@5AP gel against gravity;
(e)—(h) self-sustaining nature of the Zn@5AP gel: (¢) molded into a toy
car, (f) a heart shape, (g) used as ink, and (h) noddle shape design formation
from Zn@5AP gel.

method (Fig. 4a). The column was cut into three pieces with
dimensions of approximately ~1-2 cm (Fig. 4a). Block pieces of
Zn@5AP were brought back into contact with slight pressure
and fully welded to each other in <5 min (Fig. 4a). The cured
monolith exhibited a strong edge capable of free standing
without any external support (Fig. 4b). The stability of the
monoliths after curing against gravity is also revealed in
Fig. 4c and d. Furthermore to investigate the molding nature
of the Zn@5AP metallohydrogel, it was formed into the shape
of a toy car and heart without losing any fluid and maintained
its stability without external support, demonstrating its extra-
ordinary moldable properties (Fig. 4e and f). In addition, a
sketch was drawn to show the use of the Zn@5AP metallohy-
drogel as an ink (Fig. 4g). Zn@5AP metallohydrogel was also
used to prepare nodule-shaped patterns using a surgical syr-
inge (Fig. 4h), demonstrating that Zn@5AP metallohydrogel
can be used for injection.

3.3. Microstructural study

To learn more about the microstructural patterns of the
Zn@5AP metallohydrogel, FESEM and TEM structural analysis
was accomplished. The FESEM pattern of the Zn@5AP metal-
lohydrogel showed a coriander-leaf like hierarchical network
(Fig. 5a and b). The hydrogel’s morphology seen under FESEM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) and (b) The FESEM morphological feature of Zn(i)-metallo-
hydrogel, (c) and (d) high resolution TEM images of Zn(i)-metallohydrogel
and (e)—(i) elemental mapping of the Zn(i)-metallohydrogel indicates that
Zn, C, O, and N elements are present.

was generated through the combination of Zn(NOj),-6H,0
and 5-amino-1-pentanol gelator to a water medium and their
subsequent rapid mixing.

Self-assembly of Zn(u) ions and 5-amino-1-pentanol is the
outcome of hydrogelation through various supramolecular
interactions like hydrogen bonding patterns, appropriate
metal-ligand coordination, electrostatic connections, and
hydrophobic interactions. These microstructures were part
of the layered structure of the Zn@5AP metallohydrogel and
had an average diameter of about ~1 um. High resolution
TEM images show the hemi-spherical shape of the Zn@5AP
metallohydrogel samples (Fig. 5¢ and d). EDS elemental map-
ping in Fig. 5e-i confirms the presence of Zn, C, O and N
elements of Zn(NO;),-6H,0, the 5-amino-1-pentanol gelator
and the water solvent, accountable in Zn@5AP metallohydro-
gel networks.

3.4. FT-IR analysis of the Zn@5AP metallohydrogel

The FT-IR spectral analysis of the Zn@5AP metallohydrogel in
its xerogel form reveals the predominant interaction of
5-amino-1-pentanol with the Zn(u)-source in metallohydrogel
formation (Fig. 6). The wide broad peaks in the region of 3340-
3240 cm ™' are due to O-H stretching vibrations. Vibrational
modes at 2950 cm™ " are attributed to C-H stretching vibra-
tions. The vibrational modes associated with the peaks at
1639 cm ™" and 1355 cm ™" are N-O stretching and C-N stretch-
ing, respectively. To further prove the strength of association
between 5-amino-1-pentanol and an aqueous solution of zinc
nitrate, a peak at 618 cm ™' can be observed in the spectrum
(Fig. 6), which is due to the presence of Zn-O bonds endorsing
the metallohydrogelation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectra of the xerogel form of the Zn@5AP metallohydrogel.
3.5. Optical characterization

Fig. 7 shows the Tuac’s plot to examine the optical properties of
the synthesized Zn@5AP based metallogel from UV-vis absorp-
tion spectra. The wavelength range was used from 250 nm to
800 nm for the optical measurement (refer to the UV-vis
absorption spectra). The optical bandgap (E,) of the Zn@5AP
metallogel was calculated using Tauc’s equation, represented
by (eqn (1)), using the UV-vis spectrum:

(@hv)" = A(hv — E) (1)

where, «, Eg, h, and v are the absorption coefficient, band gap,
Planck’s constant, and frequency of light.

