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Abstract

In this study, 2D materials and their nanocomposites have been explored as the functional layer of
resistive random access memory (RRAM) devices. 2D materials and their nanocomposites such
as molybdenum disulfide-polyvinyl alcohol (MoS2-PVA), hexagonal boron nitride flakes-MoS2
quantum dots (hBN-MoS2QDs), flakes of tungsten disulfide (WS2) and hBN flakes-graphene
quantum dots (hBN-GQDs) have been sandwiched between two metallic electrodes to complete
the simple structure of RRAM devices. All-Printed technology was used to fabricate each RRAM
device on a flexible and transparent substrate. All the devices displayed highly stable, repeatable
and bipolar resistive switching characteristics. The least switching ratio was shown by the active
layer of MoS2-PVA (1.28x10%) while hBN-Mo0S2QDs, WS2 and hBN-GQDs exhibited a superior
value of 10° each. Lowest retention time of 10* s was exhibited by the WS flakes while MoS»-
PVA, hBN-Mo0S2QDs, and hBN-GQDs showed a higher value of 10° s each. All 2D materials
based flexible RRAM devices were tested for their bendability in the bending diameter range of
500 mm to 2 mm. Functional layer of MoS2-PVA showed maximum number of bending cycles
(2000 cycles) without any prominent decay in the device performance while hBN-MoS2QDs, WSz
flakes and hBN-GQDs exhibited mechanical robustness upto 1500 cycles each respectively.
Conduction mechanism shown by active layers of MoS2-PVA and WSz flakes was space charge
limited current (SCLC) while conductive filaments were formed in the active layer of hBN-GQDs
and hBN-MoS2QDs. Furthermore, functional thin films of hBN-GQDs and WS: flakes were also
encapsulated with atomically thin film of aluminum oxide (Al203) through spatial atmospheric
atomic layer deposition (SAALD) system to enhance their lifetime. These obtained results clearly
illustrate that functional layers based on 2D materials have a huge potential to replace the existing

nanomaterials used as active layers of RRAM devices.
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1. Introduction
1.1 Two Dimensional Materials

2D materials such as graphene, transition metal dichalcogenides (TMDs) and diatomic hexagonal
boron nitride (hBN) with zero, intermediate and large bandgaps respectively are under extensive
research now a days because of their promising properties [1]. These layered materials are
attractive for researchers due to their unique electrical, mechanical, chemical, optical and thermal
properties. 2D materials offer utmost mechanical strength with high flexibility yet extremely light
weight [1-3]. Graphene was the pioneer 2D material that revolutionized the world of electronics
ever since its advent owing to its unique mechanical [4], thermal [5], magnetic [6], semiconducting
[7], optoelectronic [4,8], and superconducting [9] properties. Graphene sheets have extremely high
metal like conductivity owing to their vast Bohr radius with zero band-gap [10] however, an
intermediate band-gap in pristine graphene sheets can be introduced by synthesizing GQDs and
nanoribbons through exfoliation. GQDs have already shown encouraging results in various
applications such as light emitting diodes [11], photodetectors [12], supercapacitors [13], and
photovoltaic solar cells [14] owing to their edge states and variable quantum confinement effect.

Moreover, surface/volume ratio of GQDs is higher than carbon nanodots.

TMDs are another class of 2D materials that have already been successfully employed in various
electronic device applications such as field effect transistors (FETs) [15], lasers [16], photovoltaic
solar cells (PVSC) [17], photo diodes [18], etc. Unlike, highly conductive graphene, TMDs are
semiconducting layered materials whose conductivity varies with the number of exfoliated layers.
These semiconducting materials have an added advantage of easy synthesis through several
methods such as liquid phase exfoliation and mechanical cleavage owing to weak van der Waals

bonding between their atoms [19]. Furthermore, these materials are physically and chemically



stable. Among these 2D materials, MoS:z is a very attractive candidate with an immense potential
to be used in electronic device applications because of its suitable quantum confinement, high
mobility owing to direct band gap of 1.85 eV in monolayer, and indirect bandgap of 1.29 eV in
multilayer7. MoS: has 1T (metallic phase), 2H (hexagonal symmetry), 3R (rhombohedral) and
other phases due to single, double, triple and multilayers stacked over each other respectively.
Sulfur-molybdenum-sulfur having hexagonal structure are sandwiched over one another. TMDs
are promising 2D materials that can be divided into several categories based on the combination
of transition metal (Mo, Nb, Re, Ni, W or V) and chalcogen (Se, S, or Te) [20]. Properties of
TMDs heavily depend on the number of layers in a nanosheet such as pristine or a few layer MoS:
has an indirect bandgap of ~1.3 eV while monolayer MoS: has a direct bandgap of 1.9 eV [21].
Mobility of MoS: is as high as that of a single crystal of silicon with this bandgap [2]. Owing to
the quick progress of TMDs to be used in the future electronic device applications, various
techniques to synthesize monolayer and a few layer MoS: flakes have been explored. These
methods include micromechanical exfoliation, hydrothermal process, solution-based chemical
exfoliation, chemical vaporization, ion intercalation exfoliation, and sulfurization of molybdenum
(Mo) [22-26]. Exfoliated MoS:2 semiconductor has already shown remarkable electrical properties
and mechanical strength in various micro electronic device applications such as lasers [27],
supercapacitors [28], thin film transistors (TFTs) [29], phototransistors [30], bio sensors [31], solar

cells [32], and batteries [33].

Among other promising 2D materials, hBN and tungsten disulfide (WS2) are most famous for their
known properties. hBN has a substantially high elastic constant (503 N m™!) and breaking strength
(15.7 N m ) to show excellent applications in flexible electronic devices [34]. Furthermore, hBN

is a hydrophobic material implying that electronic devices fabricated by using this 2D material



will remain protected in humid conditions. Other distinct characteristics of hBN include high
temperature stability, large surface area, high mechanical strength, hydrophobicity (water repellent)
and large thermal conductivity. As per WSz is concerned, its atomic structure is similar to MoS:
with the exception of Molybdenum (Mo) atom being replaced with tungsten (W) atom but WS:
has relatively lighter effective mass, high thermal and chemical stability, making it superior to
other available TMDs. Furthermore, WS> has distinct pressure-tunable properties with the ability
to bear extreme load that makes it a promising candidate for flexible electronic device applications

as high mechanical strength is an inherent property of all 2D materials.

1.2 Role of 2D Materials in RRAM Devices

1.2.1 Graphene and its Nanocomposites

Due to its zero bandgap, graphene can not be used as the active layer of RRAM devices. However,
graphene has been used as the transparent and highly conductive electrode in various RRAM
devices. Moreover, synthesis of GQDs through exfoliated graphene sheets can play a vital role in
the resistive switching characteristics of RRAM devices. Recently, effect of embedding various
conductive nanoparticles (NPs) such as Au NPs [35], CdSe NPs [36], and CdSe/ZnS NPs [37] on
the characteristics of memory devices with typical sandwich structure have shown promising
results. GQDs are considered as a superior choice to be used as the functional material for flexible
nonvolatile memory (NVM) applications as compared to other nanoparticles owing to their
remarkable characteristics of chemical inertness, high conductivity, excellent solubility, huge
flexibility, and enhanced surface grafting [38,39]. Moreover, the edge and quantum confinement
effect of the GQDs induces several physical and chemical properties that are highly suitable for a

charge-trapping medium [40].



1.2.2 MoS; and its Nanocomposites

These theoretical predictions provide strong motivation for further experimental research on the
applications of layered materials in flexible electronic memory devices. Atomic level thickness of
TMDs make them an attractive class of materials for electronic device applications such as flexible
memory devices owing to their exotic optical, thermal, mechanical, chemical and electrical
properties [41]. The properties that make TMDs a preferred choice as the functional material of a
memory device includes their tunable band gap that transforms from indirect to direct band gap
with varying crystal thickness. This band gap (1.1 eV-2 eV) is ideal for memory applications with
clearly defined ON/OFF states and reliable data storage. Although various contributions have
already been reported to use MoS: in various electronic device applications as mentioned above,
but the resistive switching characteristics of this 2D material in the form of a RRAM device in
particular has yet to be completely explored. A lot of research is ongoing to explore the unique
nanocomposite materials with memory effect owing to its potential of replacing transistor from
memory devices [42—46]. Nanospheres, monolayer, and multilayer flakes of MoS: have recently
been reported to exhibit remarkable resistive switching properties with a very high off/on ratio of
up to 10° and reproducibility of 10* voltage sweeps [47—51]. Juging Liu et al. [51] and Sachin M.
Shinde et al. [48] have recently reported appreciable results of resistive switching by using a

combination of exfoliated MoS: flakes with a polymer.

1.2.3 Other 2D Materials and their Nanocomposites

Graphene was the first 2D nano-material with promising applications but it has a limitation of zero
bandgap that does not allow it to be used as a memory device. Emergence of a sister 2D material,

hBN saved the overwhelming reputation of layered materials by offering extremely high bandgap



of = 5.9 eV thus, making it an ideal functional material for memory applications [52]. Chemical
structures of graphene and hBN are similar except that carbon atoms in the honeycomb of graphene
are replaced with nitrogen atoms [51]. In spite of such attractive qualities, hBN based memory
device can result in high power consumption, low current density and high threshold voltage (Vin)
owing to its large bandgap and lower conductivity. To overcome the deficiency of low conductivity
in hBN due to its large bandgap, MoS: can be used to form a blend. WSz is another 2D material
with potential application of resistive switching memory. Electron affinity values for WSz lies
between 4 eV to 4.4 eV and it has an indirect band gap (Eg = 1.3 eV) [53]. WSz is most probably
a suitable choice to be used as the functional layer of a memory device due to the absence of states
for charge leakage through quantum mechanical tunneling resulting in large retention of stored
digital data [54]. Additionally, 2D electron-electron links among W atoms of WS: layers would
assist in improving planar electronic transportation characteristics of charge carriers. WSz is
preferred over other TMDs owing to its relatively larger band gap in both monolayer (~1.3 eV)
and bulk (~2.1 eV) form as compared to MoS2, MoSe2, and WSe2 which is a vital entity for any
nonvolatile memory device [19]. WSz has the ability to act as a highly efficient and ultrafast
interlayer for electron transfer.

1.3 Printing Technologies

1.3.1 Reverse Offset Electrode Patterning

In order to achieve fine patterns with high resolution, more accurate micro-fabrication technology
is required. Moon et al. reported a novel direct contact method known as reverse offset printing
for patterning high quality metal electrodes. This patterning technique has the ability to print
extremely tiny and complicated structures with uniform thickness [55]. Electrodes printed through

reverse offset roll-to-plate printing technique have the promising characteristics of high resolution,



low resistivity, high quality surface, simplicity, and ease of fabrication to realize an accurate and
precise pattern [56]. It is a direct printing method that can print electrodes with pattern size < 1 um
unlike its other competitive direct printing techniques such as screen printing, flexographic

printing, gravure printing and inkjet printing.

Complete schematic diagram of reverse offset patterning system is illustrated in Fig.1. Accessories
of reverse offset printing system include a glass slide to deposit ink, a roller enfolded with a blanket
of highly hydrophobic poly-dimethylsilxane (PDMS) material, a cliché¢ designed with the negative
of electrode patterns engraved on its surface and finally the desired substrate on which the device
has to be fabricated. In order to achieve high resolution micro patterns, large pressure and low
speed are the desired parameters. The area of blanket roll known as nip which remains in
continuous contact with the plate, cliché or desired substrate is extremely important as transfer of
ink from or to the blanket roll occurs in this areal. Adhesion and cohesion of each surface is also
an important parameter which should be optimized by controlling the pressure and speed of the

blanket roll. Ink adheres to the roll and separated from the surface at the end of contact.
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Figure 1. 3D and 2D view of Reverse Off-Set schematic diagram illustrating the patterning of bottom Ag electrodes
on flexible PET substrate a) Glass slide b) Ag nanoparticles ink spin coated on glass slide c) Ag ink being attached
with the PDMS blanket by rolling the blanket roll over Ag coated glass slide d) Cliché showing the engraved patterns
on its surface e) OFF Process taking place in which engraved patterns of cliché are being transferred onto PDMS
blanket f) SET Process in which Ag electrodes are transferred from blanket roll onto the desired PET substrate

1.3.2 Electrohydrodynamic Patterning and Atomization

Electrohydrodynamic (EHD) patterning is a non-contact printing technique used for patterning
high resolution metallic electrodes with uniformity. EHD patterning is preferred over other contact
based patterning techniques such as screen printing, reverse offset and gravure offset because they
could damage the functional thin film resulting in a short circuit between top and bottom electrodes.
However, on the other hand EHD patterning is a non-contact method for patterning electrodes that
does not make any contact with the functional thin film while depositing top electrodes on its

surface. EHD patterning is accomplished by applying a high electric field at the tip of the nozzle.



