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Abstract

Emerging information technology and data deluge foster the unprecedented demands of higher chip
density, clocking speed, data storage and lower power dissipation for on-chip non-volatile memories
(NVMs). Here, two types of metal-insulator-metal (MIM) based NVM structures were fabricated and
demonstrated involving controlled functionalization of molybdenum disulﬁde (MoS2) and graphene
oxide (GO) nanocomposite as a resistive switching layer. The ﬁrst type of device constitutes
Aluminum (Al) top and bottom electrode resulting in the Al/MoS2-GO/Al structure. While the
second type of device uses Al top electrode and Indium Tin Oxide (ITO) bottom electrode resulting
in Al/MoS2-GO/ITO. The current-voltage (I–V) characteristics for fabricated Al/MoS2-GO/Al and
Al/MoS2-GO/ITO MIM structures exhibited considerable ION/IOFF ratio of ∼102 (SET and RESET
state at 0.5 V and −0.4 V) and ∼101 (SET and RESET state at 0.3 V and −1 V), respectively. The
I–V characteristics for Al/MoS2-GO/Al MIM structure showed low voltage switching, substantial
memory retention ∼104 s and endurance for up to 25 cycles. The low voltage and controlled
switching operation for Al/MoS2-GO/Al MIM structures may be attributed to the presence of a
large number of oxygen vacancies, defects in MoS2-GO, promoting enhanced charge hopping via
interfacial oxide at MoS2-GO/Al interface as compared to MoS2-GO/ITO.
Keywords: resistive random-access memory, MoS2-GO, conduction mechanism, emerging nonvolatile memory
(Some ﬁgures may appear in colour only in the online journal)
widely studied due to following reasons [4, 5]. Firstly,
ReRAM offers high speed and consumes low power during
read and write operations [5]. Secondly, the ReRAM device
structure makes it easy to realize multi-bit storage. The
ReRAM based multi-bit design requires less number of
hardware to store a similar amount of data/information as
compared with the traditionally used CMOS based Booleanlogic devices [6–8]. Lastly, the RS layer realizes a computation-in-memory design, which reduces the energy needed
for transporting data between memory and computing units
[9, 10]. Even though, there are some critical device physics
and processing-based concerns for RS layer-based ReRAM,
which hinder its application and adaptation in next-generation
electronics.

Introduction
Recently, resistive random access memory (ReRAM) has
attracted immense attention as a potential candidature for
emerging non-volatile memory (NVM) devices largely
motivated from its low operating power, higher speed,
packing density and scalability [1, 2]. While, other memories
including the phase-change random access memory, ferroelectric random access memory, magnetoresistive random
access memory have been extensively researched for better
scalability and low power operation [3, 4]. Among all, the
ReRAM structure comprising of an active resistive switching
(RS) layer sandwiched between two metal electrodes forms
the metal insulator metal (MIM) system are attractive and
0268-1242/19/085009+11$33.00
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Figure 1. Schematic process steps for the fabrication of MoS2-GO nanocomposite based ReRAM (a) Al/MoS2-GO/Al/Dummy Si and (b)
Al/MoS2-GO/ITO/glass.