In electron transition processes, the exponent “n” functions
as a dependent constant. “A” refers to a constant with the value
1. Using n = 2, the direct optical band gap was computed.
We determined the direct optical band gap (Eg), which is
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Fig. 7 UV-Vis absorption spectra (inset) and Tuac's plots for the Zn@5AP
metallohydrogel.
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assumed to be 4.55 eV, by expanding the linear region of the
plot (ahv)® versus hv (Fig. 7) to o = 0 absorption.

3.6. Device fabrication

In this study, we created a lateral Schottky diode-like structure
based on a metal-semiconductor junction in the ITO (indium
tin oxide)/Zn@5AP/ITO configuration to perform the electrical
studies of the synthesised material (referred to as device 1).
We used the Doctor’s blade technique to grow a thin film of as-
synthesised Zn@5AP metallogel on a glass substrate covered in
ITO to build the junction device, and we then annealed the film
to remove the solvent. ITO is excellent for studies involving
photo-excitations because it is strongly conducting and opti-
cally transparent in the visible region of the electromagnetic
spectrum.

In order to design RRAM (resistive random access memory)
devices based on the Zn@5AP metallohydrogel, vertically
placed layers in a sandwiched structure of ITO/Zn@5AP/Cu
(called device 2) and Cu/Zn@5AP/Cu were prepared (named
device 3). The bottom electrodes were cleaned using an
ultrasonicator in both designs, which were followed by
the deposition of the Zn@5AP metallogel on the substrate
and the addition of the top electrode on the samples. The
thickness of Zn@5AP is around 200 nm and the dimension of
the device is 1 em x 1 cm. The device structures are given
in Table 1.

In order to get a detailed understanding of the semiconduct-
ing nature of the Zn@5AP metallohydrogel in the thin film
geometry, its charge transport properties were measured in a
two-probe configuration. There is no discernible conduction in
the voltage region (—5 V to +5 V), where the I-V curve of device 1
is shown in Fig. 8 on a linear scale. The current was found to
increase rapidly with an increase in voltage in both the positive
and negative polarities. The main diode parameters were then
extracted from the non-linear Schottky diode’s I-V curve using
the thermionic emission theory (TE Theory) after analysing the
I-V data as suggested by Cheung.*” We note that the semicon-
ductor with SBs at both contacts can be modeled with two back-
to-back Schottky diodes separated by a series resistance. When
a sufficiently high external voltage is applied, whether a posi-
tive or negative, one Schottky junction is forward-biased while
the other one is reverse-biased. The reverse saturation current
of the reverse-biased diode always limits the current.

Based on thermionic emission, the current at the two
contacts can be written as,

I =1, {exp (H;ICZ‘T) - 1} @)

Table 1 Different devices with their structure

Device no. Device structure Dimensions of the device
Device 1 ITO/Zn®@5AP/ITO lcm x 1cm
Device 2 ITO/Zn@5AP/Cu l1cm X 1cm
Device 3 Cu/Zn@5AP/Cu l1cm x 1 cm

3464 | Mater. Adv, 2024, 5, 3459-3471
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Fig. 8 Schematic diagram of the Zn@5AP metallohydrogel-based device
(ITO/Zn@5AP/ITO) (left: inset) and /-V curve for the (ITO/Zn@5AP/ITO)
device at room temperature in linear scale and /-V curve of the ITO/
Zn@5AP/ITO based device in logarithmic scale (right: inset).

—qV,
L =-1 —1
? > {exp (ﬂkBT> } G)
where
— A4 T2 —q¢p
151«,52 T EXp(nkBT (4)

are the reverse saturation currents, g = electronic charge, kg =
Boltzmann’s constant, T = temperature, V = applied voltage,
A = effective diode area, = ideality factor, ¢y = barrier potential
height, Rs = series resistance, and A* = effective Richardson
constant, which is considered as 32 A K~ em ™2 for this device.
For the continuity of the current, the total current Ir can
be expressed as Ir = I; = I,, while the applied potential is
V =V, + V,. Starting from I = I, we have

gV
It=1 —1
renle(er) ] e
and substituting V; =V — V,
qv —qV
Ir=1 — -1 6
r=ialooi) o) ) o
. —qV
Using eqn (3), the term exp can be expressed as
i’]kBT
—q Vz) b It
ex =l-—=1-— 7
P (ﬂkBT Isz ISZ ( )

since I, = Ir. Then, substituting eqn (7) into eqn (6), it results in

It = I, [exp <11Z:T> (1 - ;—;) - 1} (8)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Executing all the products and isolating Ir, we get