This applied electric field directly effects the flow of liquid being deposited through the nozzle to
form the desired jet. Before the application of electric field, a hemispherical drop of the liquid is
formed on the meniscus which adopts the form of a cone when potential difference is applied
between the nozzle and substrate. Ions with the same polarity are mobilized and gather at the
meniscus surface. This cone formation can be depicted by the stability between the surface tension
and applied electrostatic forces. Single jet with extremely thin diameter is ejected from the tip of
the cone to print on the targeted substrate when the electrostatic forces surpass the specific limit
of surface tension. These deposition conditions can be used to pattern various type of electrodes
based on different materials on flexible and rigid substrates. The desired dimensions of the
patterned electrodes can be controlled by varying a few parameters such as flow rate, applied
voltage, nozzle diameter and standoff distance. Properties of the ink like conductivity, viscosity,
density and surface tension also play a vital role. The mode of deposition can be either drop on

demand or continuous depending on the value of applied voltage.

1.3.3 Reciprocating Inkjet Head for Electrode Patterning

Reciprocating (RPC) inkjet head is another non-contact based patterning technique for depositing
metallic electrodes in circular and straight line form with desirable dimensions. The whole
schematic diagram of RPC inkjet printing system during each patterning step is presented in Fig.
2. RPC inkjet printing system is preferred over other patterning techniques owing to its high
controllability, compatibility with flexible substrates and high precision without damaging the
functional layer. Unlike continuous drop on demand (DOD) method, p-droplets from RPC inkjet
printing system are only generated when they are required. The capillary force keeps the high
viscosity metallic nanoparticle ink inside the chamber while a pneumatic actuator is used to

dispense the droplets.



Reciprocating inkjet has the ability to deposit inks with various drop sizes ranging from 10 um to
Imm. This wide range of deposited drop size is ascribed to the mechanical extrusion mechanism
followed by this electrode patterning technology whereas the controllability over the electrode size
is mainly dependent upon the needle diameter. A disadvantage of this electrode patterning
technique is that its printing frequency is characteristically limited to 1-20 Hz due to the
mechanical reciprocating manner movement of the micro needle. Frequency of reciprocating head
is significantly lower than that of inkjet printing, which normally operates at 1-10 kHz. Optimized
values of various parameters such as ink viscosity, standoff distance, nozzle diameter, and
deposition frequency need to be considered for highly controllable, precise and repeatable
patterning of p-droplets. These p-droplets are sintered by UV laser in real time followed by thermal

sintering to enhance conductivity.
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Figure 2. Schematic diagram of reciprocating (RPC) inkjet printing system and illustration of each fabrication step
with optical images of three different size circular top electrodes

1.3.4 Electrohydrodynamic Atomization for Thin Film Deposition

EHDA is preferred over other active layer deposition techniques due to its high control, simplicity,
large area coverage and ability to produce very thin films with high uniformity in quick time
[57,58]. Complete schematic diagram of EHDA system with labelling of each part and an example
of its operating envelop are shown in Fig. 3. The functional thin film solution is allowed to flow

through the meniscus of the nozzle by applying the electric field. The flow rate can be varied to
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achieve the stable cone jet for deposition of uniform thin film in the desired area over the surface
of target substrate. Active material ink being sprayed begins to split into small droplets with
increasing voltage. Spraying modes varies from dripping to multi-stable jet after passing through
micro-dripping, unstable jet and stable jet. The spraying mode can be controlled by several
parameters such as applied voltage, distance of nozzle from the substrate, nozzle diameter and set
value of flow rate. The operating envelope of depositing the functional thin film can also be drawn
by recording the data of respective deposition condition. Film thickness can be controlled by
optimizing the number of spraying passes, spraying time, speed of stage and standoff distance

between the nozzle and desired substrate.
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Figure 3. a) Schematic diagram of EHDA process with labelling of each part b) Operating envelope of EHDA process
for the deposition of functional thin film.

2 Experimental
2.1 Synthesis of functional materials
2.1.1 Synthesis of WS flakes

Pristine WS2 (99.0%) ultrafine powder was purchased from Graphene Supermarket. Solvents NMP

and acetone for exfoliation of WS: flakes were purchased from Sigma Aldrich. Exfoliation of

11



pristine WS flakes was carried out by liquid exfoliation method using co-solvent approach as
compared to mechanical method of scotch tape micro cleavage to achieve high throughput. First
of all, the pristine WS> was ground in a mortar for 2 h by adding a few drops of NMP solvent. The
gel like mixture was then dried and dispersed in equal volume ratio of NMP and acetone. This
solution was sonicated through ultrasonic probe sonication with pulse on 3 s and pulse off 1 s with
a frequency of 20 kHz. The resultant solution was kept unstirred for overnight and %™ portion of
the suspension was centrifuged at 3000 rpm for 1 h. After centrifugation, the supernatant was taken
out and stirred for 24 h. Before the deposition of thin film, the stability of the solution was
evaluated by sedimentation test by allowing the solution stand undisturbed for 72 h; slower the
particles settle, the better the solution stability is. Furthermore, the resultant exfoliated solution of
WS: flakes found to be stable even after 8 weeks. The as prepared solution was used for thin film
fabrication and further characterizations. The molecular structure of a few layer WSz flakes along

with its as synthesized exfoliated solution ink bottle are shown in Fig. 4.

Ink of WS, flakes

Figure 4. Chemical structure and as synthesized ink of a few layered WS, material
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2.1.2 Synthesis of MoS: flakes blended with PVA

Pristine MoS2 (99.0%) ultrafine powder was purchased from Graphene Supermarket. PVA (MW
9000-10000, 80% hydrolyzed) and NMP (anhydrous, 99.5%) were purchased from Sigma Aldrich.
Liquid exfoliation method was used for the synthesis of MoS: flakes compared to mechanical
method of scotch tape micro cleavage to achieve high throughput. Lateral flake size and thickness
of raw flakes are affected by the selected exfoliation process. NMP was selected as the solvent for
dispersing MoS:z in PVA. NMP is a suitable choice for exfoliating MoS2 powder due to its surface
energy that matches well with the nanosheets of MoSz. The surface tension helps in overcoming
the van der Walls forces resulting in ease of exfoliation. Grinding of pristine MoS2 powder in NMP
was carried out for 1 h in a mortar followed by heating at 100 °C for 1 h to evaporate the solvent.
Furthermore ground MoS:2 was dispersed in NMP for probe sonication for 1 h as grinding and
sonication both are effective in exfoliation of MoS:z flakes [59]. Finally centrifugation at 6000 rpm
was carried out for 30 min to remove the larger nanoplatelets and partially exfoliated crystallites.
The supernatant was collected and PVA (10 wt. %) was dissolved in it. The blend solution of MoS2
and PVA was stirred on a magnetic stirrer at 1000 rpm at ambient conditions for overnight to
observe if there are some undissolved suspensions left. The resulting homogeneous and uniformly
dispersed nanocomposite of MoS2 with PVA in NMP was used for device fabrication. The
dispersion remained stable over a period of several months and no suspension or segregation was
observed. The molecular structures of PVA and MoS: along with the resulting hybrid

nanocomposite ink bottle are shown in Fig. 5.
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Figure 5. Chemical structures of dielectric PVA polymer and semi-conductive pristine MoS2 displaying their
interatomic bonding along with the as synthesized exfoliated few layered MoS2 flakes ink with PVA dissolved in
NMP solvent

2.1.3 Synthesis of hBN flakes blended with GQDs

Graphene nano platelets (GNPs) (Purity > 99%, Diameter: 1-2 pm, Grade: 4) were used for the
synthesis of Graphene quantum dots and were purchased from Cheap Tubes Inc. Boron Nitride
(BN) ultrafine powder (Purity: 99.0%, Average particle size: ~70 nm) was purchased from
Graphene Supermarket. N-Methyl-2-pyrrolidone (NMP), 1, 2-dichlorobenzene (DCB) and
isopropyl alcohol (IPA) were purchased from Sigma Aldrich. The chemical structures of the used
2D materials and their nanocomposite is illustrated in Fig. 6 below along with their as synthesized
inks. In brief, GQDs were synthesized from GNPs by wet grinding the nano powder for 6 h using
mortar and pestle assisted by adding a few drops of NMP. The gel like mixture was obtained which
was dried at 100 °C for 1 h. The dried powder was then dispersed in equal volumes of NMP and
DCB and placed on a mechanical shaker for 3 h for vigorous mixing followed by ultra-sonication
in a bath sonicator for 4 h. Further sonication was conducted by probe-type sonicator at 30 %

amplitude for 1 h with shorter pulses of sonication (pulse on: 3 s, pulse off: 1 s).
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Figure 6. Chemical structures of as synthesized 2D materials including hBN flakes, GQDs and their nanocomposite.
The prepared inks of each material in their respective solvents is shown at the bottom of each chemical structure

The ultra-sonicated solution was kept unstirred for overnight and top 2/3™ portion of the solution
was taken for centrifugation which was carried out at 10000 rpm for 30 min. Finally, the
supernatant with a faint yellow color was collected in a separate bottle with a concentration of 7
mg/ml of GQDs in it. The chemical structure and optical image of GQDs ink are illustrated in Fig.
6. Pristine ultrafine powder of hBN was exfoliated to obtain nanosheets through liquid exfoliation
method assisted by grinding and ultrasonic vibration [60]. Initially, the pristine hBN powder was
ground for 2 h in IPA followed by ultrasonic vibration via bath-sonication and probe-sonication
each for 1 h. After drying the wet ground powder, the dried hBN powder was dispersed in IPA
because IPA is considered the better solvent to exfoliate and disperse hBN as compared to other
organic solvents [61]. Furthermore, to obtain the exfoliated thin nanosheets of hBN, the resulted
solution was centrifuged at 4000 rpm for 30 min and then supernatant was collected containing

the thin nanosheets of hBN. The as prepared solution of exfoliated hBN nanosheets appeared to
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be milky white in color as can be seen in Fig. 6 and remained stable even after 6 weeks of its

preparation.

The as prepared solution of hBN thin nanosheets was used to prepare 2D nanocomposite with as
synthesized GQDs which was the critical objective of this research work in exploring the resistive
switching effect of this 2D nanocomposite. The resulted solutions of GQDs and hBN nanosheets
were mixed in equal volumes and placed on a magnetic stirrer for overnight to attain the
homogeneous mixing and it was observed that both the solutions are thoroughly mixed and stable
while all the solvents i.e. NMP, DCB and IPA remained miscible to form a turbid color stable
solution as illustrated in Fig. 6. The whole method of forming this advanced 2D nanocomposite

is illustrated schematically in Fig. 7 with appropriate color code.

Ground Graphene

Few Layer Graphene

Ground hBN

Few Layer hBN Ultrasonication

—>

Graphene Flakes + GQDs

E1RIN

GQDs

Probe Sonication Bath Sonication

—

Figure 7. Complete process of synthesizing an all 2D GQDs-hBN nanocomposite ink with proper color scheme. The
synthesis of hBN flakes are illustrated in the upper part while GQDs synthesis is shown in the lower part of diagram.
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2.1.4 Synthesis of hBN flakes blended with MoS2QDs

For the synthesis of MoS2 QDs, ultrafine MoS: crystalline powder was purchased from Graphene
Supermarket (average particle size: ~90 nm, purity: 99.0%). For the preparation of h-BN flakes,
the BN ultrafine powder was also purchased from Graphene Supermarket (average particle size: ~
70 nm, purity: 99.0 %). All the solvents including N-Methyl-2-pyrrolidone or NMP (99.5%), 1, 2-
dichlorobenzene or DCB (99.0%) and isopropyl alcohol or IPA were purchased from Sigma
Aldrich. MoS:2 QDs were prepared by the same method as reported in our previous work [59,62].
Briefly, the method involves wet grinding of pristine MoS:2 powder in a mortar for 6 h with NMP
solvent. After drying the ground powder, it was dispersed in equal volumes of NMP and DCB
followed by mechanical shaking (4 h), bath sonication (4 h), ultrasound probe sonication (1 h),

and centrifugation (30 min, 8000 rpm).