Typically in resistive memory based MIM devices, the
switching action solely occurs onto the defect-free quality of
transition metal oxides as a function of an applied electric
ﬁeld [11]. Recently graphene oxide (GO) [12, 13], perovskites
[14], chalcogenides [15] and ferroelectrics [16] are also
considered as a possible alternative of transition oxides.
While, the latest report indicates that the active layer conduction mechanism is the drift of ionic species, result in the
formation/rupturing of conductive ﬁlament (CF), [12] trapping de-trapping of charge species [17] and Fowler–Nordheim tunnelling [18].
Furthermore, the ultra-thin two dimensional (2D) materials such as graphene and its derivatives, transition metal
dichalcogenides, for instance, molybdenum disulﬁde (MoS2),
titanium disulﬁde, tungsten disulﬁde, tantalum sulﬁde are also
widely researched [19, 20]. In particular, 2D nanomaterials
like MoS2 and GO has drawn signiﬁcant attention of scientiﬁc
community because of distinctive physical, electronic properties, high ﬂexibility, low cost, easy fabrication and 3D
stacking capability [21]. As established, the bulk MoS2 possesses an indirect band gap of ∼1.2 eV, while, the monolayer
shows direct band gap of ∼1.8 eV [22] and the stacked
monolayers of MoS2 are connected with weak van der Waal
forces [23]. The covalent bonds of sulphur (S) and molybdenum (Mo) atoms are spaced ∼6.5 Å form the stacked
planes of MoS2 [24]. Whereas, the insulating GO surrounded
by hydrophilic oxygen-rich functional groups shows the
enormous potential in fast response memory & high-density
integrations [25, 26]. Moreover, the functionalization of
MoS2 nanosheets with GO shows the resistive switching
characteristics, can be utilized as an active layer for ReRAM
[21]. Especially, the resistive memory with MoS2-GO as an
active resistive layer may have the potential for ﬂexible
electronics [7, 12]. This enables low-cost fabrication, high
packing density, energy-efﬁcient NVMs devices for future
electronics.
In this work, MoS2-GO nanocomposite functioning as an
active resistive layer for the fabricated ReRAM structures was
deposited by a controlled solution process. Here, two different
types of ReRAM structures were fabricated in order to study

the effect of metal electrodes on the performance of the
devices. For the ﬁrst type of device, the top and bottom
electrodes were of Al, while for the second type of device, the
bottom electrode was ITO and the top electrode was Al.
Micro-Raman, energy dispersive x-ray spectroscopy (EDAX),
cross-sectional ﬁeld emission scanning electron microscopy
(FESEM) and atomic force microscope (AFM) analysis on
the active MoS2-GO nanocomposite layer were performed to
study the compositional, cross-sectional morphology/
physical interface and surface properties. The current-voltage
(I–V) measurements were performed to investigate the effect
of the switching behaviour of Al/MoS2-GO/Al and
Al/MoS2-GO/ITO structures. The retention and endurance of
the device were measured to establish the reliability and
feasibility of devices for real-world applications. Also, based
on the obtained characteristics a switching mechanism was
proposed using valence change supported by the migration of
oxygen ions/vacancies to support the devices observations
[27–29].

