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Abstract

The tungsten oxide (WOs3) as one kind of frequently researched n-type metal oxide semiconductor possesses high
electron mobility, optical transparency, chemical stability and good suitability for solution processing, which makes it a
promising candidate for application in the future RRAM devices and for cost-effective and large-area electronics
systems. It is worth mentioning that the electrode materials play a key role in controlling the charge injection and
filament formation mechanism, and thus greatly influence the electrical characteristics and switching endurance of the
WO3 based RRAM device. In the current work, we utilized the solution-processed tungsten oxide thin films as resistive
switching layer, indium tin oxide (ITO) as bottom electrode and MXenes as top electrode. After coating tungsten oxide
solution on ITO coated glass, thermal annealing treatment was performed to obtain the crystalline oxide films. MXene
materials were deposited on the tungsten oxide film by means of spray coating. The fabricated MXene/WO3/ITO device
was found to show excellent stable bipolar resistive switching performance. The switching is chiefly determined by the
formation and breaking of conductive filaments that related to oxygen vacancy migration in WO3 under applied bias,
while MXene electrode with high electrical conductivity and layer structure greatly contributed to charge transportation
and interface contacts. Stable resistance switching and obvious transitions between HRS and LRS have been achieved.
Our finding demonstrates the potential of MXene material in solution-processed WO3 based RRAM and might lead to

novel non-volatile memory devices and Neuromorphic computing applications.
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1. Introduction

Data-centric technologies such as Al, machine learning
and the internet of things are booming, creating an
unprecedented demand for advanced memory systems
with high speed, low energy consumption and large
storage density [1]. Conventional complementary metal-
oxide-semiconductor (CMOS) technology, the pillar of
electronics for decades, relies on constant down-scaling
of device dimensions, yet this approach encounters
significant hurdles as device feature sizes approach
fundamental physical limitations. Also, the traditional
Von Neumann architecture separates processing from
memory, leading to inefficiency and increased power
consumption through frequent data transfer between the
two [1],[2]. Emerging non-volatile memory technologies
are under active investigation to overcome these
challenges, including resistive random access memory
(RRAM). RRAM's simple structure, excellent scalability
and electrical performance have earned it considerable
attention. These devices perform memory operations by
switching between high resistance state (HRS) and low
resistance state (LRS) based on the formation and rupture
of conductive filaments through the dielectric layer,
providing ultrafast switching, long endurance (>10'°
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cycles), high retention and scalability [2],[3]. To
integrate RRAMs in large-scale circuits, crossbar arrays
of memory cells are usually constructed, however this
configuration requires a selector device in series with
each memory cell, resulting in one-transistor-one-resistor
(ITIR) configuration, which aims to eliminates neak
path currents [4]. Selecting appropriate materials for
switching layer and transistor is crucial for optimal
RRAM performance [4]. Tungsten oxide (WOs) is a
promising material for RRAM applications owing to its
superb electrical and optical properties , it is an n-type
semiconductor with high electron mobility, good
transparency and chemical stability. One of the main
parameters governing RRAM switching behavior of
WO3 based devices is the oxygen vacancies which are
responsible for the formation of conductive filament as
charge carriers [5],[6]. Thus by adjusting concentration
of oxygen vacancies it is possible to fine-tune values of
forming voltage, switching voltage, and resistance ratio
[5].[6]. In addition, conventional fabrication methods
such as vacuum evaporation, sputtering etc. Have
limitations of high cost and difficult fabrication of large
area films. Consequently, low cost solution-based
techniques such as spin coating, spray coating, inkjet
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printing are gaining prominence [7]. All three methods
are simple, cheap, easy to perform and compatible with
large-area  substrates. By modifying precursor
composition it is also easy to tune structural and
morphological properties of the film. Tungsten oxide
film fabricated by these solution based methods
demonstrate excellent RRAM characteristics [7].While
most work is focused on optimizing switching layer, the
effect of top electrode (TE) is equally important for
device performance and is responsible for injection of
carriers, interface and filament formation mechanism.
Conventional metals, MXenes have been extensively
used as TEs , however it offers less tunability and
interface instability issues [8]. Recently, MXenes are
gaining interest as an emerging 2-D material for
electronics applications. MXenes are a class of transition
metal carbides, nitrides or carbonitrides possessing
properties such as high electrical conductivity, large
surface area and controllable surface chemistry. Among
these materials TizC,Tx, V2CTx, M02CTx, NboCTyx are
promising owing to their high conductivity and strong
interaction with oxide materials which is vital for them as
a TEs in RRAMs [9]. In this work, WO3 based RRAM
device with different MXene TEs including TizCy,
V2CTx, M02CTy, and NboCTx  is demonstrated. MXene
TEs are coated using solution spray coating technique
with the thickness approximately 250 nm. MXene is
utilized as TE to enhance charge transport property due
to high conductivity and layer structure; which results in
improved interface characteristics. The use of MXene
TEs significantly influences switching characteristics of
RRAM devices. It depends on the type of interface
formed between TE and switching layer (WOs3) and
consequently may exhibit either ECM (in which metal
ions migrate to form the filament) or VCM (by hopping
of oxygen vacancy) and also leads to uniform filament
formation [9]. Apart from that it also affects whether the
switching is abrupt (essential for digital logic) or gradual
(desirable for analog applications like neural computing)
[10]. These properties are evaluated in terms of
HRS/LRS ratio, switching voltage, endurance and
retention. With an excellent performance profile, it is
believed that the integration of MXene as TEs with WO3
based RRAM devices could open novel opportunities for
various applications including in-memory computing,
neuromorphic devices, etc [10].