The liquid based chemical exfoliation of pristine hBN was carried out in isopropyl alcohol (IPA)
to obtain maximum yield. First, the pristine hBN powder was ground in a few drops of IPA for 2
h followed by the drying of gel like mixture under ambient conditions. After drying, the mixture
was dispersed in IPA followed by ultrasonic bath sonication and probe sonication each for 1 h
respectively. The as prepared dispersion was centrifuged at 4000 rpm for 30 min and top 3/4%"
portion of the dispersion was taken out for final solution. The milky white h-BN solution was
mixed in equal volume ratio with MoS2 QDs solution and stirred on a magnetic stirrer for 24 h.
The whole process of synthesizing an all 2D nanocomposite from the exfoliated QDs of MoS2 and

few layer flakes of hBN is illustrated in Fig. 8 below.
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Figure 8. Schematic representation of the advanced 2D nanocomposite synthesis. The upper row illustrates the
preparation of MoS; QDs while the bottom layer is showing the preparation of hBN flakes by using chemical liquid
exfoliation in DMF, NMP, and DMEU respectively with appropriate color scheme and labelling of each step

2.2 Surface Characterizations

2.2.1 Surface Morphology

Fig. 9 shows the FESEM analysis of exfoliated WSz flakes and WSz thin film surface morphology.
Fig. 9(a) showing the as exfoliated WSz flakes ranging from few microns to several nanometer
proving the reliability of the liquid exfoliation with co-solvent and predicting the suitability to
fabricate the thin film. Fig. 9(b) shows the FESEM image of as deposited thin film of exfoliated
WS: flakes on PET substrate as it can be seen that there are some small and large flakes covering
the maximum area of the PET substrate to make a uniform thin film. The uniform and continuous
thin film of exfoliated WS: flakes with large lateral size makes it appropriable for microelectronic
devices. Microstructure properties of as synthesized GQDs were analyzed by HR-TEM. Fig.9(c)
presents the TEM image of exfoliated mono or few layer graphene nanosheets of several

nanometer from which GQDs were extracted.
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Fig. 9(d) shows the morphology of the platelike exfoliated hBN nanoflakes with a size of the
individual flake ranging from 100 nm to several nanometers. Average lateral size of the exfoliated
nanosheets is in the range of several hundreds of nanometer to a few micrometer with random
orientation while each flake consist of mono or few layers of h-BN. These micron size h-BN 2D
flakes are highly suitable for depositing thin films over a large substrate area. HR-TEM image in
Fig. 9(e) shows the uniform size and high concentration of GQDs, inset histogram exhibits that
diameter of the most of the GQDs lie in the range of 2-4 nm. The HR-TEM image of as synthesized
MoS:2 QDs exhibiting their size and morphology is shown in Figure 9(f). It can be seen distinctly
that the average size of the QDs is less than 10 nm with a high concentration of 7 mg/ml in the
solution. The images taken from FESEM at a high resolution show extremely high density of
sprayed MoS: flakes with no gaps in between them as shown in Fig. 9(g). These images show a
chaotic array of MoS: flakes stacked mostly in plane. We attained very thin yet unbroken MoS:
flakes film with conventional lateral dimensions. The prepared MoS: flakes were further critically

characterized by taking images from TEM as shown in Fig. 9(h).
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Figure 9. (a) FESEM image of as exfoliated WS, solution via liquid exfoliation with co-solvent (b) morphology of as
deposited thin films of exfoliated WS, flakes through EHDA showing large lateral size up to few microns making it
uniform and continuous. (c) HR-TEM image of exfoliated mono or few layer graphene nanosheets (d) Exfoliated hBN
nanoflakes illustrating their platelike shape and size of the individual flake in the range of 100 nm-several nanometers
(e) HR-TEM image displaying the uniform size and high concentration of GQDs, inset histogram exhibits the average
size of as synthesized GQDs (2-4 nm) (f) HR-TEM image of as synthesized MoS, QDs (g) FESEM image illustrating
the high density of as synthesized MoS; flakes (h) Typical bright field TEM image of MoS, flakes showing layer
edges (i) Phase contrast High Resolution (HR) TEM image of thin MoS2 flakes clearly displaying layer edges. Inset
in (i) shows the selective area electron diffraction (SAED) pattern (j) AFM image illustrating a single flake of hBN
surrounded by MoS; QDs. The thickness of a single hBN flake as displayed in this image is 4 nm verifying that it is
a few layer flake (k) AFM image of formed 2D nanocomposite demonstrating the thickness of an individual hBN
flake and interspersion of GQDs onto and around it. (1) AFM image of single exfoliated MoS, flake illustrating its few
layered nature with average thickness of 4 nm
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TEM images also verified the existence of a few layered exfoliated MoS: flakes with varying
thickness. The regions with darker shade have more thickness owing to more number of layers as
compared to regions with light color. Edges of individual layers stacked over one another can
easily be observed near the periphery of MoS: flakes in high resolution (HR) TEM image of Fig.
9(i). HRTEM image is clearly exhibiting the layered structure of as synthesized MoS: flakes. The
distance between two consecutive layers as seen from the Fig. 9(i) is evidently less than 1 nm.
Inset of Fig. 9(i) displays the selective area electron diffraction (SAED) pattern that is consistent
with a plain lattice showing that the prepared MoS: flakes are highly crystalline.

Furthermore, the morphology of all 2D nanocomposite composed of the exfoliated h-BN
nanosheets and MoS:QDs was investigated by atomic force microscope (AFM) image as
illustrated in Fig. 9(j). It can be seen along the red line and its corresponding height profile on the
right side that thickness of the h-BN single nanosheet is ~ 4 nm and semiconducting MoS2QDs are
interspersed onto and around the h-BN flakes which was the core objective of this study to form
this nanocomposite for resistive switching application. Fig. 9(k) is the AFM image of 2D
nanocomposite which demonstrates the thickness of an individual hBN flake and interspersion of
GQDs onto and around the single flake of hBN. The image taken by AFM illustrates a few layered
nature of exfoliated MoS:2 flakes as the average thickness is 3 nm which is equivalent to 3—4 layers
as shown in Fig. 9(1). The surface morphology of as deposited MoS2-PVA nanocomposite thin
film was further measured by 2D-Nanomaping as shown in Fig. 10. Values of average surface

roughness (Ra) and Root mean square roughness (Rq) were 41.19 nm and 71.23 nm respectively.
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Figure 10. 2D nanomap image displaying the surface morphology of as deposited active thin film of MoS,-PVA
nanocomposite by using EHD Atomization. The average roughness value is equal to 41.19 nm

2.2.2 Compositional Characterization

Raman spectroscopy was employed to characterize the structure of WSz as shown in Fig. 11(a).
Two characteristic vibrations modes E%g and Aq4 can be observed in pristine and exfoliated WS
flakes, the E%g phonon mode involves the in-phase vibration of W atoms with respect to S atoms
having also in-phase vibration but in opposite direction while the A;; mode is an out-of-plane
vibration involving only the S atoms [63,64]. In pristine W2, the two characteristic phonon modes
(EZg and A;g) appeared at 353 cm™ and 419 cm' respectively while after liquid exfoliation they
were observed to be shifted up to 3 cm™ at 356 and 416 cm™!. The energy difference between the
two vibrational modes of exfoliated WS: has been observed 60 cm™!, is the fingerprint for the well
exfoliation up to few layers. There is red shift for A;; mode in exfoliated WS2 because van der
Walls forces decrease between the layers as the number of layers are decreased which results

weakening the restoring forces in the vibration, however, blue shift was observed in E%g mode.
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Other TMDs also show such trend due to the reduced long-range Coulomb interaction between the
effective charges. These effective charges may be caused by the dielectric screening or stacking-

induced changes in the intra-layer bonding [65,66].

X-ray diffraction analysis of pristine WSz and as deposited exfoliated WS: thin film has been
shown in Fig. 11(b). A prominent peak corresponds to (002) plane while the other three small
peaks are attributed to (100), (105) and (112) planes, these all peaks showing the hexagonal 2H-
WS: phase with no discernible impurity. Raman spectroscopy was used to confirm the transition
of pristine hBN powder from bulk to exfoliated flakes as illustrated in Fig. 11(c). The Ezg
vibrational mode is observed in pristine and exfoliated h-BN which is the Raman imprint of h-BN
structure. The E2g mode is observed at 1367 cm ! in bulk hBN while a typical slight shift in this
peak to 1370 cm™! is observed for exfoliated h-BN. There is a blue shift of the Ezg vibrational mode
up to 3 cm! in exfoliated h-BN which has quite resemblance with the earlier reported results
[67,68].

Fig. 11 (d) presents the Raman spectra of exfoliated hBN nanoflakes in which typical E2g mode
peak of hBN is appeared at 1370.5 cm™ [60] indicating the good crystallinity and exfoliation while
in pristine hBN the same peak appears at 1367 cm™'. Raman spectroscopy analysis was carried out
to conform the conversion of few layer formation from pristine MoS: flakes. It is a very useful
technique for quantitatively measuring the number of layers present in exfoliated MoS: flakes.
Raman spectroscopy utilize inflexible scattering of homochromatic light from a laser. The energy
of the photons shifts upward or downward depending upon the laser interacting with vibrations in
the system. Low power laser is desirable in order to protect sample from disintegration. Raman
spectroscopy was necessary for ensuring the existence of MoS: flakes in the prepared solution.

Figure 11(e) illustrates the Raman spectra of exfoliated MoS:2 and signifies the presence of its few
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! The characteristic

layered flakes. Raman spectra was plotted in the range of 300 cm ™! to 500 cm™
peaks of a few layered MoS: representing E2g 1 and Alg were found at 378 cm™! and 405 cm™!
respectively which is in agreement with already reported literature29. Peak of E2g 1 is due to in
plane vibrations between two sulfur (S) and a single molybdenum (Mo) atoms in the basal plane
whereas peak of Alg is due to out of plane vibrations of only S atoms along c axis relative to each
other. These two peaks undisputedly suggest that the structure of prepared MoS: flakes is 2H30.

Fig. 11(f) shows the X-ray photoelectron spectroscopy (XPS) results of encapsulating thin film
(Al203) with all its characteristic peaks visible in the spectrum. The XPS graph of Al.O3 exhibits
Aluminum (Al), Carbon (C), and Oxygen (O) content. The Al 2p, Al 2s, C 1s and Ols
characteristic peaks are present at binding energies of 74 eV, 119 eV, 285 eV and 531 eV
respectively as illustrated in Fig. 11(f). The Al 2p, Al 2s and O 1s peaks are the most important
peaks as they verify development of Al, O3 thin film. Already reported results proposed the
energy separation between Al 2p peaks and O 1s peaks must be equal to 457 eV [69]. These results
are well supported by our current study as the energy gap between these two respective peaks [Al
2p (119 eV) and O 1s (531 eV)] is 457 eV. The peak of C Is is also visible in the given XPS
spectrum at a binding energy of 285 eV which signifies the carbon content in the deposited
encapsulation thin film due to its exposure to air. Even a small exposure of sample to atmosphere
can incorporate adventitious carbon on the surface of developed Al2Os thin films. These results
clearly shows that no other elements were detected in the encapsulation layer implying that the
formed thin film of Al2O3 was free of impurities. All characterizations presented in Fig. 11 were
performed at ambient conditions. The overall reaction for the formation of encapsulation Al2O3

thin film through SAALD can be represented as:

2A1(CH3 )3 +3H, O — Al O3 +6CHy (1)

24



T T —
b Exfoliated WS, c | e
e i
B e = - Exfolisted b-BX
¥ - | 2. A e | = |
1 3 L P |
- = g = 2|
z H T
H 5 Pristine Wi, g t
£ =
E g ] |
-
g = B - e Pristine h-B% |
g Lf - gE |
_ . |
- - p-n - -y - -8 t6  3s 3 48 s #0710 8| g 1320 140 ™ T
. 2 (0 . -
Raman SR (em ) ) Raman Shift em-!}
4 0
d — o baliatrd BN f KPS Data of ALD, "
E 13708 -
= i e
£ H ]
£ H =
i =
r § £ i
2 4 = AL AL L=
. |
| |
= ¥ = r - T - T - T T T i T a T T
1E20 1.0 1360 1550 L] (R bl b2 ) L] 449 S L] 1ol 41H1 il
Raman Suif em™') Rimas Shll fem Binding Encrgy (V)

Figure 11. (a) Raman spectra of as deposited thin film of WS, flakes (b) XRD results of pristine and exfoliated WS,
flakes (c) Raman spectra of pristine and exfoliated hBN flakes illustrating a clear shift in the peak (d) Raman spectra
of exfoliated hBN nanoflakes (e) Typical Raman spectra of a few layered MoS, semiconductor (f) XPS data of as
deposited Al,Oj thin film for encapsulation of our memory device

2.2.3 Optical Characterization

Fig. 12(a) shows the transmittance and absorbance spectra of as deposited thin film of exfoliated
WS- flakes recorded by spectra UV/vis spectroscopy. The high transmittance and low absorbance
predicting the potential applications of WS thin film in optoelectronic devices. The optical
properties of the hBN/MoS2 QDs nanocomposite were evaluated by UV/Vis spectroscopy as
shown in Figure 12(b). High transmittance of ~ 84% and low absorbance spectra were obtained
owing to the small thickness of exfoliated h-BN nanosheets that shows that this promising 2D
nanocomposite can be used for various optical electronic devices such as photo sensors, LEDs and
solar cells. Optical properties of exfoliated hBN nanoflakes and its nanocomposite with GQDs

have been analyzed through UV/Vis spectroscopy. Transmittance and absorbance spectra of as

25



deposited GQDs/hBN nanocomposite thin film are shown in Fig. 13(c) which denotes its high
transmittance of ~ 89% and low absorbance, making it a suitable choice for transparent electronic

devices.