Experimental: fabrication of resistive memory
device
The process schematic for the fabrication of two types of
ReRAM devices is as shown in ﬁgure 1. Figure 1(a) presents
the process steps followed for the fabrication of the 1st type of
ReRAM device (Al/MoS2-GO/Al/Dummy Si). While
ﬁgure 1(b) shows the process steps for the fabrication of the
2nd batch of ReRAM device (Al/MoS2-GO/ITO/Glass). For
the 1st type, a square test grade dummy Si substrate
(1 cm×1 cm) was cleaned using standard RCA cleaning (as
shown in ﬁgure 1(a, i)). Thereafter, the samples were subjected to bottom Al electrode deposition on cleaned dummy
Si substrate using thermal evaporation at a vacuum of
10−6 mbar (as shown in ﬁgure 1(a, ii)). The thickness of the
deposited Al ﬁlm was found to be ∼100 nm using NanoMap–
LS (AEP Technologies, USA) stylus proﬁlometer. For the
2nd type of ReRAM devices, ITO coated glass (ITO/glass)
purchased from (Sigma Aldrich) resistivity of 8–12 Ω/sq was
2
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used. The ITO/Glass substrate (1 cm×1 cm) were cleaned
by dipping the samples in boiling acetone for 15 min followed
by dipping in fresh acetone, isopropyl alcohol (IPA) for
15 min each, N2 air purging and dehydration bake on a hot
plate at 100 °C for 30 min (ﬁgure 1(b, i)).
The functionalization of MoS2 ﬂakes with GO was easily
accomplished by the direct ultra-sonication method. GO was
synthesized using a modiﬁed Hummers method as described
in our previous reports [30–32]. The MoS2 powder (purchased from Sigma Aldrich) was dispersed in N-Methyl-2pyrrolidone (NMP) at a concentration of 1.0 mg ml−1 under
mild sonication (Frequency 33 KHz) for 2 h. Similarly, the
synthesized GO powder was re-dispersed in the DI water at a
concentration of 1.0 mg ml−1. The MoS2 dispersion in NMP
was then added to the aqueous GO solution in the ratio of 1:1
under constant stirring for 4 h followed by sonication of
MoS2-GO for 2 h. Afterwards, the MoS2-GO dispersion was
centrifuged at 5000 rpm for 10 min and the ﬁnal supernatant
was collected and utilized for the fabrication of devices.
A thin layer of the MoS2-GO solution was deposited on
Al/Dummy Si and ITO/glass substrates using spin-coating at
500 rpm for 1 min with the acceleration of 250 rpm s−1
immediately followed by spinning at 1000 rpm for 1 min with
the acceleration of 500 rpm s−1. The MoS2-GO/Al/Dummy
Si and MoS2-GO/ITO/glass samples were then baked on a
hot plate at 60 °C for 5 min. The similar spin coating procedure was used for both the devices in order to achieve a
uniform and pin-hole free MoS2-GO ﬁlm with a thickness of
∼40 nm measured using NanoMap–LS (AEP Technologies,
USA) as shown in ﬁgures 1(a, iii) and (b, ii).
The samples (MoS2-GO/Al/Dummy Si and MoS2-GO/
ITO/glass) were then loaded into the thermal evaporator for
the top metal contact. Circular Al electrodes thickness
∼100 nm measured using NanoMap–LS (AEP Technologies,
USA) with an area of 600 um2 and a diameter of ∼27 μm was
deposited using a shadow mask at high vacuum 10−6 mbar to
form Al/MoS2-GO/Al/Dummy Si and Al/MoS2-GO/
ITO/glass, shown in ﬁgures 1(a, iv) and (b, iii), respectively.
During the top electrode deposition, the slow evaporation of
Al was preferred in order to avoid the well-known Al spiking
issue [33]. The electrical characterizations of the fabricated
devices were carried out using KEITHLEY 4200 SCS system
attached to a cascade probe station. Here, in total 10 devices
for each type of ReRAM structures (Al/MoS2-GO/
Al/Dummy Si and Al/MoS2-GO/ITO/glass) were fabricated, out of which 7–8 devices demonstrated similar electrical characteristics. The surface and chemical analysis were
recorded using Dimension Icon (AFM) from Bruker and
Horiba LabRAM based micro–Raman Spectroscopy, respectively at room temperature.