()|
1|exp| ——— |-
kg T
Iy = hks (9)
1+ﬁexp(ﬂ>
152 i’[kBT
Finally, multiplying the numerator and denominator by

—qV
215, exp <2111ng

) ,We obtain,

V
215, Is, sinhexp (2’1qu T)

qV —qV
1 P 1
5 xp (211/(]3 T) + 52 xp (21’]](]3 T)

As it should be expected, eqn (10) is transformed into the single
SB equation for a configuration with an SB and S; =~ S,, so it
results that

V —qV
Is, exp (2:](?) = S, A*T? exp (2WZB T)

Therefore, I, exp(

Ir =

(10)

(11)

q . .
——— |can be neglected in the denomina-
112/(3 T) &
tor of eqn (10), that reduces to the single SB equation.

2I5, I, sinh exp (

qV )
_ 2nkgT) qV _
Ir= e 7 = I {exp(quT 1| (12)
S2 XP\ pken T

We have also plotted the log I vs. log V graph, which is shown in
Fig. 8 (right: inset), in order to completely comprehend the
conduction mechanism. The current flow is governed by the
space charge conduction mechanism in the higher voltage
region with a slope of 3.81.

dv nkgT
ann = () + 1R (13)
H(I) =V - ("k;‘T) In (AA{W) (14)
H(I) = IRs + n¢g (15)

The series resistance, ideality factor, and barrier potential
height were calculated using eqn (13)—-(15). These formulas
were produced by simply deriving from Cheung’s theory.
We plotted the dv/d(InI) vs. I graph and H vs. I graph, as shown
in Fig. 9, in order to determine the diode parameters of device 1.
We determined the barrier height from the intercept of the
Hvs. I graph and the ideality factor () from the intercept of the
dv/d(InI) vs. I graph. The ideality factor (1) for our diodes was
determined to be 25.13, which is greater than the ideal value
of 1.1. The series resistance at the interface, the presence of
interface states, and the presence of inhomogeneities in the
Schottky barrier® could all contribute to the divergence of the
expected behaviour.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 dV/d(ln /) vs. | graph and the H vs. | graph for the ITO/Zn@5AP/ITO
device.

A barrier height (¢g) of 0.03 eV was determined for device 1.
The fabricated diode structure clearly has a lower barrier
potential height and a greater ideality factor and these two
characteristics are essential for designing a Schottky diode.
We computed the slope of the dV/d(InI) vs. I graph as well as
the H vs. I graph in order to obtain the value of the series
resistance, which is 5963.04 Q. After taking into consideration
all of the measured properties, it can be stated that such diode
layouts can be useful for semiconductor electronics design.
We have also measured I-V characteristics at different low
temperatures from 100 K to 200 K, as shown in Fig. S4 (ESIf).
I-V measurements are also used to examine the resistive switch-
ing behaviour of the Zn@5AP metallohydrogel-based hetero-
structure (see Fig. 10 (right: inset)) where ITO acts as the
bottom electrode and Cu acts as the top electrode in device 2.
To avoid any leakage contribution to the -V measurements, the
compliance current (CC) is set at 100 mA before the commence-
ment of any tests. The I-V trajectory of device 2 is displayed on a
linear scale in Fig. 10. In this instance, the -V measurements
are performed in the following sequence: 0V - 5V - —5V —
0 V. The applied voltage is shown by the arrows. The I-V loop
displays complete hysteresis, which is an indication of mem-
ristive behaviour. The current across the low-voltage zone
initially rises linearly when the voltage is close to 0 V (point A
to point B). Non-linearity in the current-voltage graph is seen
under a specific voltage (2.829 V), and as the applied voltage
increases, the current increases abruptly. The device is now
transitioning from a higher resistance state (HRS) to a lower
resistance state (LRS), according to the SET voltage (Vsgr =
2.829 V). At point C, the current increases. Then, even if the
voltage is switched from point C to point D, the device main-
tains its ON state. After the voltage drops, the current starts to
rapidly decrease at point E, and the device turns into the OFF
state. After cycling in the opposite direction, the current keeps
increasing and achieves an LRS at a value of —2.43 V (point E).