In order to determine the optical properties of as synthesized MoS: flakes, wavelength dependent
transmittance characterization was carried out by UV/Vis spectroscopy in the range of 300—-800
nm as shown in Fig. 12(d). An optical transmittance of = 80% was observed in the as synthesized
MoS: flakes. The absorbance curve is also shown along with the transmittance curve for better
understanding. This further conforms the presence of a few layered MoS: structure because
transmittance value of a monolayer MoS: flake is much higher (nearly 95%) [70]. Total number
of layers and the transmittance of MoS: flakes is inversely proportional to each other. The
transmittance remained nearly constant from 400 nm to 770 nm and began to decrease after 770
nm. Visible light is absorbed and reflected several times in a few layered structure. UV/Vis
spectroscopy further endorse the presence of a few layered MoS: flakes because for monolayer
MoS: nanosheets this broad peek appears at nearly 652 nm. The difference in the peak value is
due to direct and indirect bandgap in monolayer and a few layer MoS: flakes respectively. This

might be due to quantum confinement effect across the 2D planes [71].
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Figure 12. (a) Optical absorption and transmittance of as deposited thin film of WS; flakes (b) Illustration of optical
transmittance and absorbance of 2D nanocomposite thin film. (¢) Transmittance and absorbance spectra of as

deposited thin film of GQDs/hBN nanocomposite (d) UV-vis optical transmittance spectra of the as synthesized few
layered MoS; flakes

2.2 Fabrication of flexible RRAM devices

2.2.1 Fabrication of Ag/WS2/Ag RRAM

Entire device was fabricated on a flexible and transparent PET substrate through all-printed
technology such as reverse offset, EHD atomization, and EHD patterning for patterning bottom
electrodes (Ag), spraying thin film of functional material (WS: flakes) and patterning top electrode
(Ag) respectively. Reverse offset printing was preferred over other micro-patterning techniques

such as screen printing, gravure printing and inkjet printing due to its high resolution, control and
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uniformity of as patterned electrodes. An array of nineteen bottom Ag electrodes was printed on a
flexible PET substrate followed by sintering at 100 °C for 2 h. The as patterned Ag bottom

electrodes through reverse offset printing were highly conductive (0.2 Qcm™).

Moreover, state of the art printing technique of EHD atomization is a well-known method to
achieve uniform and extremely thin films of soluble layered materials on the surface of patterned
PET substrate [3,72]. Functional thin film of WS: ink was sprayed through EHD atomization and
various critical parameters were optimized to achieve a stable spray of deposition. The optimized
parameters are listed in table 1 and table 2 respectively for reproducibility of this work. Deposited
thin film of WSz solution through EHD atomization was sintered at 120 °C for 2 h to evaporate
the solvent completely. Finally, the top Ag electrode was patterned on the surface of WS thin film
to complete the 19 x 1 array of memory cells. EHD patterning was preferred over other printing
techniques to avoid damaging the functional thin film as it is a non-contact method of patterning
electrodes that does not touch the thin film surface. The width of the top electrode was 30 um as
measured through the optical microscope. Top Ag electrode was sintered at 100 °C for 2h. The

flow diagram of entire device fabrication is illustrated in Fig. 2 with labelling of each part.
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Figure 13. Schematic diagram of entire device fabrication through all printed technology followed by encapsulation
of atomically thin film of Al,O3 to enhance its lifetime

The optimized parameters for spraying WSz thin film through EHDA, different spraying modes of
WS: through EHDA and optimized conditions for patterning Ag electrodes are listed in Table 1,

Table 2 and Table 3 respectively.

Table 1. Optimized values spraying parameters to precisely control the film uniformity and thickness through EHD
Atomization of WS, solution

Parameter Optimized Value
Flow Rate 110 ul/h

Applied Voltage 2.7kV

Nozzle to substrate distance 10 mm

Stage Speed 6 mm/s

Nozzle Diameter 200 um

Total No of Spraying Passes | 3
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Table 2. Different spraying modes and their respective voltage range in which they appeared during EHD atomization
of WS, solution

Mode of Deposition | Voltage Range
Dripping 0-4.2kV

Micro Dripping 4.2-51kV
Unstable Cone-Jet 5.1-59kV

Stable Cone-Jet 5.9-6.3kV
Multi-stable Cone-Jet >6.3kV

Table 3. Optimized parameters and their fixed values used for patterning the top Ag electrode through EHD patterning

Parameter Optimized Value

Nozzle to Substrate Distance | 5 um

External Nozzle Diameter 30 um
Nozzle Speed 0.3 mm/s
Applied Pressure 64.6 kPa

In order to increase the reproducibility of obtained results and enhance the lifetime of proposed
memory device, we further encapsulated our device with Al2O3 thin film deposited through
SAALD system to protect its surface from ambient environment. Al2O3 is a non-reactive material
that does not change the chemical properties of functional material. Nitrogen (N2) gas was used
for dual purposes of an inert separator and as a carrier gas while TMA and H2O were used as
precursors to form atomically thin film of Al2O3 through chemical reaction. All the optimized
parameters for depositing encapsulation layer on the surface of our device are listed in Table 4
below. The effectiveness of this encapsulation layer to elongate the performance of a memory

device has already been verified in our previous work with detail [54].
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Table 4. Optimized parameters for depositing atomically thin film of AL,O3 through ALD along with complete details
of used precursors such as TMA and H,O.

Exhaust | Substrate | MFC Settings | Temperature Stage Distance No. of | Time

Setting . Motion | between Taken
(sccm) (Celsius) Passes

(torr) Speed Stage & Head (min)

(mms?) | (mm)

TMA | 100 | TMA 100
H,O 100

H,O | 130 [N, 0
HEAD | 100

0.73 PET N, 1200 | STAGE | 90 6 0.5 5 2.5

H,O 100

H,O | 130 [N, 0
HEAD | 100

N> 1200 | STAGE | 90

2.2.2 Fabrication of Ag/hBN-GQDs/Ag RRAM

Typically a NVM device based on resistive switching is fabricated in the form of a sandwich or a
crossbar structure owing to its advantages of enhanced scalability and multiple stackability,
however, sandwich structure causes current leakage and cross talk between nearby memory cells
leading to read operation error. Various solutions have been proposed to solve the problem of
sneak current such as integrating different circuit elements to NVM device. However, integration
of several circuit elements such as resistors, transistors, and diodes in series with the memory
device make the circuitry and device fabrication extremely complex [73,74]. Moreover, in a
sandwich type structure, extremely high control is required during patterning top electrode to avoid
short circuit with the bottom electrode as it might damage the functional layer [43]. In order to

overcome these complications of cross talk between adjacent memory cells, short circuit among
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electrodes and device complexity we have proposed a planar structure for our NVM memory
device. Our device has only two fabrication steps including side by side electrode deposition
followed by active layer spray thus offering an even simpler and cost effective fabrication process.
The flexible memory device was fabricated by using printing technology due to its ease of
processing and high compatibility with electronic devices [3,46,60]. Bottom electrodes were
patterned by reverse offset whose details have been presented under the heading of fabrication
technologies in the introduction section. Optical images of as patterned electrodes are also added

that clearly exhibit the high quality of obtained metallic electrodes as presented in Fig. 14.

a) Contact b) Path connecting main
electrode and contact

b T AT S

¢) p gap between anode d) Distance between
and cathode anode and cathode

Figure 14. Optical microscope images of as patterned Ag electrodes on flexible PET substrate illustrating their high
uniformity and smooth surface

All the electrodes were highly conductive with resistivity of 0.2 ohm-cm after being sintered for 1
h at 110 °C. Functional thin film of GQDs-hBN nanocomposite was successfully sprayed on top

of Ag electrodes by using highly reliable and non-contact EHDA printing system. EHDA was
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selected due to its ability to form extremely uniform and thin films of various nanocomposite
materials in quick time with high control and simplicity [3,46,60,75]. The GQDs-hBN
nanocomposite solution was passed through the spraying nozzle by applying high power electric
field from the external voltage supply. Various modes of deposition were achieved from dripping
mode to multi-stable jet mode by steadily increasing the applied voltage while the uniform thin
film was deposited completely in stable cone-jet mode. All values of applied external voltage and
their respective spraying modes are listed in Table 5 while complete schematic diagram with
proper labelling of each part and the operating envelope for spraying GQDs-hBN ink through

EHDA are shown in Fig. 15.

Table 5. Various modes of deposition along with the range of applied voltage difference from high- voltage power
supply during EHDA of hBN/GQDs nanocomposite

Mode of Deposition | Voltage Range
(kV)

Dripping 0-3.8

Micro Dripping 3.8-5.1

Unstable Cone-Jet 5.1-5.5

Stable Cone-Jet 5.5-6.2

Multi-stable Cone-Jet | > 6.2
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Figure 15. a) Schematic diagram of Electrohydrodynamic (EHD) Atomization system for spraying GQDs-hBN thin
film over the patterned silver (Ag) electrodes with labeling of each part b) Operating envelope of GQDs-hBN spray
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through EHDA illustrating the voltage range for each mode of deposition

Various parameters of EHDA printing process such as flow rate of nanocomposite ink, nozzle
diameter, standoff distance, speed of stage and magnitude of applied voltage are to be optimized
to achieve uniform thin film. All the optimized parameters for spraying GQDs-hBN

nanocomposite solution are listed in Table 6. Deposited thin film of GQDs-hBN nanocomposite

was sintered for 2 h at 120 °C.

Table 6. Optimized values of various parameters for spraying functional thin film of GQDs-hBN 2D nanocomposite

to control the film thickness and uniformity during EHDA

Parameter Optimized Value
Flow Rate 280 ul/h

Applied Voltage | 5.6 kV

Standoff distance | 22 mm

Stage Speed 4.5 mm/s

Nozzle Diameter | 300 um
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The top electrode protects the functional thin film of a memory device in a typical sandwich type
structure however, in the case of a planar device structure there is no top electrode therefore,
functional layer should be protected by some other means from humid environment. We
encapsulated our device with an atomically thin layer of Al2O3 deposited through spatial ALD
system in order to protect GQDs-hBN functional thin film from open environment and to enhance
its lifetime. Water and TMA were used as precursors, while nitrogen (N2) acted as a carrier gas
and as an inert separator. Details of all the optimized parameters during device encapsulation are

listed in Table 7.

Table 7. Optimized parameters for depositing atomically thin film of ALO3 through ALD along with complete details
of used precursors such as TMA and H,O.

Exhaust | Substrate | MFC Settings | Temperature Stage Distance No. of | Time
Setting (sccm) (Celsius) Motion | between Passes | Taken
(torr) Speed Stage & Head (min)

(mms?) | (mm)

TMA | 100 TMA 100
H,O 100

H,O | 130 N> 0
HEAD | 100

0.73 PET N, 1200 | STAGE | 90 6 0.5 5 2.5

H,O 100

HO | 130 N, 0
HEAD | 100

N, 1200 | STAGE | 90

The encapsulation layer does not alter the device performance in terms of switching ratio or
endurance. This is already proved in our previous study that encapsulating a memory device by
atomically thin layer of Al2Os restricts the decomposition and deterioration of the functional layer
by blocking its pinholes that otherwise might allow oxygen and water vapors to penetrate through
them resulting in the degradation of whole device [54]. The flow diagram of whole device

fabrication with its optical image in the center is illustrated in Fig. 16.
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Figure 16. Flow diagram of flexible NVM device fabrication illustrating each step sequentially such as bare PET
substrate, patterning of Ag electrodes with high resolution through reverse offset printing system, spraying functional
thin film of GQDs-hBN nanocomposite through EHDA and finally encapsulating the whole device by atomically thin
layer of AL,O3 deposited through spatial ALD system. Optical image of the final device is shown in the center of the
diagram.