2. Experimental section

2.1. Materials

The required materials such as tungsten oxide (WOx)
(Sisco research laboratories (SRL), extra pure, 99.9%),
Ethelene glycol (Honeywell, >99%), glacial acetic acid
(SRL, extra pure, 99.5%), acetone (SRL, extra pure,
99%), isopropanol (SRL, pure, 99%) were procured from
different sources and used in this work[11][12]. The ITO

with a thickness of 180-200 nm and sheet resistance of
[110 ohms sq’!, coated on a glass substrate (Techinstro),
was used as the bottom electrode. The UV Ozone system
was procured from Revaron Pvt. Ltd and MST
Manufacturing Technologies Pvt. Ltd manufactured the
shadow mask. the Ti;AlC,,V,AIC,Mb,AIC,and Nb,AIC
MAX phases powder (Carbon ukraine 99.5%)
Hydrochloric acid (HCI) Sigma Aldrich (99.9%),
Hydrofluoric acid (HF), Lithium chloride (LiCl) TCI Pvt.
Ltd[13].

2.2. Preparation of tungsten Oxide (WOs3) Solution

An aqueous solution of the tungsten oxide (WOs3)
precursor was prepared using a co-solvent method in
order to obtain a uniform dispersal and controllable
hydrolysis. Typically, a desired amount of WO3
precursor (e.g., 0.1763 gm) was accurately weighed and
put into a reaction vessel [14]. 0.8 mL ethylene glycol
and 1.2 mL DI water was added to assist partial
hydrolysis of the precursor in the reaction vessel. All
ingredients were then mixed under constant stirring. In
the next step, 100 m L glacial acetic acid was added
drop-by-drop into the reaction mixture under constant
stirring [15]. Acetic acid can act as a chelating agent and
stabilizing agent to control the rate of hydrolysis and
condensation, and is capable to obtain homogeneous
solution. Then the solution was continuously stirred to
form a hom;T ogeneous and stable solution. This
prepared precursor solution can be directly used for thin
film deposition, coating application and the synthesis of
tungsten oxide related materials.

2.3. Synthesis of MXenes

2.3.1. Synthesis of Ti:C.T MXene

The Ti3C,Tx MXene was obtained from the TizAlC,
MAX phase via top-down etching using chemical etching
process and followed with exfoliation. In the etching
process, Aluminum element was extracted by using
mixed acid which contains hydrochloric acid and
hydrofluoric acid. From the etching, a layered multilayer
Ti3C,Tx was produced with surface functional group,
such as -O, -OH and -F on the surface. Wash process
with neutralization then remove residual acid and
byproducts from the material. As the intercalation agent
to separate layered MXene, LiCl was used. It will
weaken the interlayer binding force between layered
MXene which separate the stacked MXene to a few layer
nanosheet. And The final product was stable dispersion
in water. This result proves that the Ti3C,Tx MXene was
successfully delaminated [16]. Furthermore, structural
characterization results indicate that the product was
indeed a MXene rather than MAX phase material. From
the morphological result, it possesses the characteristic
2D layered structure and larger interlayer spacing with
good stability.
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Fig.1.: Transformation mechanism of MAX phase into MXene via etching of A layer selectively. Layered MAX
(in which M denotes an early transition metal element, A denote a group 13 or 14 element, and X denotes carbon
and/or nitrogen) is transformed to two dimensionalMXene (MXT) by etching the A-layers to give the stacked
transition metal carbide/nitride layers (T) terminated by surface functionalities (-O, -OH, -F) which increase
surface energy of the materials and make them more appropriate for energy storage, catalysis, sensing, and
electronics applications.

2.3.2. Synthesis of Mo0:CTx MXene

Mo,CTx MXene was obtained by chemical etching of the
Mo,AlC MAX phase using the LiF-HCI system, in which
HF was in-situ generated. This method successfully
removed the aluminum layers to form a multilayer
Mo2CTx MXene with functional terminated surfaces. In
this process, a relatively high reaction temperature and
prolonged etching time were necessary to fully etch Al.
Afterward, a repeated washing and centrifuging
procedure was performed until the mixture's pH became
neutral and the contaminants were removed [18][19].
Then, the stacked multilayer MXene was delaminated by
using an ultrasonic treatment so that the few-layer
nanosheets with a large specific surface area were
obtained. As confirmed by characterizations, it has a
well-formed multilayer MXene structure with increased
interlayer spacing and good nanosheets' morphology. The
obtained M0,CTx MXene was well dispersed in aqueous
solutions and showed promising characteristics [20].