described with the SET and RESET switching voltages. The
voltage at which device switches from high resistance state
(HRS) to low resistance state (LRS) (OFF to ON state) is
termed as SET voltage. Whereas, the voltage at which device
switches from LRS to HRS (ON to OFF state) is the RESET
voltage. Figure 2(b), shows Al/MoS2-GO/Al resistive
memory switching states designated by arrows and numbers.
For example, state ‘2’ and state ‘5’ represents the SET and
RESET condition respectively, while respective HRS and
LRS are represented by state ‘1’ & ‘6’ and state ‘3’ & ‘4’
respectively.
Here, dual mode voltage sweep was used for characterization of fabricated MIM structures. Initially, when a voltage
is swept from 0 V to 0.5 V the device was in HRS (state ‘1’)
with a current value of ∼10−6 A as shown in ﬁgure 2(b). It
can clearly be seen from the ﬁgure 2(b), that for
Al/MoS2-GO/Al device at 0.5 V the current increases to
∼10−4 A and the device approaches the SET condition,
switching from HRS to LRS (demarcated as a state ‘2’).
When the voltage is swept in the reverse direction from 0.5 V
to 0 V to −0.5 V (state ‘3’ and state ‘4’, ﬁgure 2(b)) the
Al/MoS2-GO/Al device remembers its last state, i.e. LRS.
When voltage sweep approaches at −0.35 V, the current
shoots down to ∼10−6 A, and the device reached the RESET
state ‘5’ (transition from LRS to HRS), as shown in
ﬁgure 2(b). Finally, when the voltage is swept from −0.5 V to
0 V, the device retains the last state (HRS), shown as a state
‘6’ in ﬁgure 2(b). While performing the I–V measurements,
current compliance of 10 mA was used in order to prevent the
permanent breakdown/failure of the devices.
Both sets of devices exhibit compliance-free behavior.
With the applied bias, the randomly distributed oxygen
vacancies in the MoS2-GO layer are aligned, leading to the
formation or disruption of ﬁlament. Under positive applied
bias, once the ﬁlament is formed, it does not tend to scale in
size. Therefore does not allow to further increase the current,
leading to a self-stop at some resistance state results in compliance free switching [34]. Another possible reason for compliance free switching in MoS2-GO ReRAM structures may be
due to intrinsic built-in parasitic resistance of the ﬁlament
[34, 35]. The research in ReRAM is moving forward to selfcompliance approach to reduce the complexity of the circuit
design as per the recent reports by [8, 35, 36]. For better
understanding, evaluation of memory performance (for
instance SET/RESET voltages and ION/IOFF ratios) and
comparison, the linear I–V characteristics of Al/MoS2-GO/Al
devices (ﬁgure 2(b) were plotted in semilogarithmic (log(I)
versus (V)) scale as shown in ﬁgure 3(a). A similar methodology was also adopted to characterize Al/MoS2-GO/ITO
devices. I–V characteristics for Al/MoS2-GO/ITO structures
with different states (labelled ‘1’–‘6’) are as shown in
ﬁgure 3(b).
For Al/MoS2-GO/Al, devices SET and RESET voltages
were measured ∼0.5 and ∼−0.35 V, respectively and
ION/IOFF current ratio was ∼102 (ﬁgure 3(a)). In contrast,
Al/MoS2-GO/ITO devices demonstrated SET and RESET
voltages at ∼0.3 V and ∼−1 V respectively along with
ION/IOFF current ratio ∼10 (ﬁgure 3(b)). As clear from the

Results and discussion
To measure the I–V characteristics on the fabricated ReRAM
devices, sweeping voltages were applied on the top electrode
keeping the bottom electrode grounded as shown in
ﬁgure 2(a). Here, resistive memory behaviour can be
3
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Figure 2. (a) MoS2-GO nanocomposite 40 nm resistive layer devices with electrical characterization setup (b) Resistance switching states of
Al/MoS2-GO/Al (MIM) devices.

Figure 3. IV characteristics of (a) Al/MoS2-GO/Al Metal Insulator Metal (MIM) devices (b) For Al/MoS2-GO/ITO (MIM) devices.

ﬁgure 3(b), for up to −1 V, the Al/MoS2-GO/ITO devices
show no abrupt current switching and current is varying
gradually with the voltage sweep during the RESET process.
It may be due to the instability of CF. The characteristics of
Al/MoS2-GO/Al devices shows controlled SET and RESET
behavior and ION/IOFF current ratio was found to be ∼one
order higher as compared to Al/MoS2-GO/ITO devices. The
high ION/IOFF ratio in the Al/MoS2-GO/Al devices may be
attributed to increasing in defects/oxygen vacancies at the Al
electrode interface, similar work reported in the past by Li
et al [37]. Also, it is clear from ﬁgures 3(a) and (b), that both
the devices (Al/MoS2-GO/Al and Al/MoS2-GO/ITO)
demonstrated bipolar resistive switching behaviour. As
compared to Al/MoS2-GO/ITO, the enhanced memory performances (high ION/IOFF ratio and stable SET/RESET) for
Al/MoS2-GO/Al may be attributed to the presence of highly
oxidizable Al/GO interface and formulation of aluminium
oxide (AlOx) [38]. The interfacial AlOx serves as a source of