2.2.3 Fabrication of ITO/hBN-MoS2QDs/Ag RRAM

All 2D functional thin film of hBN-MoS2 QDs nanocomposite was successfully deposited by using
an in-house built EHDA system. EHDA is a non-vacuum and non-contact based printing technique
that has been used in printed electronics for spraying thin films of various materials [57,58,60,75—
78]. Prior to deposition of the thin film, flexible PET substrate was treated with acetone, ethanol,
and deionized water to remove any impurities followed by UV treatment to improve surface
adhesion of thin film. The operating envelope of hBN-MoS2QDs thin film deposition is shown in
Fig. 17. The controlling parameters of EHDA printing technique include standoff distance, ink
flow rate, applied voltage and nozzle diameter. The flow rate during hBN-MoS2QDs solution

deposition was varied to achieve the stable cone jet for uniform deposition. Specific values of all
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optimized parameters and voltage ranges to achieve different deposition modes are listed in Table
8 and Table 9 respectively. After deposition, h(BN-MoS2QDs nanocomposite thin film was sintered

at 120 “C for 2 h in a furnace to evaporate its solvent completely.

Applied Voltage (kV)

Dripping Mode

Micro-Dripping Mode

1 A Unstable Cone-Jet Mode|
Stable Cone-Jet Mode

0 200 400 600 800 1000
Flow Rate (ul/hr)

Figure 17. Operating envelope for the deposition of all 2D functional layer of the fabricated device based on the
hBN/MoS,QDs nanocomposite. This plot illustrates different ranges of applied voltage and their respective flow rates

Table 8. Optimized values of various parameters to control the film thickness and uniformity during EHD Atomization
of hBN/Mo0S,QDs nanocomposite

Parameter Optimized Value
Flow Rate 300 ul/h
Applied Voltage 4.7kV
Standoft distance 20 mm
Stage Speed 3 mm/s
Nozzle Diameter 310 um
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Table 9. Various modes of deposition along with the range of applied voltage difference from high- voltage power
Sspply during EHDA of hBN/MoS,QDs nanocomposite

Mode of Deposition | Voltage Range
Dripping 0-3.6kV
Micro Dripping 3.6-4.2 kV
Unstable Cone-Jet 4.2-5.1kV
Stable Cone-Jet 5.1-5.7kV
Multi-stable Cone-Jet >5.7kV

Top circular electrodes with three different diameters of 42 um, 70 um and 100 pm respectively
were printed on the surface of hBN-MoS2QDs functional layer through a non-contact printing
technique of RPC inkjet printing system to complete device fabrication. The whole schematic
diagram of RPC inkjet printing system during each patterning step is presented in Fig. 2. RPC
inkjet printing system was preferred over other patterning techniques owing to its high
controllability, compatibility with flexible substrates and high precision without damaging the
functional layer. Unlike continuous drop on demand (DOD) method, p-droplets from RPC inkjet
printing system were only generated when they were required. The capillary force keeps the high
viscosity Ag nanoparticle ink inside the chamber while a pneumatic actuator was used to dispense
the droplets. Optimized values of various parameters for highly controllable, precise and
repeatable patterning of p-droplets are presented in Table 10. These p-droplets were sintered by
UV laser in real time followed by thermal sintering at 110 °C for 1 h to enhance conductivity. The
schematic diagram of final RRAM device based on hBN-MoS2QDs functional thin film along with

the chemical structure of used 2D materials are illustrated in Fig.18.
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Table 10. Optimized condition and their set values during the deposition of top Ag electrode through RPC inkjet
printing system patterning process of top Ag Electrode

Parameter Optimized Value
Diameter of needle holder I mm

Standoff distance 100 um

Needle Speed 0.05-0.02 mm/s
Pneumatic Pressure 0.2 kPa

UV laser 365-395 nm

70 pm
!
I

Figure 18. (a) 3D schematic diagram of as fabricated nonvolatile memory device on a flexible PET substrate with
three different top electrode sizes (b) Chemical structures of the 2D materials used as the functional layer of fabricated
device.

2.2.4 Fabrication of Ag/MoS:-PVA/Ag RRAM

To realize highly conductive electrodes, reverse offset printing was used to pattern bottom Ag
electrodes. Electrodes printed by reverse offset roll-to-plate printing technique have the promising
characteristics of high resolution, low resistivity, high quality surface, simplicity, and ease of

fabrication to realize an accurate and precise pattern [56]. It is a direct printing method that can
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print electrodes with pattern size < 1 um unlike its other competitive direct printing techniques
such as screen printing, flexographic printing, gravure printing and inkjet printing. A detailed

explanation of reverse offset pattering process is shown in Fig. 1.

Thin film of MoS2-PVA nanocomposite was successfully deposited by using an in-house built
EHDA system. EHDA was preferred due to its high control, simplicity and ability to produce very
thin films with high uniformity in quick time. Complete schematic diagram of EHDA system with
labelling of each part is shown in Supplementary Fig. 3. The MoS2-PV A nanocomposite solution
was allowed to flow through the meniscus of the nozzle by applying the electric field as shown in
the schematic diagram of Fig. 20. The flow rate was varied from 20 ul/hr—1000 ul/hr in order to
achieve the stable cone jet for deposition of uniform thin film in desired area of target substrate.
Hybrid MoS2-PVA nanocomposite ink being sprayed began to split into small droplets with
increasing voltage. Spraying modes varied from dripping to multi-stable jet after passing through
micro-dripping, unstable jet and stable jet. The spraying mode was controlled by the parameters
of applied voltage, distance of nozzle from the substrate, nozzle diameter and set value of flow
rate. The operating envelope of depositing MoS2-PV A nanocomposite through EHDA is shown in
Fig. 3. Film thickness was controlled by optimizing the number of spraying passes, spraying time,
speed of stage and standoff distance between the nozzle and desired substrate. The values of all
optimized parameters are listed in Supplementary Table 11 while the voltage range for achieving
different modes of deposition are listed in Supplementary Table 12. Deposited thin film of MoS:-
PV A nanocomposite was sintered at 120 °C for 2 hours in a furnace to evaporate its solvent

completely.
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Table 11. Optimized values of various parameters to control the film thickness and uniformity during EHD
Atomization of MoS,-PVA nanocomposite

Parameter Optimized Value
Flow Rate 100 ul/h

Applied Voltage 2.9kV

Nozzle to substrate distance 10 mm

Stage Speed 6 mm/s

Nozzle Diameter 200 um

Total No of Spraying Passes | 6

Table 12. Various Modes of Deposition along with the Range of Applied Voltage Difference from High- Voltage
Power Supply during EHD Atomization of MoS,-PV A nanocomposite

Mode of Deposition | Voltage Range
Dripping 0-4.9 kv

Micro Dripping 4.9-55kV
Unstable Cone-Jet 5.5-6.2kV

Stable Cone-Jet 6.2-7.1kV
Multi-stable Cone-Jet >7.1kV

Finally the top Ag electrode was deposited by again using Ag nanoparticles ink. This task was
performed via employing a non-contact technique by using the in-house developed
electrohydrodynamic (EHD) patterning system. EHD patterning was preferred over other contact
based printing techniques like screen printing, reverse offset and gravure offset because they could
have damaged the MoS2-PVA based thin film resulting in a short circuit between top and bottom
electrodes. However, on the other hand EHD patterning is a non-contact method with no such
disadvantage. A single electrode of Ag nanoparticles ink with 30 um width and 9 mm length was
successfully deposited as the top electrode without damaging active thin film or bottom Ag
electrodes as illustrated in Fig. 19. The optimized parameters during the deposition of top Ag
electrode are listed in Supplementary Table 13. Top Ag electrode was sintered at 110 °C for 1 hour.
The deposited electrode was highly conductive as its measured resistivity was only 0.2 Q cm ™.
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Total area of as fabricated Ag/MoS2-PVA/Ag single memory cell was 30 um x 100 um. The optical
images of as deposited bottom and top electrodes taken at various resolutions are presented in

Fig.20 as a proof of their uniformity.
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Figure 19. Schematic diagram illustrating the whole manufacturing process of as fabricated memory device on a
flexible PET substrate. The images enclosed in the red dotted block exhibit each step of the fabrication process while
the images outside the block correspond to the resulting device after each step. The bottom left corner exhibit layer
by layer sandwiched structure of a single memory cell in bend state with PET/Ag/MoS,-PVA/Ag configuration
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Table 13. Optimized condition and their set values during the deposition of top Ag electrode through EHD Patterning
Process of Top Ag Electrode

Parameter Optimized Value

Nozzle to Substrate Distance | 5 um

External Nozzle Diameter 30 um
Nozzle Speed 0.3 mm/s
Applied Pressure 64.6 kPa

Figure 20. Optical images of bottom and top Ag electrodes displaying their high quality patterned by using reverse
offset and EHD patterning systems respectively a) gap between side by side patterned bottom electrodes b) Magnified
image of a single bottom electrode ¢) Two consecutive bottom electrodes with a thin film of MoS,-PVA
nanocomposite coated on them by EHDA d) Magnified image of a single bottom electrode with a thin film of MoS,-
PVA nanocomposite coated on it by EHDA e) Image of top electrode bisecting the bottom Ag electrode f) Magnified
image of top electrode displaying its remarkably uniform surface

3 Resistive switching in as synthesized 2D materials and their
nanocomposites

3.1 Flexible Ag/WS>/Ag RRAM
3.1.1 Electrical Characterization

Electrical characterization of WSz based memory devices was carried out by using Aglient
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B1500A Semiconductor Device Analyzer. The obtained results in the form of I-V curves are
illustrated in Fig. 21. It is extremely important to mention here that the memory behavior shown
by our device was electroforming free that adds to its value as it simplified the memory operation.
When direct DC bias was applied across the two terminals of Ag/WS2/Ag device, a characteristic
bipolar resistive switching behavior was observed with the magnitude of its SET and RESET
voltage to be ~ 2.3 V each as illustrated in Fig. 21(a). These values of SET and RESET voltage
signifies that digital data can be stored and erased from our memory device at ~+2.3 V and ~-2.3
V respectively. A low current compliance value of 50 uA was fixed to protect the device from hard
breakdown and to reduce its power consumption. The device was originally in HRS that turned to
LRS when the magnitude of applied bias reached to threshold voltage (Vi) value of 2.3 V. It can
be seen from the given I-V curves of Fig. 21 that both resistive states (HRS and LRS) can easily

be distinguished from each other which is a necessary requirement for all memory devices.
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Figure 21. Electrical characterization results of WS, based memory device (a) Characteristic bipolar I-V curve (b)
retention [-V curves for a 10% s (¢) high endurance I-V curves for 1500 voltage sweeps (d) inverse relation of switching
ratio with increasing applied voltage (¢) High repeatability of as fabricated memory device as illustrated by the
overlapping I-V curves of each of the nine memory cells chosen randomly
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The value of HRS and LRS as recorded from the obtained characteristic I-V curve were 37.5 MQ
and 33.3 KQ respectively at a read voltage (Vreap) of 0.2 V. The developed memory device
showed significantly high data retention without any prominent change for more than 10° s as
illustrated in Fig. 21(b). The as fabricated device was tested for more than 1500 DC biasing cycles
and its results are shown in Fig. 21(c). It can be seen that along with high retention time, the
developed memory device exhibited high electrical endurance as well. The trend of switching ratio
with increasing value of applied bias is shown in Fig. 21(d) with the maximum ratio of ~ 103 at
Vreap of 0.2 V. The switching ratio kept decreasing with increasing voltage due to reduction in
gap between LRS and HRS. The fabricated array of our memory device consisted of nineteen
memory cells. In order to examine the reliability of our used fabrication techniques and
reproducibility of device performance, I-V curves of nine random memory cells were plotted as
illustrated in Fig. 21(e). The obtained I-V curves of all the randomly chosen memory cells were
highly repeatable. It can be observed from the I-V curves of Fig. 21 that the obtained results were
highly symmetric due to the use of same metal electrodes with similar work function as anode and

cathode and single functional layer.

In order to check the effectiveness of Al2O3 encapsulating thin film, we obtained the electrical
response of our memory device in environments with varying levels of humidity and temperature.
The obtained I-V curves were highly stable without any degradation in the original values as
illustrated in Fig. 22. The humidity value was raised up to 60 %RH while the temperature was
raised up to 50 °C as illustrated in Fig. 22(a) and Fig. 22(b) respectively. The encapsulation of
Al203 seems to function perfectly making our memory device to be operatable in harsh

atmospheric conditions with great repeatability.
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Figure 22. Characteristic I-V curves of developed memory device with a sandwiched layer of WS layered material in
harsh environments. (a) with humidity ranging from 40% RH- 60% RH (b) with temperature varying from 30 °C — 50
0,

C.