2.3.3. Synthesis of V.CT, MXene

The V,CTx MXene was prepared by a chemical etching
process with a fluoride chemical in V2AIC MAX phase.
Al layer was etched away with HF/HCI mixture solution
with a specific condition (temperature, stirring) [21].
Multilayer VoCTx MXene with functional groups on the

surface was fabricated through this etching process. It
was washed with DI water several times to eliminate the
residue chemical. The PH was near neutral after washing.
The delamination was prepared with the intercalation
agents and sonication method which could transform the
layers into few-layered nanosheets [22]. The dispersion
of MXene was stable in water because of the
hydrophobic property of MXene [22].

2.3.4. Synthesis of Nb.CTx MXene

Nb,CTx MXene synthesis involved the use of a Nb,AIC
MAX phase. The bulk Nb,AIC MAX phase was
chemically etched through a top-down approach, which
was then intercallated, followed by delamination.
Selective etching of Al layers was carried out using
HCI/HF mixed acid under heat control conditions,
creating multilayer Nb,CTx MXene covered with surface
terminations like -O, -OH, -F. Washing followed after
etching, via centrifugation to wash off excess acid/ by-
products. The material was then intercalated, to
overcome Vander waals forces to produce few layer nan
sheets. This results in the formation of a stable colloid,
the MXene is successfully delaminated [24,25].
Characterisation results showed that the material now has
a laminated structure with expanded interlayer distances
and nanoscale thicknesses.
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Fig.2.: Schematic representation of the synthetic method of delaminated MXene (d-MXene). 2 MAX is etched by
using the mixed acidic solution of HCI: HO:HF (6:3:1) to eliminate the A-layer and formed multilayer MXene (m-
MXene), then interlacing the 1 g LiCl to stir at 350 rpm for 18 h and washed by several steps, forming the few-
layer or delaminated MXene (d-YX°"¢) with larger interlayer space and more surface termination groups

2.4. RRAM device fabrication

The fabrication process of the device is presented schematically in figure 1 (a). The ITO-coated glass substrates (2.3 cm
X 2.3 cm) were first cleaned by sonication in DI water, acetone and isopropanol for 15 minutes. Then rinsed with
isopropanol and DI water, blow-dried by the compressed air and UV-ozone treated at room temperature for 15 minutes
to remove organic contaminates and improve hydrophilicity of the substrate. Then, spin coated with the solution at 3000
rpm for 30s and heated on a hot plate at 100°C for 10 min. Deposition was carried out in 220-250° C and relative
humidity 55-65%. Selected area etching was conducted at a corner using acetylacetone for removal of organic solvents
and expose bottom contact and then anneal at 300 for 10 min in order to form the second layer as the solvent might
dissolve the first deposited film. Finally, the deposited films were annealing at 400 in air for 2 hours to form the
crystalline WOs3 phase (final thickness104 nm). Influence of the BE ITO device on Tungsten Oxide were deposited by
DC magnetron sputtering on a two-layer WO3/ITO. Dot architecture shadow mask with a diameter of 150 m was used
for the TE deposition in order to finish the fabrication of the device. Spray-coated of TEs with diameter about 150m is
the electrode where mxene like TizC2Tx,V2CTx, Mby,CTy and NbyCTy thicknesses were 250 nm. The thicknesses of the
each TE were shown with the other elements in respectively.
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Fig.3. : Schematic workflow of the RRAM Device Architecture Design. The process involves sequential cleaning
of the ITO substrate, UV-Ozone surface treatment, spin-coating of the interfacial layer, and the final deposition
of the oxidized MXene active layer via spray-coating through a shadow mask.
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3. Characterization of MXenes
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Fig.4. : The image provides a comprehensive structural and optical characterization of d-Ti3C2Tx, a specific type
of two-dimensional material called a MXene. It illustrates the successful transition from a bulk ceramic to
ultrathin, stable nanosheets.

Figure 4. Detailed physicochemical characterization of the delaminated Ti;C,Tx MXene. (a,b) UV—Vis absorption
spectra: Broad characteristic absorption peaks are found in the ultra violet region and the around 780 nm. These results
prove the successful fabrication of Ti3C,Tx and the existence of the metallic conductive nature owing to surface plasmon
resonance. (c) Zeta potential of Ti3C,Tx MXene: zeta potential around 42 mV indicate that the produced Ti3C2Tx
MXene is highly negative and has outstanding colloidal stability in the aqueous solution. (d) XRD pattern of
delaminated Ti3C,Tx MXene. It shows the absence of characteristic peaks for the TizAlIC; MAX-phase and the strong
(002) peak shifts to a smaller angle of reflection, demonstrating efficient deintercalation of Al layer and increased layer
spacing of TisCoTx MXene. (e) High-resolution TEM image of TizC;Tx MXene: lattice stripes with an interplanar
spacing of 0.26 nm further shows the high crystallinity of the obtained nanosheets. (f)SEM image of delaminated
TizC,Tx MXene: An accordion-like layered morphology signifies efficient exfoliation and delamination. All these
analyses suggest that high quality Ti3C;Tx MXene materials have been successfully synthesized, which possess
excellent crystallinity, high stability on the surface properties and layer structure for potential applications in various
areas.
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Fig.5. : Characterization of delaminated vanadium carbide MXene (d-V:CTy). (A) UV-Vis-NIR absorption
spectrum of normalized extinction profile and large localized surface Plasmon resonance (LSPR) peak in the
near-infrared area (~790 nm). (B) XRD patterns of d-V:CTx shows distinctive diffraction peaks assigned to