At a RESET voltage (VRESET) of —4.8 V, the device returns to
the HRS. The system changes from LRS to HRS using the RESET

Mater. Adv,, 2024, 5, 3459-3471 | 3465
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Fig. 10 Schematic representation of a glass/ITO/Zn@5AP/Cu-based
device (right: inset), along with /-V characteristics plotted on a linear scale
for the same device (points A to B indicate a linear increase in current,
points B to C indicate a rapid increase in current, points C to D indicate
polarity reversal with continuous current flow, points D to E indicate an
abrupt decrease in current, points E to F indicate a change in direction of
current up to =5V, and points F to G indicate that the current increases
continuously up to 0 V).

method, which is denoted by the arrow between points F and G.
This is a crucial indicator of the sample’s bipolar resistive
switching behaviour because a negative voltage is required to
return the sample to its prior resistance state. The I-V proper-
ties of device 2 are displayed on a semi-logarithmic scale in
Fig. 10 (left: inset). The increase and decrease in current caused
by the formation and rupture of conductive filament-type
structures tries to switch the device between the ON and OFF
states. We have also measured the complete -V curves of device
2 for consecutive cycles and observed some variability in the
first few cycles (~20) as shown in Fig. S1 (ESIt) which gets
stabilized. Later, this mechanism is described.

In order to better understand the conduction mechanism
and the charge transport mechanism of device 2, we have fitted
the I-V curve in the logarithmic scale (Fig. 11a) throughout the
SET process. In this instance, we have come to the conclusion
that the current exhibits ohmic conduction and changes line-
arly in the voltage range of 0 V to 3 V with a slope of m = 1. But
in the higher voltage region, the current follows space charge

(a) ®) ,
! . 1
go‘ m=1.2 ‘15’01
g R-Square=099 g m=1
o R-Square=0.99
00
0.001
0001
o o egv(v) ! €301 Jpe—
Fig. 11 (a) -V curve of the glass/ITO/Zn@5AP/Cu based device on a

logarithmic scale in the SET process; (b) /-V curve of the glass/ITO/
Zn@5AP/Cu based device on a logarithmic scale in the RESET process.
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limited conduction behaviour with a slope of m = 2.16. It is
confirmed that it is followed by space charge conduction
behaviour when the slope is around 2. Similar behaviour has
also been exposed by the RESET process (Fig. 11b). We have
noticed that it exhibits ohmic behaviour with a slope of m = 1.2
in the lower voltage region between 0 V and 3 V.

In order to observe the resistive switching characteristics of
device 3, Cu is used as both the top and bottom electrodes
in device 3. In the presence of the SET and RESET operations
(Vsgr = 4.98 V and Vggsgr = —4.58 V), the I-V curve exhibits
memristive behaviour over full voltage cycling with discrete LRS
and HRS states, as shown in Fig. 12. This behaviour resembles
the I-V curve of device 2 in the same way. We have also
measured the complete I-V curves of device 3 for consecutive
cycles and observed some variability in the first few cycles
(~20) as shown in Fig. S2 (ESIt) which gets stabilized later.
For comparing device 3 with device 2, we have observed that
there is some variation in the /-V curve in the complete cyclic
response, which is shown in Fig. S3 (ESIt).

For a better understanding of the conduction mechanism
and the charge transport process of device 3, we have also fitted
the I-V curve in the logarithmic scale in the SET process (Fig. 12
(right: inset)). We have observed that the current follows the
ohmic nature of conduction and varies linearly with a slope of
m = 1.76.

We also plotted the I-V curve using a logarithmic scale
during the RESET procedure (Fig. 13). Here, we have seen that
it exhibits ohmic behaviour with a slope of 1.13 in the voltage
range between 0 V and 4 V.

To better understand the consistency of the switching
process, we also performed an endurance test for 5000 switch-
ing cycles consecutively at room temperature for both the
devices (2 and 3), as shown in Fig. 14(a) and (b). The switching
procedure for device 2 and 3 is reliable for up to 5000 switching

SET

m=1.727
2 10|
5 £, '\’_'_{ m=1.767
% R-Square=0.99
=01
0.01
-10 F 0001
1 01 1
logV (V)
1 1
6 -4 2 4 6

2 0
Voltage (V)

Fig. 12 Schematic representation of a glass/Cu/Zn@5AP/Cu-based
device (left: inset) and /-V characteristics plotted on a linear scale for
the same device and /-V curve for same device on a logarithmic scale in
the SET process (right: inset).
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Fig. 13 /-V curve of the glass/Cu/Zn@5AP/Cu based device on a loga-
rithmic scale in the RESET process.
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Fig. 14 (a) Endurance test of the glass/ITO/Zn@5AP/Cu based device; (b)

endurance test of the glass/Cu/Zn@5AP/Cu based device.

cycles. The endurance test shows that the switching behaviour
is robust because the average ON/OFF ratio is around 100 for
both the devices. This implies that this device can continue to
function as intended in terms of memory response over an
extended period without experiencing any degradation, which
is helpful for real-world uses in memory circuit design at a
reduced cost of production.