active oxygen dislocations, defects, resulting in the formation
of CF in the resistive layer [39]. The performance comparison
of the fabricated MoS2-GO structures in the present work
with the previously reported structures is summarized in
table 1.
Moreover, there are various conduction mechanisms on
resistive switching of oxides layers are reported in the literature; like aligned CF formed by the redox reaction of the
electrochemically active electrode and valence change supported by the migration of oxygen ions/vacancies in the
active layer [28, 46–51]. Thus, in Al/MoS2-GO/Al and
Al/MoS2-GO/ITO MIM structures, CF formation/dissolution due to oxygen vacancy/ion migration under the applied
external ﬁeld is more applicable due to the presence of oxygen-rich MoS2-GO layer. The pictorial view of the resistance
switching mechanism is depicted in ﬁgure 4. Figures 4(a), (c)
shows the formation of oxygen vacancy conducting ﬁlament.
The dissolution of CF under the reverse electric ﬁeld is
4
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Table 1. The comparison of present work with the reported in the literature.
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Active layer

Electrode

Thin ﬁlm Fabrication Method

Switching Voltage

ION/IOFF Ratio

Retention

Reference

GO
GO
rGO
GO
Mixture of MoS2 and GO sheets
MoS2–P123 hybrid nanoﬁbers
PVP-coated MoS2 sheets
MoS2-GO Nanocomposite
MoS2-GO Nanocomposite

Top: Al Bottom: Al
Top: Al Bottom: ITO
Top: Al Bottom: ITO
Top: Cu Bottom: Pt
Top: Al Bottom: ITO
Top: rGO Bottom: rGO
Top: Al Bottom: rGO
Top: Al Bottom: Al
Top: Al Bottom: ITO

Spin-coating
Spin-coating
Spin-coating
Vacuum ﬁltration
Spin-coating
Spin-coating
Spin-coating
Spin-coating
Spin-coating

∼2.5 V
∼2.0 V
∼5 V
<1 V
<1.5 V
3–4 V
∼3.5 V
∼0.5 V
∼1 V

∼102
∼103
∼103
∼20
∼102
∼5.5×102
∼102
∼102
∼101

>105 s
—
105 s
104 s
—
4×103 s
—
>104 s
>104 s

[12]
[40]
[41]
[42]
[43]
[44]
[45]
This work
This work
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Figure 4. Depicts the CF-type conduction mechanism in Al/MoS2-GO/ITO and Al/MoS2-GO/Al devices. (Individual region dimensions
are not to scale.)

Figure 5. Double logarithm graphs of IV curves were plotted for (a) Al/MoS2-GO/Al and (b) Al/MoS2-GO/ITO devices at room
temperature (298 °K).

represented by ﬁgures 4(b), (d). Figures 4(a), (b) shows the
formation of unstable oxide (AlOx) at the electrodes and
nanocomposite MoS2-GO interface. As discussed earlier, both
the devices will remain in the HRS (RESET/OFF state) under
no applied bias. When the positive bias (+Ve) is applied on
the top (Al) electrode, the oxygen ions (O2−) are drifted in the
upward direction (as shown by an upward arrow in
ﬁgures 4(a) and (c)) leaving behind oxygen vacancies in the
MoS2-GO layer. These vacancies form the oxygen-deﬁcient
ﬁlament, which is conducting in nature, acts as a virtual
cathode, resulting in an increased current. Thus, turns ‘ON’
the device (SET condition) and the device approaches the
LRS. Due to a variable electric ﬁeld, oxygen vacancy concentration and localized temperature the CF formed is

dynamic in nature (ﬁgures 4(a) and (c)). Locally formed
ﬁlament grows towards the anode and distributed in the
MoS2-GO resistive layer [46, 47, 49, 52]. Alternatively, when
a negative bias (−Ve) is applied on the top electrode, the
oxygen ions migrate towards the bottom electrode (represented by a downward arrow in ﬁgures 4(b) and (d)) and
recombine with conducting oxygen vacancies, this leads to
the dissolution of conducting ﬁlament and results into RESET
(LRS to HRS). The widespread alignment of oxygen vacancies; also results in the formation of a conductive path on
applied external stimulus consequences the abrupt SET and
while random/partial rupture of ﬁlament occurs on reverse
stimulus outcomes in gradual RESET switching characteristics (ﬁgure 3(b)). Switching mechanism of the device is
6
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Figure 6. (a) and (b) shows the retention characteristics of Al/MoS2-GO/Al and Al/MoS2-GO/ITO devices respectively under a constant
readout voltage of 0.2 V.