(002), (004), (100), (103), (106) and (110) crystal planes confirming delamination and phase purity. (C) Raman
spectrum of d-V2CTxshows specific vibration modes of V-C lattice and terminations located at 136, 285, 404, 522,
695, 850 and 992 cm™'. (D) FTIR spectrum of surface functional groups with specific transmission peaks for —-OH

(~3400 cm™), C=C (~1630 cm™), C-F (~1400 cm™), C-O (~1250 cm™') and V-C (~1000 cm™) stretching

vibration.
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Figure 5 presents the optical, structural, and spectroscopic characterization of delaminated VoCTx MXene. The UV-Vis
absorption spectrum (Fig. 5A) displays strong absorption in the UV region with a broad absorption band near 780 nm
characteristic of the electronic transition and metallic feature of V,CTx MXene. X-ray diffraction (XRD) pattern of
delaminated V,CTx MXene is shown in Fig. 5B.The most prominent (002) diffraction peak occurs at a low diffraction
angle, which, together with other reflections (100), (101), (106) and (110), indicates that the etching process
successfully removed the parent MAX phase to form high crystalline VoCTx with expanded interlayer spacing. Raman
spectrum of delaminated V,CTy MXene is shown in Fig. 5C.The distinct vibrational modes are around 136, 285, 404,
522, 695, 850, and 992 cm, arising from V—C lattice vibration and surface functional groups, confirm the structural
integrity and the chemical components of the prepared MXene. Fig. 5D depicts the FTIR spectrum of delaminated
V2CTx MXene. The characteristic absorption peaks corresponding to -OH, C=C, C-F, C-O, and V-C groups were
observed which is ascribed to numerous surface terminating groups created after etching and delamination. These
functional groups increase the hydrophilicity and the chemical reactivity of MXene. These characterization data provide
the successful synthesis of highly crystallized Vo.CTy MXene with rich surface termination groups and desirable optical
properties, indicating promising application for energy storage, catalysis, sensing, and optoelectronic devices.
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Fig.6. : Characterization of synthesized Mo.CTx MXene. (A) UV-visible absorption spectrum showing a primary
peak at ~280 nm and a broad longitudinal surface Plasmon resonance (LSPR) peak in the 700-750 nm range. (B)
XRD pattern showing the characteristic (002) and (103) diffraction planes, confirming the crystalline phase. (C)
FESEM image revealing the typical multi-layered, "accordion-like" morphology. (D) TEM image of delayered
Nano sheets with the inset showing the Selected Area Electron Diffraction (SAED) pattern highlighting the
hexagonal symmetry of the lattice.

Figure 6 displays the optical, structural and morphological features of the prepared Mb,CTx MXene. The UV-Vis
absorption spectra in Fig. 6A clearly shows strong absorption at ultraviolet region and a broadband absorption feature at
around 780 nm, which matches the typical electronic band features and metallic properties of Mb,CTx MXene. The X-
ray diffraction (XRD) pattern of the synthesized Mb2CTx in Fig. 6B shows a prominent peak located at 002, and other
reflections around corresponding to 004, 100, 103, 106 and 110, confirming that the selective etching resulted in the
crystallization of Mb,CTy after etching the parent MAX material. An enhanced intensity of the 002 reflection in low-
angle range represents an increase of interlayer spacing, a common feature of delaminated MXene materials. From the
scanning electron microscopy (SEM) image of Fig. 6C, it is observed that Mb,CTx MXene possesses a nice morphology
featuring accordion-like stacks of nanosheets, which proves effective exfoliation of the parent materials and the
retention of the two dimensional lamellar structure. In the transmission electron microscopy (TEM) image (Fig. 6D),
Mb,CTx nanosheets is clearly ultrathin and transparent with network connection and layered assembly. In addition, the
selected area electron diffraction (SAED) pattern of M0o.CTx MXene demonstrates clear diffraction spots (indexed as
002 and 100), which reveal its ordered structure and excellent crystallinity. Thus, the comprehensive investigations of
UV-Vis absorption spectroscopy, XRD, SEM and TEM have demonstrated that well-crystallized Mb,CTx MXene with
enlarged interlayer spacing and preserved layered morphology was successfully synthesized, showing promise in energy
storage, electro catalysis, sensor and future electronic device.
IJDDT, Volume 16 Issue 69s, 2026
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Fig.7. : Structural, optical, and morphological characterization of synthesized d- Nb2CTx MXene. (A) UV-Vis-
NIR normalization extinction spectrum of delaminated Nb2CTx vs wavelength in 200-1000nm range. (B) X-ray
diffraction (XRD) pattern of Nb2CTx, displaying the characteristic intensity peaks indexed to (002), (100), (101),
and (110) crystalline planes. (C) Scanning electron microscopy (SEM) image showing the characteristic stacked
layer morphology of synthesized d-Nb2CTx. (D) Transmission electron microscopy (TEM) image depicting the
typical electron-transparent nature and thin geometry of the delaminated Nb2CTx nanosheet (scale bar: 100 nm).