We have also performed retention tests for up to 1000 s at
room temperature for both the devices (2 and 3), as shown in
Fig. 15(a) and (b). The switching procedure for devices 2 and 3
is reliable for up to 10 s. We have also observed that for both
the devices (2 and 3) the ON/OFF ratio is around 85. From the
retention test, we can conclude that these devices can store data
up to 10° s without any degradation.

(a) 10000

~
=
~
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Fig. 15 (a) Retention test of the glass/ITO/Zn@5AP/Cu based device; (b)
retention test of the glass/Cu/Zn@5AP/Cu based device.
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Table 2 Comparison of SET and RESET values with different materials

System Type Vser (V) Veeser (V) Ton/lorr Ref.
Cu/Mg@3AP/Cu Thin film 2.36 —2.93 100 50
La,,SrosMnO;  Bulk 9.5 —9.7 10 11
LaCoOs-graphene Bulk 9.8 -8.1 40 49
Ag/Pectin/FTO Thin film 3.3 —4.3 450 51
Cu/Zn@5AP/Cu  Thin film 4.98 —4.58 100 Current work

A comparison of Ion/Iorr Observed in other materials at
room temperature (shown in Table 2).

Numerous processes, such as the formation of the Schottky
barrier with electrochemical migration, redox reactions,
valence change memory, etc. can be used to explain the physical
origin of the switching process. According to our study, the
valence change memory (VCM) and electrochemical metalliza-
tion (ECM) process are impacted by the mobility of oxygen
defects and metal cations. Here, it is shown that metal ions and
oxygen vacancies both have a substantial impact on the change
in resistance (Fig. 16). For device 2, conducting filaments form
in the semiconducting layers and as a result there is the
migration of Cu ions, Zn ions, and oxygen vacancies. We can
explain the transition from the HRS to LRS state by rupturing
and regenerating the Cu filaments that are integrated into the
semiconducting layers. In this study, the resistive switching
behaviour of device 2 is mainly caused by the migration of Cu
ions and oxygen vacancies. We already know that copper ions
can move in the direction of an applied electric field and ionize
in the presence of an electric field to generate copper ions with
the formula Cu — Cu®" + e ™. When a positive voltage is applied,
Cu”" ions, Zn ions, and oxygen vacancies travel towards the
intermediate layer where they are transformed into metallic Cu.
After the SET process is complete and the device switches from
HRS to LRS, the conductivity of this layer will rise and the
concentration of Cu ions, Zn ions, and oxygen vacancies will

Voltage (V)

® Cuions
Znions
® Oxygen vacancies

RESET - ITO —

Fig. 16 This diagram describes the resistive switching mechanism of a
glass/ITO/Zn@5AP/Cu-based device using the conductive filament model.
The |-V curve has been used to identify the following locations: (a) the
ions move towards the intermediate layer after being applied a positive
voltage of 0.2 V; (b) at 3.81V, the Cu, Zn, and oxygen vacancies produced a
conducting filament-type structure; (c) at a negative voltage of —2.46 V,
Cu, Zn, and oxygen vacancies are brought back to the top electrode; (d) all
of the ions are gathered at the top electrode and switched into HRS at
—-0.11V.
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RRAM device Endurance (cycles) Retention (s) ON/OFF ratio Power consumption (nW) Ref.
Al,05/Zn0O-based RRAM 10* 10* 10° 1.4 x 10* 56
Pt/AlO,/ZnO/Ti 10° 10* 10? 0.6 57
Pt/HfO,/TiO,/Pt 100 10* 10> 1.12 x 10° 58
Graphene/HfO,/TiN 10° 10* 10% 4.6 x 10> 59
hhBN/AIO,/TiO,/Ito 100 10* 10? 2 x 10° 60
Cu/Zn@5AP/ITO 5000 10° 10% 4.72 x 10° This work
Vaimout Vv Table 4 Truth table of the OR gate
inpu B Input
ORigate circiit YOltage at YOltage at Output Logical
_— oo input A (V) input B (V) voltage (V) state
‘E ‘ v 0 0 0.14 0
Out 5 0 4.96 1
. ' 0 5 4.95 1
g 5 5 4.95 1

/?/O_D \\ ‘E] I‘
ut !