3.1.2 Conduction Mechanism

Conduction mechanism of resistive switching devices has long been a point of discussion among
the researchers working on this electronic device. Plotting a double logarithmic graph is said to be
an important tool to reach some sort of conclusive evidence for the observed conduction model of
such memory devices. Therefore, a set of two double logarithmic I-V curves was plotted for both
the HRS and LRS regions of our device for the verification of its conduction mechanism as
illustrated in Fig 23. It can be clearly seen that for smaller values of applied positive bias, the slope
of the double logarithmic graph in HRS was ~1 (I a V) that implies its ohmic nature however, with
increasing value of applied voltage, the value of slope increased to ~2 (I o V?) as illustrated in Fig.

23(a). Such behavior signifies the existence of trap controlled space charge limited current

(TCSCLC) model in HRS [79-82].

The current tend to abruptly increase at Vth to switch the device from OFF to ON sate at 2.3 V.

The obtained double logarithmic I-V graph of LRS is linear with a slope value of ~1 (I a V),
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signifying the ohmic conduction model implying that current linearly increase with applied value
of voltage. TCSCLC model is highly related to the trapping and detrapping of electrons in trap
sites that is a commonly observed phenomena in semiconducting functional thin films of memory
devices [83—85]. At low values of applied voltage, conduction of charge carriers can be due to the
thermionic emission effect in which only a small number of electrons are allowed to take part in
conduction from one electrode to the other electrode by passing through the functional material.

This low current corresponds to the HRS of the developed memory device.
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Figure 23. Conduction mechanism as explained by the double logarithmic graph of the I-V curve. (a) This graph
suggest that TCSCLC is followed in the HRS while (b) Ohmic current model satisfies the conduction of LRS

The number of charge carriers taking place in conduction increase with increasing magnitude of
applied electric field that results in more electrons crossing the potential barrier. At a specific value
of applied voltage bias (Vi), all the traps of functional thin film are filled hence, resulting in
increasing density of free electrons. An abrupt increase in the passing electric current is observed
(I < V™) due to the formation of conduction paths throughout the functional thin film of WS,
resulting in switching the device from OFF to ON state. The traps present inside the WS2 thin film

are deep enough to hold the charge carriers for a long time even if the externally applied
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electrostatic force is removed resulting in the nonvolatile memory behavior of our device as shown
in Fig. 23(b). In order to switch the device back to its original state of HRS, a voltage bias with
opposite polarity must be given to the proposed memory device so that charge carriers get enough
energy to leave those trap sites causing this bipolar memory behavior. The device returns to HRS
with an applied bias voltage of negative polarity due to the destruction of conduction paths
throughout the functional thin film of WS> sandwiched between the two electrodes and suddenly

the trap sites again become empty at a Vin of -2.3 V.

3.1.3 Mechanical Characterization

Flexible memory devices can find its applications in wearable electronics and health monitoring
systems. Mechanical characterization of this flexible memory device was carried out for various
bending cycles (1500 cycles) and at different bending diameters (50-5 mm) as illustrated in Fig.
24. These measurements were recorded by clamping the two ends of our device in between the
jaws of a custom made mechanical machine by moving the device in forward and backward
direction. Both HRS and LRS were plotted against various bending cycles at a fixed bending
diameter of 15 mm without any significant change in their values as illustrated in Fig. 24(a).
Furthermore, the memory device was bend at various bending diameters and values of both
bistable resistive states (HRS and LRS) were plotted against decreasing magnitude of bending
diameter. The obtained results were highly repeatable as shown on Fig. 24(b). These results clearly
shows that our device exhibited excellent mechanical endurance and robustness and is highly

suitable to be used as a flexible memory device.
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Figure 24. Mechanical characterization results of as fabricated memory device on a flexible substrate (a) Mechanical
robustness against 1500 bending cycles (b) Mechanical robustness against various bending diameters from 50 mm to
5 mm. (c) Optical image of as fabricated WS, based memory device in bend state.

3.2 Flexible Ag/hBN-GQDs/Ag RRAM
3.2.1 Electrical Characterization
Electrical analysis of as fabricated Ag/hBN-GQDs/Ag memory device with a planar structure was

carried out by applying an electric field across both electrodes. Anode was connected to the driving

49



terminal while the cathode was grounded. Before applying a double voltage sweep, the device was
passed through electroforming process in the range of 0-9 V to achieve stable resistive switching
behavior as shown in Fig. 25(a). After electroforming, double voltage sweep was applied across
both terminals with a voltage sweep of -5 V to +5 V that resulted in a characteristic bipolar resistive

switching behavior as illustrated in Fig. 25(b).

The device was initially in a HRS. As the magnitude of positively biased voltage was increased,
current passing through the functional layer also increased, resulting in switching of resistive state
from HRS to LRS at a Vi of ~ 4 V known as SET process. At Vi, data can be stored or written
on this memory device. The resistance value of HRS and LRS at a Vreap of 0.9 V were 9 x 108
and 2 x 10° respectively. In order to bring the device back to its initial state of HRS, a voltage bias
of same magnitude with opposite polarity was applied. The obtained I-V curve was highly
symmetric owing to the use of similar metal electrodes (Ag) as anode and cathode. A maximum
switching ratio of ~ 5 x 10° was recorded at a Vreap of 0.9 V. The overall trend of switching ratio
at various other values of Vreabp is depicted by Fig. 25(c). The switching ratio keeps on increasing
almost linearly till 0.6 V and remains nearly constant from 0.6 V - 0.9 V. After 0.9 V the switching
ratio begin to decrease. A total of ten memory cells were characterized to check the repeatability
of our device. It can be seen from the resulting I-V curves of Fig. 25(d) that each memory cell
exhibited similar behavior with very less deviation from the original result hence proving the high

repeatability and reliability of fabricated device.
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Figure 25. Electrical characterization results of as fabricated NVM device (a) Electroforming curve before applying
double voltage sweep (b) Characteristic bipolar I-V curve showing memory effect (c) Illustration of switching ratio
with increasing voltage. The switching ratio is maximum at a read voltage in the range of 0.6 V - 0.9 V (d) I-V curves
of whole memory cell array illustrating highly repeatable memory behavior in each cell

Moreover, extremely encouraging results of electrical endurance were obtained when the memory
device was tested against several voltage sweeps as illustrated in Fig. 26(a). This device was also
examined for the NVM behavior and I-V characteristic curves were obtained for several hours. No
prominent deterioration in the obtained results was observed implying great ability of our device

to retain data for a long time as illustrated in Fig. 26(b). The stability and distribution of Vi and
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bistable resistive states (HRS and LRS) was also observed by plotting their cumulative probability

plots as illustrated in Fig. 26(c) and Fig. 26(d) respectively.

s Electrical Endurance il{etentinn CliFves
107 3
a 10 b
~ 10° ~ 10°
< 2
Fi B
@ =
ol -1 -
= 10 510’
U 'n Sty U
| (t;ycle ' =0 1st eycle
10° o500 I,Cycle 10 —C— After 1 day
—0—1000" Cycle — After 2 days
10” L) L) L] L) L L} 10” 1} b L) v L] v L] E L M L] M v
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4 6
Voltage (V) Voltage (V)
1004 =0=V r:r 100 O LRS
@ C _n_vsm §' d O HRS
e et e S’
2 801 z 80+
2 2
E 604 2 601
S =
1"
e n': 40
7] - = 1
g £
1 —
Lem ] =
z 20 E 204
=
S o
& 04
LA TR R NNl O LU e SR (PRELEE ERC S S | .5 '{1 -'7 ‘H "“l
TS ER T SR B I e % - v A "
Threshold Voltage (V) Resistance (€2)

Figure 26. (a) Electrical endurance curves for 1000 voltage sweeps with high stability (b) Illustration of high retentivity
owing to the protection by the encapsulation coating of Al203 through ALD (c¢) Cumulative probability plot of
threshold voltages (both SET and RESET) showing high stability in the obtained results (d) Cumulative probability
plot of bistable resistive states (both HRS and LRS) showing high stability in the obtained results with negligible
deviation

3.2.2 Conduction Mechanism

After performing the electrical characterization and inspecting the obtained results, possible

conduction mechanism of our device was studied carefully. Conduction mechanism of resistive
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switching is mostly classified in two categories i.e. interface type and filament type switching [86].
The sudden increase of electric current passing through our device and requirement of
electroforming voltage before applying double voltage sweep were a few indications of
filamentary conduction mechanism. To verify the mechanism of our device, we measured the
effect of temperature on the bistable resistive states (HRS and LRS). Bistable resistive states were

plotted against increasing temperature as illustrated in Fig. 27(a).

The linear increase in LRS with increasing temperature is evident of the presence of a metallic
filament as metals have a positive temperature coefficient. A decrease in the values of HRS with
an increase in temperature signified the semi-conductive nature of all 2D nanocomposite
functional thin film and dissolution of metallic filament [39]. The obtained results verify the
conduction mechanism to be conductive filamentary type. The formation and rupture of a metallic
filament from anode to cathode can be divided into four steps such as i) Initial state ii) Filament
formation iii) Set process and iv) Filament rupture/Reset. All the above mentioned four steps are
illustrated in Fig. 27(b). Initially no bias is applied across the two terminals, so no filament was
formed. When the positive bias was applied at the anode, neutral Ag metal atoms of anode released
free electrons into the functional layer of hBN-GQDs. These electrons are trapped by the GQDs
due to quantum confinement effect. Trapping of these charge carriers might be due the trap
controlled space charge limited current (TCSCLC). As a result of losing electrons, neutral atoms
of Ag anode change into positively charged Ag" cations and repelled towards cathode owing to
the positive bias of anode. Due to the low conductivity of Ag" cations in the functional layer of
hBNGQDs, these cations begin to reduce by the electrons trapped inside GQDs resulting in the
formation of a metallic filament acting as an extended anode. This metallic filament keeps on

growing and ultimately connects the anode with cathode. Charge carriers pass through the

53



functional layer of hBN-GQDs from anode to cathode resulting in switching the device from HRS
to LRS, also known as writing process. When a negative bias is applied at the anode, the formed
filament was annihilated probably from its thinnest part near the cathode thus bringing the device
back to its original resistive state of HRS, also known as erasing process. This annihilation of
metallic filament occurs due to joule heating effect and electrochemical process. Such a conduction
mechanism has been reported for other memory devices as well based on resistive switching [87].
Many nano sized filaments throughout the functional layer would have formed, however, high
current flows through a single filament with higher conductivity connecting both electrodes by

masking the partially formed nano-filaments.
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Figure 27. Illustration of working mechanism a) This part shows four different stages of filament formation and rupture
such as initial condition (when Ag" cations are depleted in the functional layer), filament formation (where reduction
of Ag" cations takes place), set process (A point where the formed filament connects anode with cathode to complete
the pathway of charge carriers to flow) and finally the reset process (when voltage of opposite polarity is applied) b)
Dependence of bistable resistive states (HRS and LRS) on temperature verifying the formation of metallic filament
through the functional layer
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3.2.3 Mechanical Characterization

Several efforts are being devoted to the choice of a right material to be used for flexible electronic
applications. Preserving the retention and repeatability characteristics of a flexible memory device
such as its electrical endurance, current levels, stability of bistable resistive states and switching
ratio in a bend state are extremely important parameters. Organic polymers have high flexibility
with a disadvantage of very low mobility while inorganic semiconductors have higher mobility
values but they are too brittle to be used for flexible electronic applications. However, 2D materials
offer both advantages of ultrahigh flexibility and higher mobility therefore we selected a blend of
2D materials as the functional layer of our proposed flexible memory device owing to their
supreme breaking strength (15.7 N m™") and high elastic constant (503 N m!) making them an

ultimate choice for flexible electronic devices.