Nb.CTx MXene has been synthesized and characterized
structurally, optically, and morphologically, as shown in
Figure 7. In terms of optical properties, as illustrated in
Figure 7A, the UV-Vis absorption spectrum exhibits the
characteristic absorption of the ultraviolet regime (200-
300 nm) with decreasing absorption in the visible region.
Such features indicate that Nb,CTx possesses a unique
optical behaviour and could be employed in
optoelectronics and related energy fields. In terms of
structural, the XRD profile shown in Figure 7B clearly
indicates that Nb,CTy is crystalline with sharp diffraction
peaks located at the (002), (100), (101), and (110) crystal
planes, implying the phase formation and the good
crystallization of Nb,CTx. From the SEM image in
Figure 7C, we can see the layered and accordion-like
morphologies characteristic for MXenes that are
achieved by etching out the MAX phases. Moreover, the
resulting TEM image (Figure 7D) shows the existence of
ultrathin transparent Nano sheets which maintain good
layered structure as well. As a result, the good structure,
morphologies, and optical characteristics confirm the
formation of Nb,CTx MXene, promising application in
advanced electronic, sensing, catalytic, and energy
storage devices.

4.Electrical Switching Characteristics of Different
MXene/WOs/ITO RRAM Devices

4.1. Current—Voltage (I-V) Switching Characteristics
Resistive switching characteristics of the fabricated
MXene/WO3/ITO memory devices were examined by

current-voltage (I-V) measurements under bipolar
voltage sweep operation. The fabricated memory devices
have different MXene electrodes as top electrode namely
Ti;C,Tx, V2CTx, M0,CTy, and Nb,CTyx the active
switching material is WOs3, the bottom electrode is ITO.
It has been observed that all the fabricated devices show
a clear bipolar resistive switching characteristics . During
the I-V sweep both the high resistance state (HRS) and
the low resistance state (LRS) are reversibly switched.
The fabricated device in the initial state remained in the
HRS with very small leakage current of the order of 10-6
A. Under the positive voltage sweep there was a sudden
rise in the current at the SET voltage indicating the
creation of conductive filament within the WO3 layer.
Under negative sweep the conductive paths ruptured at
the RESET voltage and switched back to HRS. This
switching is non-volatile.

The TizC2Tx/WO3/ITO device shows the best switching
characteristics with SET voltage at about +1.5 V and
ON/OFF resistance ratio is nearly 104. It is mainly due to
high carrier mobility and high electrical conductivity of
Ti3C,Tx MXene which facilitates easy charge injection
and better diffusion of oxygen vacancy. Slightly higher
SET and RESET voltages and good stability were
observed in Mo,CTy/WO3/ITO device, this is because
Mo,CTx is highly compatible at the interface of WO3.
Moderate performance was seen in V,CTx based memory
device. Nb,CTx electrode showed higher operating
voltage owing to the relatively higher interfacial
resistance.
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Table 1: Electrical Switchin

Parameters of Different MXene/WQs/ITO Devices

Device Structure SET Voltage (V) RESET Voltage (V) ON/OFF Ratio Switching Stability
Ti:C.T/WO,/ITO ~+1.5 ~1.2 ~10* Excellent
Mo:CT/WO5/ITO ~+1.7 ~—1.3 ~10? Very Good
V2CT/WOs/ITO ~+1.8 ~—1.4 ~10? Good
NbCT,/WO5/ITO ~+2.0 ~1.5 ~10? Moderate

From the results, we have found out that the selection of MXene electrode affects the filament formation process, charge
injection efficiency and switching characteristics in a drastic way. The layer-like structure of MXene and the metallic
conduction of MXenes would help in reducing the operating voltage and reliability of memory devices.

(a) Current—Voltage (I-V) Characteristics

(b) Endurance Characteristics

(c) Retention Characteristics
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Fig 8: Electrical switching performance of MXene/WQOs/ITO RRAM devices with different MXene top electrodes.
(a) I-V characteristics demonstrate stable bipolar resistive switching with distinct SET and RESET processes. (b)
Endurance measurements show well-separated HRS and LRS over repeated switching cycles, indicating reliable
device operation. (c) Retention characteristics confirm stable resistance states for more than 10* s at room
temperature. (d—e) Comparison of SET/RESET voltages and ON/OFF resistance ratios reveals that the
Ti;C.TY/WOs/ITO device exhibits the lowest operating voltage, highest ON/OFF ratio (~10%), and the best overall
memory performance among the investigated MXene electrodes.