-+ Cu electrode

\ Input _~

NOT gate circuit diagram

Fig. 17 Schematic circuit diagram for OR gate and NOT gate.

approach the bottom electrode. Until a sufficient voltage with
the opposite polarity is applied to electrochemically dissolve
the Cu filaments and oxygen vacancies for the RESET opera-
tion, the device stays in the LRS state. The device enters the
HRS when negative voltage is applied, and its conductivity also
drops at the same moment. At the end, Cu®", Zn, and oxygen
vacancy ions return to the upper electrode. In this way, the
resistive switching behaviour of device 3 can be described by
the migration of Cu®>* ions, Zn ions, and oxygen vacancies. We
have also described the conduction filament model from TEM
and EDAX analysis, as shown in Fig. S5 (ESIt) (Table 3).

Memory devices in memory systems are organized in arrays,
and one common architecture is the cross-point architecture.
In this configuration, our sample is placed at the crossing point
of two perpendicular metal lines, as shown in Fig. 17. In our
research work, we have shown how the metallogel-based RRAM
device in a crossbar array works in memory computing using
logic gate operation. In-memory computing can also be accom-
plished by employing fundamental electrical circuit principles,
such as Kirchhoff’s law and Ohm’s law. This method is parti-
cularly well-suited for analog crossbar arrays. Here, in this work
we have prepared a 2 Xx 2 cross bar device based on a
Cu/Zn@5AP/Cu structure where Cu acts as both the top and
bottom electrode as shown in Fig. 17 and the four RRAM
devices are denoted by A, B, C, and D.

Now, for logic gate operations we have used two RRAM
devices (A and B). For the OR logic gate, if memristors A and
B are both logical “0” that means no voltage is applied, and
then the output voltage is 0.143 V which is considered as the

3468 | Mater. Adv, 2024, 5, 3459-3471

Table 5 Truth table of the NOT gate

Input voltage Output voltage Logical state

oV \% 1
5V 011V 0

“0” state. When we applied 5 V at input A and 0 V at input B,
then the output voltage is 4.96 V which is considered as the
logical ““1” state. Similarly, when we applied 0 V at input A and
5 V at input B, then the output voltage is 4.95 V which is also
considered as the logical “1” state. When both memristors A
and B are both in the logical “1” state, that means when we
applied 5 V at both the terminals, then the output voltage is
also 4.95 V as the logical “1” state. The truth table of the OR
logic gate is shown in Table 4.

Similarly, we have designed a NOT gate logic circuit (shown
in Fig. 17) using device C and it also satisfied a NOT gate truth
table, which is shown in Table 5.

The current structure can be extended further with a larger
size of cross-point arrays to perform advanced logic and com-
puting operations, which can act as a central part for in-
memory computing where the computation and information
storage are done at the same circuit level, as demonstrated
here. In this way, memristor based logic gate circuits using
crossbar arrays will help us to explore different engineering
methodologies that depend on in-memory computing
principles.

4. Conclusions

In conclusion, a novel supramolecular Zn(u)-metallohydrogel
was synthesized by one-shot mixing of an aqueous solution of
Zn(u)-ions and 5-amino-1-pentanol low molecular weight gela-
tor. The mechanical strength and self-healing properties of
the synthesized hydrogel were established through rheolo-
gical investigations and thixotropic study. The hierarchical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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morphological features of the Zn(u)-metallohydrogel were
shown through FESEM and TEM images. The primary strategy
of gel formation via different potential intermolecular interac-
tions was recognized through FT-IR spectroscopic study. In this
work we have prepared ITO/Zn@5AP/Cu and Cu/Zn@5AP/Cu
based RRAM devices and the bipolar resistive switching beha-
viour is investigated of these devices. The resistive switching
behaviour of these two heterostructures is caused by the
formation and rupture of conduction filaments between the
vertical electrodes. This RRAM device shows an excellent ON/
OFF ratio, which is around 100 across 5000 switching cycles
without any degradation in performance. Because of its strong
resistive switching behaviour, exceptional endurance, and
high ON/OFF ratio, the Zn(u)-metallohydrogel is a promising
material for non-volatile memory applications. Therefore, the
Zn(u)-metallohydrogel is preferable for applications in neural
network circuit design, and neuromorphic and in-memory
computing.
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