These 2D materials are extremely flexible yet very light in weight. Mechanical robustness of our
device was tested by quenching its two ends between the jaws of a customized machine. The
obtained results of bistable resistive states against 2000 bending cycles at a bending diameter of
15 mm are illustrated in Fig. 28(a) while the stability of both HRS and LRS against various bending
diameters up to 2 mm can be seen in Fig. 28(b). The schematic diagram and the optical image of
as fabricated flexible memory device in a bend state are illustrated in Fig. 28(c) and Fig. 28(d)
respectively. Optical images of as fabricated NVM device based on hBN-GQDs functional layer
at various bending angles are illustrated in Fig. 29 to show its superior flexibility. Robustness of
this advanced 2D nanocomposite against several tedious bending measurements without any
prominent degradation of obtained results makes it an extremely useful choice for flexible memory

device of the future.
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Figure 28. Mechanical characterization results of as fabricated flexible memory device a) Illustration of mechanical
endurance for several bending cycles at a fixed diametre of 15 mm b) Display of mechanical robustness and stability
over a range of bending diametres from 200 mm to 2 mm. c¢) Schematic diagram of as fabricated flexible memory
device in bend state with labeling of each part d) Optical image of the developed memory device in bend state

Figure 29. Optical images of as fabricated memory device obtained at various bending angles without any degradation
of either electrodes or functional thin film
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3.3 Flexible ITO/hBN-MoS:QDs/Ag RRAM

3.3.1 Electrical Characterization

Resistive switching behavior of ITO/hBN-MoS:2QDs/Ag based memory device was analyzed by
performing electrical characterization on each of the three different fabricated device sizes i.e. 42
pm, 70 pm and 100 um respectively. Positive voltage sweep was applied to the top circular Ag
electrode whereas bottom ITO electrode was connected with a ground to complete the electrical
circuit. The fabricated device was initially in HRS. To avoid possible device breakdown and switch
the device to LRS, current compliance value was optimized. Electroforming test was carried out
before applying a double voltage sweep to obtain reliable electrical results by creating a conductive

path between the two electrodes before applying double voltage sweep as shown in Fig. 30.
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Figure 30. Electroforming Process of the fabricated device for the creation of conductive channel between top and
bottom electrodes before observing repeatable bipolar resistive switching effect in them
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2D nanocomposite of hBN-MoS2QDs exhibited characteristic semi-logarithmic curves of bipolar
resistive switching when operated between -2 V to +2 V irrespective of the device size as shown
in Figure 31(a-c). Current slightly increased from initial resistive state (HRS) due to applied
external bias. It can be deduced from the characteristic I-V curves of fabricated devices that its
SET voltage (Vi at which device switches from HRS to LRS) is ~1.4 V. This sudden transition
from HRS to LRS is termed as the writing process signifying the storage of a bit in memory cell.
Thus, it can be inferred that data can be stored in the all 2D nanocomposite functional layer of

hBN-Mo0S2QDs at a low threshold voltage.
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Figure 31. Characteristic bipolar resistive switching curves of as prepared non-volatile flexible memory device based
on hybrid hBN-MoS; QDs nanocomposite (a) -V characteristic curve of 42 um device (b) I-V characteristic curve of
70 pum device (c) I-V characteristic curve of 100 pm device (d) Switching ratio vs applied biased voltage showing
their inverse relation (e) Optical images of the prepared devices with three different sizes of 100 um, 70 pm and 42
um from left to right respectively with a scale bar of 50 pm

A good switching ratio as high as ~ 10°> was recorded for hBN-M0S2QDs nanocomposite at a
Vreap 0of 0.7 V. A decreasing trend of switching ratio was observed with increasing voltage value
as illustrated in Figure 31(d) for all the fabricated devices with different top electrode size. Optical
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image of top electrodes with different sizes are displayed in Figure 31(e). The obtained results
exhibited no significant change in either HRS or LRS for repeated biasing cycles (1000 voltage
sweeps) and over a longer period of time (> 10* s) signifying its highly robust and nonvolatile
nature as illustrated in Fig. 32(a-b). Cumulative probability plots for the Vin (Vser and Vreser) and
bistable resistive states (HRS and LRS) showed highly repeatable values as illustrated in Fig. 32(c-
d). Characteristic I-V curves of all the fabricated devices with different size are presented in a

single plot for comparison of their switching ratio in Fig. 33.
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Figure 32. Durability of memory device based on all 2D functional layer against multiple voltage sweeps and for
several hours along with cumulative probability plots of resistance and threshold voltages a) Electrical endurance for
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of all the three devices ¢) Cumulative probability plot of LRS and HRS d) Cumulative Probability curve of threshold
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3.3.2 Conduction Mechanism

After performing the dc biasing and analyzing the obtained electrical results, the possible
conduction mechanism of the considered 2D functional layer was studied cautiously. Conduction
mechanism of a resistive switching device can be broadly classified in two classes i.e. interface
and filament type switching [86,88]. However, particularly in our device the sudden increase in
the flow of current as observed in the characteristic bipolar I-V curves of Figure 31(a-c) and the

requirement of electroforming step before applying double voltage sweep indicate the formation

60



of a filament in the active layer. The process of filament formation is illustrated in Figure 34(a)
that is divided into four parts i.e. 1) initial state ii) forming iii) set and iv) reset. When positive bias
is applied to the top Ag electrode, free charge carriers are released into the 2D active layer of hBN-
MoS2QDs resulting in the formation and depletion of Ag" cations in the functional layer. These
cations do not have the ability to travel far enough owing to their low mobility in the active layer
before getting reduced by the electrons trapped inside the nearby MoS2QDs. Reduction of these
cations result in the formation of neutral Ag atoms inside the functional layer thus a conductive
metallic filament begin to form from the top Ag electrode acting as its extended part. Subsequent
Ag" cations keep on reducing around this filament, preferably at the end of already formed filament
as influence of electric field is the strongest at that point. This conductive path keep on forming in
a downward direction till it reaches the bottom electrode and create a complete path for the
excessive current to flow. At this point, the device switches from HRS to LRS also termed as SET
or writing process. The thickness of the formed metallic filament is higher near the originating Ag
electrode and reduces near the bottom ITO electrode. The device remains in the ON state i.e. the
filament is not annihilated even if the external voltage supply is removed, signifying the
nonvolatile nature of the fabricated device. In order to switch the device back to its original state
of HRS, we applied an external bias of opposite polarity that resulted in the rupture of formed
filament at Vreser also known as RESET or erasing process at which stored data is removed. This
rupture occurs mainly due to the electrochemical process and Joule heating effect [88]. Magnitude
of Vreser is lower than Vser because even a little dissolution of filament near the interface of hBN-
MoS2QDs and bottom ITO electrode will result in the OFF state. The whole filament does not need
to be dissolved. Such a formation and rupture of metallic Ag filament from top to bottom electrode

has also been reported in other nonvolatile memory devices [87-90].
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Figure 34. Schematic diagram of various stages of filament formation and rupture and its verification by temperature
and device dependence of bistable resistive states. a) (i) Electrons are depleted from the top electrode followed by the
injection of Ag™ cations into the active layer (ii) Injected Ag" cations travel slowly within the active layer and thus
they are reduced by the nearby trapped electrons. This causes the growth of Ag filament as an extension of top
electrode (iii) The filament growth continues until it connects top electrode with bottom electrode hence switching the
device into ON state (writing process) (iv) A bias of opposite polarity is applied to rupture the filament from its
thinnest part near the bottom electrode to turn the device back to its OFF state (erasing process) b) Illustration of
temperature dependence on the resistive states of the fabricated device c) Illustration of device size dependence on the
resistive states of the fabricated device

However, further experimental results were required to verify the conduction mechanism of our
device and infer the formation of metallic filament. We plotted both resistive states against
increasing temperature and device size as illustrated in Figure 34(b-c). These obtained results
provided a conclusive evidence of a metallic filament being formed between the two electrodes.
Figure 34(b) clearly shows that LRS linearly increases with increasing temperature signifying the
presence of a conductive filament owing to the positive temperature coefficient of metals. HRS of
each device decreases with increasing temperature signifying the semiconductive nature of the
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functional thin film with a negative temperature coefficient [91-94]. To further validate the
conduction mechanism, area dependence of the resistive states was observed and it was found that
LRS was independent while HRS was highly dependent upon the device size. HRS decreases with
increasing device size while LRS remains constant [42,95,96]. With increasing device size,
number of defects also increase thus resulting in a decrease of HRS magnitude due to the flow of
leakage current. Large memory cell has more defects than smaller one resulting in a reduced
switching ratio. The independence of LRS on device size shows that the conduction is due to the
localized formation of filaments. Many nano sized filaments throughout the functional layer would
have formed, however, high current flows through a single filament with higher conductivity

connecting both electrodes by masking the partially formed nano filaments.

3.3.3 Mechanical Characterization

Several organic semiconductors and polymers with memory behavior have promising flexibility
but their extremely low conductivity is a big constraint in such electronic applications.
Conventional inorganic semiconductors have substantially high conductivity than organic
polymers but they are too brittle and non-flexible however, 2D materials offer both advantages of
high conductivity and super flexibility making them an ultimate choice for flexible memory
devices [97,98,34]. Our device based on the sandwiched structure of ITO/hBN-MoS2QDs/Ag was
fabricated on a flexible PET substrate to examine the mechanical robustness of this advanced
functional 2D nanocomposite. The bistable resistive states were plotted against decreasing bending
diameter extending from 500 mm to 4 mm without any prominent degradation in either HRS or
LRS values as illustrated in Figure 35(a). The fabricated memory device was bent against various
bending cycles by quenching it between the jaws of an in-house developed mechanical machine

specifically designed for repeatable bending test at a desired curvature. The device was squeezed

63



back and forth for 1500 cycles at a bending diameter of 10 mm respectively and both the resistive
states were recorded at a reading voltage of 0.7 V. The fabricated device exhibited outstanding
mechanical strength against repeated bending cycles as no considerable deviation in either HRS
or LRS was observed as illustrated in Figure 35(b). The schematic diagram of flexible 2D memory
device is shown in bend state in Figure 35(c) with labelling of each part. These bendability tests
express that hBN-MoS2QDs based memory device is extraordinarily appropriate to be used for
flexible electronics applications.

A thorough comparison of as fabricated device is presented in Table 14 that shows the importance
of this advanced 2D nanocomposite over several other hybrid and non-hybrid nanocomposites as

a functional layer for flexible memory device.
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Figure 35. Mechanical characterization of as fabricated flexible memory device a) Mechanical bending test for various
bending diameters b) Endurance test for 1500 bending cycles at a fixed bending diameter of 10 mm without any major
difference in the bistable resistance values ¢) Schematic diagram of flexible memory device in bend state with labelling
of each part
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Table 14. Comparison of various resistive switching device parameters of as fabricated memory device with other

hybrid and non-hybrid nanocomposite active layer materials

Nanocomposite Operating Switching | Electrical | Data Mechanical | Maximum
Voltage Ratio Endurance | Retention | Robustness | Bendability
) (Cycles) (s) (Cycles) (mm)
hBN-MoS; -2to +2 > 108 108 104 1500 4
PEDOT:PSS-PVA | -2to +2 10? - 104 - -
GNF-PVA -7to+2 10° 10? 104 - -
MoS,-PVA -4 to +4 10? 10° 10° 1500 2
AgNW-PVA -10 to +10 10 160 - - -
PVP-MoS, ~35V 10? - - - -
MoS,-P123 34V >10? - 10° - -
MoS,-GO <15V 10? - - - -
ZIF-8-MoS, ~33V 10 - 10° - -

3.4  Flexible Ag/MoS,-PVA/Ag RRAM

3.4.1 Electrical Characterization

I-V characterization of MoS2-PVA based memory devices was done by using Aglient B1500A
Semiconductor Device Analyzer. Biased voltage was applied to the top Ag electrode while the
bottom Ag electrode was grounded. Current compliance (C.C) value was set as 60 uA in the
applied voltage sweep range of — 4 to + 4 volts. The typical characteristic semi-logarithmic I-V
curve of resistive switching was observed in our memory device based on MoS:-PVA
nanocomposite as displayed in Fig. 36(a). Current slightly kept increasing with increasing value
of voltage while maintaining its HRS until the applied voltage reached to a threshold value Vi of
~ 3 V. The low threshold voltage can be attributed to the high conductivity of Ag electrodes
assisted by charged MoS: flakes. Current abruptly increased from 9.6 x 1077 A to 8.5 x 107° A,
resulting in a clear resistive switching from HRS to LRS. It can be deduced from this information
that data can be written on this memory device at a voltage of = 3 V. The tunable electrical

resistance exist in the range of 22 kQ to 3 MQ.
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Figure 36. Electrical characterization of memory device a) Typical log I-V characteristic curve of a memristor
showing bipolar resistive switching b) Endurance measurement showing excellent repeatability of 1%, 500, and 1000
cycle ¢) Typical I-V curves showing the bipolar resistive switching effect in all the 9 memory cells of a 9 x 1 array
labeled as M1-M9 respectively d) Endurance of HRS and LRS at a reading voltage of 0.7 volt showing remarkable
stability e) Retention of HRS and LRS measured over a longer period of time without any noticeable deviation at 0.7
volts f) Optical Image of as fabricated memory device on a flexible PET substrate in bend condition