4.2. Endurance Characteristics

Endurance is another important characteristic in
characterizing the operating reliability of resistive
memory devices. By repeatedly switching the memory
cells between HRS and LRS under subsequent SET and
RESET operations, the endurance characteristics of the
devices were explored by measuring the resistance values
at the read voltage of 0.1 V.

The generated MXene/WO3/ITO memory device showed
stable switching characteristic at more than 10* cycles;
the HRS and LRS are well separated from each other
throughout the endurance measurements, the value of
HRS and LRS are in the range of 10° Q and 10?> Q and

the magnitude order difference of the resistance window
are both around three orders of magnitude.

The best performance with small resistance variation
during the cycle tested was achieved in the case of
TisC.T/WO3/ITO devices, which are ascribed to the
reversible movement of oxygen vacancy within WO3
layer and the high conductivity of TisC:Tx, which limit
the local joule heat and avoid the destruction of filament.
The Mo2CTx based device showed the good endurance
which ascribed to the good electrochemical stability. And
the small variation of the resistance for V.CTy and
Nb2CTy device may due to local atomic rearrangement
during frequent filament formation and rupture.
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Table 2: Endurance Characteristics of MXene/WQOs/ITO Memory Devices

Device Structure Své‘;zll‘e‘;‘g HRS (Q) LRS (Q) Stability
Ti:C:T/WOS/ITO | >1.5 x 10° ~10° <10 Excellent
Mo:CT/WOs/ITO | >10° ~10° ~10? Very Good
V:CT/WOS/ITO | >10° ~10° <10 Good
Nb.CT,/WOITO | ~8 x 10 ~10° <10 Moderate

The endurance results confirm the suitability of MXene-
integrated WOs memristors for long-term non-volatile
memory applications.

4.3 Retention Characteristics

Retention is defined as the capability of memory devices
to retain data over time without any power supply. Here,
the retention characteristic was measured by observing
resistance change of the HRS and LRS at room
temperature using the read voltage 0.1 V. The three
fabricated devices held the memory states constantly for
longer than 10%. The HRS was close to 10° Q and the

LRS close to 107 Q throughout the measuring time. There
was no degradation nor overlap of memory states. All
three devices exhibit good retention performance.

This stable retention characteristic is ascribed to stable
conductive filaments created in WO3 switching layer.
Layered MXene electrodes promote uniform distribution
of the electric field and confined confinement of oxygen
vacancies which would reduce leakage of charges and the
instability of the filaments. Both TisC.Tx and Mo.CTx
electrodes have the most stable retention behaviours
because of stable interface with WO3 and excellent

Table 3: Retention Performance of MXene/WOs/ITO Devices

Device Structure Retention Time HRS Stability LRS Stability
Ti:C. T/ WO5/ITO >10% s Stable Stable
Mo.CT/WOs/ITO >10%s Stable Stable
V2CT/WO5/ITO >10%s Slight fluctuation Stable
Nb:CT,/WOs/ITO >10% s Moderate stability Stable

These results verify that MXene-based WO3 memory device exhibits superior data retention for memory applications.

4.4 Conduction Mechanism Analysis

In order to understand the charge transport process which
is the driving force of resistive switching, conduction
mechanism was analyzed with the logarithmic current-
voltage [log(I)-log(V)] characteristic curves. From the
analysis, transport mechanism were observed to have two
differences in HRS and LRS.

LRS (Low Resistance State)
From [log(I)-log(V)] curve, we can find the log(l) is
almost linearly proportion to log(V) with the slope of
nearly one as follow:

10v

Which indicating the current conduction mechanism is
Ohmic. In this case, the continuous filament constructed
through the aggregation of oxygen vacancy enables
continuous charge transporting pathway between the
MXene top electrode and ITO bottom electrode which
leads to high carrier conductivity.

HRS (High Resistance State)

For HRS regions, the curve is not linearly proportional
with its slope are all more than 2 as follow:

10 V™, n>2

This phenomenon is a trap controlled Space Charge
Limited Conduction (SCLC). In the increasing voltage,
inject carriers get trapped in the defects energy states
which are associated with the oxygen vacancies in WO3
layer. After these traps are progressively occupied,
space-charge leads the conduction which produce this
nonlinear current characteristic.

So, the switching process mechanism are based on
migration of oxygen vacancy, that under positive voltage
oxygen vacancy are injected to form conductive filament
(SET process), and the current switched back to high
resistance under reverse voltage when oxygen ions
recombine with vacancies and conductive filament
rupture (RESET process). MXene electrodes enhance the
field concentration and charge transport rate thus resulted
in low switching voltage and the consistency of device.

Table 4: Conduction Mechanism of MXene/WOQO3/ITO Devices

Region Slope Mechanism Physical Process
HRS (Low Voltage) ~1 Ohmic Themally generated
carriers
HRS (High Voltage) >2 SCLC Trap-controlled transport
Near SET High slope TFL Region Rapid trap filling
LRS ~1 Ohmic Conductive filament
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conduction

RESET Region >2

SCLC

Filament rupture initiation

4.5 Comparative Discussion of Different MXene
Electrodes

As can be seen from the above switching performance
comparisons, the choice of electrode affects the
switching behaviors very much. From the experimental
results, we know TisC:Tx electrode shows the best
performance due to high conductivity, larger surface area
and good interfacial contacts between TisC.Tx and
WO3.The device with Mo2CTx electrode has good
switching performance and retention performance. With
VaoCTy electrode, the devices have relatively high
working voltages but good switching performance and
moderate operating voltage. Nb.CTx device has relatively
higher switching voltages due to more increased
interfacial resistance and slower oxygen vacancy
transfer.

1. High electrical conductivity favors better electron
injection into WO3 layer.

2. High mobility for electrons to transfer in layered 2D
structures.

3. Surface functional groups of MXene (e.g., -O, -OH, -
F) is helpful to increase interface quality between
electrode and dielectrics.

4. ITmproved oxygen vacancy confinement and filament
formation.

5. Low operating voltage and high cycle endurance.
These results indicate that MXene electrodes
significantly improved the electrical performance of
WOs-based RRAM devices and shows a great promise
for low-power and high-density non-volatile memory
devices and Neuromorphic applications.

5. Discussion

It can be unambiguously concluded from the
experimental results that the choice of the top electrode
material is critical to determining the resistive switching
performance of WO3 based RRAM devices. Though the
all fabricated MXene/WO3/ITO devices could be
operated in the stable bipolar resistive switching,
substantial difference in switching voltage, ON/OFF
resistance ratio, endurance and retention have been
observed according to the different MXene materials.
The underlying factors that result in the differences
mainly stem from the intrinsic conductivity, interface
compatibility and the surface chemistry of the various
MXene.

The performances of the devices made from various
MXenes were compared and it showed that the TizCoTx
based device possessed the best comprehensive
performance. In addition, the relatively lower SET
voltage (~1.5V), high ON/OFF resistance ratio (~10%)
and superior endurance and retention in this device
indicated a more efficient formation and rupturing of
conductive filament within the WOs switching layer.
Such improvements originate from its good electrical
conductivity and high carrier mobility, the quick
injection of electrons and uniform distribution of oxygen
vacancy migration across the WOs active region would
happen. Furthermore, the 2D nature of the Ti3C2Tx

electrode with a larger contact interface with WO3 would
minimize the contact resistance and enhance field
strength. Similarly, M0o,CTx based device had reliable
switching property in terms of endurance and retention
performance although operating voltage is a bit higher
and OFF/ON ratio is lower compared to Ti3C,T.

Good stability with Mo,CTx and WO3 materials had
contributed to form stable filament with a relatively
narrow range of switching parameters and high duty
cycle for repeated switching.

The V,CTx based device can also present bipolar
switching with decent endurance, however, higher
operating voltage and a lower resistance ratio were
observed, potentially attributed to less efficient charge
injection and much slower oxygen vacancy movement
compared with the cases for Ti3C,Tx and M0o.CTx . The
highest SET and RESET voltages were necessary for
switching in the Nb,CTx based device, which may have
more surface scattering and a greater charge transport
obstacle resulting from more intrinsic interfaces that
hinder the formation of conductive filament, thus it took
larger electric energy. The logic of the mechanism
analysis, conducted through the log(I)-log(V) plot, also
provides further evidences.

During low-resistance state (LRS), the conduction obeys
the Ohmic behaviour, which can be ascribed to
conductive filaments established through the two
electrodes connecting WOs active layer. While, during
high-resistance state (HRS), a SCLC dominated by trap-
assisted space-charge-limited conduction (SCLC) is
observed, demonstrating the dominant role of oxygen
related defects before forming well-developed filaments.
Thus, this transition between the two mechanisms
provides the support for the valance-change-mechanism
(VCM) based resistive switching behaviour and indicates
the importance of oxygen vacancy movement in
determining the switching behaviours.

Taken all together, it can be concluded that the high-
conductivity MXene electrodes have proved to be
effective in boosting the electrical performance (low
operating voltage, high resistance ratio, good endurance
and retention) of solution-processed WO3 based RRAM
device, and particularly Ti3C,Tx is the most promising as
a top electrode for development of low power
consumption memory devices and Neuromorphic
computing systems.

6. Results
The electrical characteristics of the fabricated
MXene/WOs/ITO resistive random-access memory

(RRAM) devices were characterized based on I-V,
endurance, retention and conduction mechanism
measurements. Four MXene materials TizCaTx,
Mo,CTx, V.CTx, and Nb,CTx were used as top electrode
in RRAM devices to study the influence of electrode
materials on resistive switching behaviours. All
fabricated devices showed stable bipolar resistive
switching characteristics, and the solution processed
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WO; thin film operated as an active switching layer in
our RRAM device.