A decent off/on ratio at a Vreap of 0.7 V was recorded to be equal to 1.28 x 107 that is enough to
distinguish HRS from LRS. Figure 36(b) illustrates excellent endurance for both HRS and LRS
when tested against 1000 voltage cycles as both resistive states showed extremely high stability.
Our fabricated memory device comprise an array of nine memory cells. Characteristic logarithmic
curve of all the nine memory cells was plotted against each other that showed significant
repeatability as shown in Fig. 36(c). The highly symmetric nature of characteristic I-V curves was
due to the selection of same Ag metal as the top and bottom electrode with a single uniform
nanocomposite layer. Figure 36(d) illustrates the endurance of both resistive states i.e. HRS and
LRS over 1000 voltage cycles displaying excellent repeatability. Once the bits were written and

external power source
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was removed, the device retained the stored data for over 10° sec without any noticeable decline
in HRS or LRS, demonstrating its outstanding non-volatile memory behavior as shown in Fig.
36(e). Optical image of real device in bend state is shown in Fig. 36(f). Both resistive states i.e.
HRS and LRS of MoS2-PVA based memory device are highly uniform as displayed in Fig. 37(a).
Data can be stored and erased from the memory device by applying very small value of set and
reset voltage. Cumulative plot of threshold voltage illustrates repeatable values for both Vser and

Vreser as shown in Fig. 37(b).
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Figure 37. Cumulative Probability plot displaying highly stable and repeatable experimental values of both resistive
states and threshold voltages for storing and removing data a) LRS and HRS b) Set and RESET voltage for writing
and erasing data

3.4.2 Conduction Mechanism

In order to understand the conduction mechanism taking place in our device, model fitting studies
for both HRS and LRS was carried out by taking logarithm of both current (y-axis) and voltage
(x-axis) as shown in Fig. 38. This plot suggests that LRS is governed by ohmic conduction while
HRS is governed by a typical trap controlled space charge limited current (TCSCLC) model as its

plot can be confined by three restricted curves based on the slope values. These results are
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comparable to already reported conduction mechanism for MoS2/PMMA functional thin film by
Shinde et al. [48]. In region I (0-0.4 V), majority of charge carriers occur due to thermionic
emission owing to lower value of applied bias voltage resulting in ohmic behavior (slope = 1).
These charge carriers mainly depend on the magnitude of externally applied electric field and
electronic properties of functional materials [92,99]. As the applied electric field increases,
electrons from the metallic electrodes gain enough energy to jump into the active nanocomposite
layer of MoS2-PVA. Region II (0.4-3 V) signifies that as magnitude of applied voltage increase,
traps present within the active layer of MoS2-PVA functional layer begin to partially fill with
charge carriers hence slightly increasing the conductivity (slope = 3) as suggested by Son et al.
[92,99]. In region III (3—4 V), the magnitude of applied electric field is further increased and all
the available unoccupied energy levels or traps are fully filled by the charge carriers resulting in
an exponential increase in current as I « V™ (slope = 23). This sharp increase in the current value
can be associated with the exponential spread of trap states within a large bandgap between
conduction and valence band of PVA polymer. On the other hand, initially the conduction band of
MoS: flakes is partially filled with electrons. All the electrons present in the conduction band of
MoS: have complete freedom of movement. As applied electric field is increased, electrons from
the valence band of MoS: gain enough energy to jump into the conduction band and fill the
unoccupied energy levels. The number of electrons in the conduction band of MoS: continue to
increase with increasing applied bias voltage, hence resulting in higher conductivity of the memory
device. This turns the device from HRS to LRS state. The conduction of charges in the LRS is
governed by ohmic conduction (I &« V) owing to the value of linear fit line (slope = 1) indicating
the presence of good conductive channels. Choice of the metal contact is very critical for memory

device as it determines the height of the energy barrier for the injected electrons from electrode
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into functional thin film. It is a fact that lower the value of work function, lower will be the energy
barrier heights, resulting in a large charge carrier flow from metal contacts into active thin film.
Ag metal was chosen as the top and bottom electrode owing to its lower work function (4.26 V)
relative to the electron affinity of MoS:2 as compared to other metal electrodes like Pt (5.70 eV),
Au (5.40 eV) and tungsten (5.1 eV) [100]. Several energy states are present within the band gaps
of MoS2 semiconductor and PVA polymer.

Primarily, the charge carriers are present in energy states with lower mobility keeping the device
in HRS condition. In our memory device, energy states with lower energy levels are offered by
exfoliated MoS: flakes. Electrons are trapped in the potential wells of MoS2 due to its quantum
confinement and lower energy levels. Conductivity of device begins to increase. As the magnitude
of external applied electric field is further increased, its value reaches the threshold voltage (Vin)
at which all the traps with higher mobility are completely filled with charge carriers and the
memory device switches to LRS. The huge bandgap offered by PVA polymer due to its dielectric
property makes it extremely difficult for the trapped charge carriers to return to their original
energy states without the aid of an external power source. This insulating property of PV A restricts
the flow of trapped charge carriers back to their original energy states with lower mobility resulting
in remarkably high retention time. In order to turn the device back to its original resistance state
of HRS from LRS an external voltage supply of opposite polarity is applied. As a result, trapped
charge carriers gain enough energy to overcome the huge energy barrier offered by PVA. This
turns the device back to its original resistive state of HRS. In this fabricated device, the
composition of MoS2-PVA nanocomposite along with the choice of top and bottom electrodes is

yet to be optimized which will surely further increase the efficiency of this device.
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Structure of our device can be attributed to an assembly of potential wells with different widths,
depths and asymmetry’s owing to the nanocomposite of n-type semiconducting MoS: flakes and
dielectric PVA polymer as the functional materials. This difference is due to different magnitude
of work function, HOMO and LUMO energy levels. Furthermore the states are localized in
potential wells due to which movement of charge carriers takes place by hopping mechanism.

Before the application of voltage sweep, charge carriers trapped in the potential wells are in Fermi
level. Initially charges are present in lowest available energy levels where they have low mobility.
On the application of electric field, charge carriers gain enough energy and bending of energy
barriers takes place. These excited electrons begin to flow from lower energy states into traps with

higher energy. This partially fulfills the traps and
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Figure 38. Double Logarithmic I-V curve showing the slopes for HRS and LRS with different values of slope. This
plot can be divided into three distinguish regions as separated by the three different colors. In the red line region,
ohmic conduction takes place as slope =~ 1. The green line is the Child’s law region as the slope value = 3. The blue
line shows the region of sharp current increase as slope =~ 23 where the device switches from HRS to LRS.
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3.4.3 Mechanical Characterization

As the device was fabricated on a flexible PET substrate therefore its mechanical robustness was
examined against several bending cycles by squeezing the PET substrate in forward and backward
direction. An in-house designed bending machine was used for repeatable bendability test at
desired curvatures. The device showed excellent mechanical strength against 1500 bending cycles
without any considerable change in both resistive states at a fixed bending diameter of 10 mm as
no considerable difference in the bi-stable resistive states was observed in Fig. 39(a). Inset of Fig.
39(a) illustrates the optical image of as fabricated device without bending. The resistance of both
HRS and LRS was plotted against decreasing value of bending diameter ranging from 50 mm to 2
mm. Figure 39(b) shows the endurance of both resistive states i.e. HRS and LRS against several
bending diameters exhibiting negligible deviation owing to the remarkable mechanical strength of
these devices. Inset of Fig. 39(b) illustrates the optical image of as fabricated memory device in
bend state. However bending beyond 2 mm caused the disintegration of electrodes that ruptured
the path of electron flow resulting in open circuit. The formation of micro and major cracks with
increasing bending diameter are shown in Fig. 39(c—¢). These bendability test shows that MoS:-

PV A based memory device is remarkably suitable to be used in flexible electronics.
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Figure 39. Bendability measurements by using the in-house prepared bending machine showing the remarkable
flexible properties of as prepared resistive switching device a) Endurance curve showing HRS and LRS values for
1500 bending cycles at a fixed diameter value of 10 mm b) Endurance plot clearly showing very less deviation in HRS
and LRS with changing values of bending diameters in the range of 30 mm to 2 mm. The device behaved like an open
circuit at a bending diameter of 2 mm. Optical images of as top and bottom electrodes at different values of bending
diameters c¢) Before bending d) Appearance of micro-cracks in bottom electrode e) Development of a major crack in
the bottom electrode and completely broken top electrode at a bending diameter of 2 mm resulting in the open circuit
of memory device

The nonvolatile memory device based on hybrid MoS2-PVA nanocomposite exhibited superior
electrical and mechanical characteristics such as better off/on ratio, high retention time, lower
current compliance, larger endurance, low operating voltage and remarkable mechanical
robustness when compared with already reported resistive switching devices based on PVA
nanocomposites with other materials. Electrical characteristics of already reported PVA based
memory devices have been compared with our device in Table 15. Moreover, the electrical
characteristics of already reported MoS: based memory devices have also been separately
compared with MoS2-PVA based memory device reported in this work as shown in Table 16.
Off/on ratio of MoS2-PVA nanocomposite is comparable to other already reported MoS: based

memory devices, however retention of this device is significantly higher owing to the high

73



dielectric value of PVA which restricts the charge carriers to move back to their original energy
states after the removal of external power supply. From Tables 15 and 16, it is noticeable that the
results for mechanical robustness of either PVA or MoS2 based nanocomposite memory devices
by bending at various diameters and for several bending cycles have never been reported before

this work.

Table 15. Comparison of MoS,-PV A nanocomposite based memristive device with already reported memory devices
based on PVA nanocomposites. It is evident from the illustrated results that MoS; flakes play a vital role in improving
the electrical properties of PVA based memory devices

Active Layer | Voltage Off/On Current Endurance | Retention | Mechanical | Bend- | Ref
Materials Sweep ratio Compliance Robustness | ability
MoS,-PVA -4 to +4 1.28 x 102 | 60 uA 1000 10°s 1500 cycles | 2 mm | This
work
PVA-PbS -30to +30 | <10 30uA - - - - [101]
AgNW-PVA | -10to+10 | ~ 10 10 mA 160 - - - [102]
PEDOT:PSS- | -2to +2 ~ 102 100 mA - 36 x 10%s | - - [1]
PVA
GNF-PVA -7 to +2 ~10? 1 mA 100 1 x10*s - - [2]

Table 16. Comparison of MoS,-PV A nanocomposite based memristive device with already reported memory devices
based on nanocomposites of MoS; semiconductor with other materials. It is evident from the illustrated results that
PVA has enhanced the retention time and mechanical strength MoS; based memory device

Active Layer | Switching | Off/On Retention | Endurance | Bending Mechanical | Ref
Materials Voltage Current Ratio | Time Diameter Robustness

MoS,:PVA 3V 1.28 x 10? 105 s 1000 cycles | Upto2 mm | 1500 cycles | This work
MoS,-GO <15V ~ 107 - - - - [21]
PVP-MoS, ~35V ~10? - - - - [51]
MoS,-P123 3-4V ~5.5x10? 4x10°s - - - [20]
ZIF-8§/MoS, | ~33V ~7x 10 1.5x10%s | - - - [103]
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4. Conclusions and Future work
4.1 Conclusions

In conclusion, we demonstrated extremely simple and cost effective flexible memory devices based on 2D
materials and their nanocomposites by using all printed technology including reverse offset, EHDA, and
RPC inkjet head printing systems. We proposed advanced optically transparent 2D nanocomposites of
GQDs-hBN, MoS,;QDs-hBN, MoS,-PVA and WS flakes and deposited them over flexible PET substrates.
ITO and Ag were used as the electrodes in each RRAM device. These 2D materials based RRAM devices
displayed excellent performance in various essential aspects of resistive switching including switching ratio
(~10%), retention time (~10° s), write/erase cycling (~1500), and particularly mechanical endurance (2000
cycles). These promising results of flexible memory were obtained due to the supreme mechanical strength
of 2D materials, large bandgap of hBN and quantum confinement effect of GQDs and MoS,QDs. A couple
of devices were encapsulated by atomically thin layer of AL,O3 by using ALD system to enhance its lifetime.
The core switching mechanism in these four devices were deduced to be based on conductive filamentary
and TCSCLC owing to the slope values of double logarithmic I-V curves and dependence of bistable
resistive states on temperature and device size. This study provides a platform for exploring the unique
characteristics of 2D materials and their applications in a flexible NVM device. These experimental results
remarkably demonstrate the promising potential of 2D materials in defining the future of highly flexible

and rewritable NVM devices.

4.2 Future work

The presented results broaden and deepen the understanding of memory phenomena in hybrid
nanocomposites of 2D materials and polymers. In future, research work needs to be done on various aspects
of these 2D materials and their nanocomposites owing to their unique and significant properties. Future
directions include studying the effect of changing the thickness of these active layers, trying these 2D
materials with several other available materials to form novel nanocomposites, optimizing the concentration

of both materials blended in the 2D nanocomposite and developing a stretchable RRAM device instead of
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only flexible. Furthermore, these 2D material based RRAM devices can be used in various applications
such as logic operations, neuromorphic studies, oscillator circuits, filters, flexible memory devices, and

chaotic systems.
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