During first voltage sweep of all devices, there was
negligible current 10 through all the devices which
indicate that all devices remained in the HRS when the
voltage was swept from 0 to a positive voltage and
finally to a negative voltage (from -2 to 2 V in the
following section) in a slow rate (0.1V/s). With a positive
swept voltage applied, the current started to abruptly rise
at the SET voltage due to the forming of conduct
Filaments formed by drifting the oxygen vacancies
through WOs switching layer. The application of a
negative voltage causes the conductive Filaments rupture
and the device restored to the HRS. The reversible
transition between HRS and LRS confirms the non-
volatile bipolar resistive switching operation. The results
show that Tiz3C>Tx /WO3/ITO device has the lowest SET
voltage(~1.5 V) and RESET voltage (~1.2 V) and the
ON/OFF resistive ratio about 10* (HRS is 10° and LRS is
10%).

Mo,CTx/WOs/ITO device exhibits excellent switching
behaviours with higher SET and RESET voltages and
ON/OFF resistive ratio around 10. While V,CTx and
Nb,CTx show well-established switching but the
relatively higher SET and RESET voltage and lower
switching uniformity resulted from larger interface
resistance.

The endurance performance was investigated by
cyclically applying SET/RESET sweeps for up to 10°
cycles for each device. The endurance tests showed that
all devices could sustain stable operation for more than
10° SET/RESET cycles with the HRS being around 10°
and LRS being about 102, thereby giving an ON/OFF
switching ratio of almost orders of magnitude. Ti;C,Tx
and Mo,CTx devices have minimal fluctuations in
resistance throughout endurance cycling and Nb,CTx
Thus relatively larger resistance variance after several
tens of SET/RESET cycling.

Room temperature retention characteristic tests show that
devices maintain well separated HRS and HRS over a
longer period (10%s), signifying non-volatile switching
characteristics. TisCoTx and Mo,CTx showed better
retention characteristics without significant changes in
the HRS and HRS. Nb,CTx and VoCTx were slightly
inferior to Ti3C2Tx and Mo.CTx but the influence is
small on overall performance.

The conduction mechanisms of the devices in the HRS
and LRS were investigated using logarithmic current-
voltage ( logl-logV ) plots (Fig.7b). The LRS exhibits
Ohm law where conduction current increases linearly
with voltage (slop is close to unity), confirming metallic
conduction formed by conductiv Filaments. For the HRS
device, the dominant conduction mechanism could be
accounted for the trap-controlled space-charge-limited
conduction (SCLC) with oxygen vacancy defects States,
confirming that the resistive switching is governed by the
formation and rupture of oxygen vacancy conduct
Filaments which leads to the Valence Change
Mechanism (VCM).The experimental evidence clearly
demonstrates that the performance of WO3 based RRAM
strongly depends on the top electrode material. Among
the four MXene electrodes utilized herein Ti3C2Tx

showed promising low ON/OFF ratio of nearly 3 orders
of magnitude together with excellent endurance and
retention, thereby representing The most suitable
candidates for non-volatile RRAM.

7. Conclusion

Solution-processed MXene/WO3/ITO based resistive
random-access memory (RRAM) devices with four types
of MXene electrodes, TizCoTx, M0,CTx, Nb,CTx and
V,CTx were successfully prepared and investigated for
resistive switching. The prepared RRAM devices showed
stable bipolar resistive switching characteristics and
proved WO;s thin films can serve as promising switching
materials.

In addition, the resistive switching mechanism in the
WO; switching layer was attributed to the formation and
rupture of oxygen vacancy filament within WOs3
following the valence change mechanism (VCM).
Furthermore, the results derived from [Log(I)-Log(V)]
curve indicated that the conduction mechanism for SET
state was Ohmic, whereas for HRS state was trap-
controlled space-charge-limited conduction (SCLC).
Among them, TizC,Tx/ WO3/ITO device has performed
the best, offering relatively low SET voltage (around 1.5
V), high ON/OFF ratio of about 10*, excellent endurance
over 10° switching cycles and good retention
performance of > 10%. This might be because the
Ti3C,Tx can offer better electrical conduction property,
layer structure, favourable interface with WO3;. M0o,CTx
electrode also  possessed favourable  switching
performance, but for Nb,CTx and V,CTx they suffered
higher operation voltages due to increased interface
resistance.

In this report, the comparison of four MXene electrodes
reveals their crucial influence on the switching
performance of WOs3-based RRAM and highlights the
potential of Ti3C,Tx as an ideal electrode material to
develop the next-generation low power consumption,
high-density and stable non-volatile memories.

These insights will guide the further research and
development of oxide memristor with MXene electrodes
and provide a prospective strategy towards
Neuromorphic, artificial intelligent and memory devices.
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