caused thermal diffusion of oxygen ions during the RESET
operation [53]. (4) The oxygen ions are easily re-oxidized
byoxygen vacanciesunder Joule heating [54], which is
related to transitions in small intermediate resistance states
during the RESET process and cause the gradual RESET
phenomenon.
To further study the dominating conduction and charge
transport mechanism, the two types of devices were investigated
through the experimental data and ﬁtted double logarithmic
plots. Figures 5(a) and (b) show the double logarithmic log(I)
versus log(V) characteristics for Al/MoS2-GO/Al and
Al/MoS2-GO/ITO structures. The slope of the curves as clearly
label by ﬁtted lines ‘A, B, C, D’ and ‘P, Q, R, S, T’ in
ﬁgures 5(a) and (b). For Al/MoS2-GO/Al device the HRS or
OFF state was ﬁtted to a straight line. For Al/MoS2-GO/Al
devices the slope is ∼1 in the entire HRS delineated by ‘A’ to
‘B’ (ﬁgure 5(a)). The switching of HRS to LRS exhibit the slope
of ∼137 tagged by line ‘B’ to ‘C’. Finally, the LRS labelled by
‘C’ to ‘D’ shows slope ∼1 (ﬁgure 5(a)). Here, the linear behaviour of I–V curves indicate ohmic conduction as described by
relation (I∝V). Similarly, for Al/MoS2-GO/ITO device shows
slope ∼1 in the HRS from 0 to ∼0.2 V deﬁned by line ‘P’ to ‘Q’
(ﬁgure 5(b)), also just before the SET state, the ﬁtted curve
shows the slope ∼2 from 0.2 to 0.3 V labeled by line ‘Q’ to ‘R’
(ﬁgure 5(b)). This behaviour reveals from relation (I∝V2) and
supported by the space-charge-limited conduction (SCLC). The
resistance switching state (RSS) shows the slope of around 41
deﬁned by line ‘R’ to ‘S’ (ﬁgure 5(b)). Finally, the LRS state
shows slope ∼1 in line ‘S’ to ‘T’ as shown in ﬁgure 5(b). The
ﬁtted curves show slope ∼1 for Al/MoS2-GO/Al and
Al/MoS2-GO/ITO structures, attribute to the Ohmic conduction
for LRS and HRS, which designates the linear behaviour of the
device in which current is proportional to voltage ﬂows through
the CF as designated in ﬁgures 5(a) and (b).
In order to investigate the electrical stabilities of the
fabricated Al/MoS2-GO/Al and Al/MoS2-GO/ITO structures, retention tests were performed. The Al/MoS2-GO/Al

Figure 7. I–V characteristics of Al/MoS2-GO/Al device for various

cycles.

based on the migration of oxygen ions and the creation of
oxygen vacancies along with the redox reaction at the electrode and formation of AlOx at the interface. Which results in
the formation of the CF formed by oxygen vacancies during
the SET and but a partial dissolution of CF during the RESET
consequences the gradual RESET process as shown in
ﬁgure 4(d). This variation in behavior of the switching
characteristics during SET and RESET attributed to the partial
dissolution of the ﬁlament during the RESET are probably
due to following reasons (1) random rupture of the CF during
the RESET process results in ﬂuctuation in the switching
states [6]. (2) Furthermore, as cited in the past the vacancies
created during the SET are not completely recovered by the
Oxygen ions during RESET, leaving behind additional
vacancies in the dielectric which domino effect in the partial
dissolution of the CF [53]. (3) The higher concentration of
oxygen ions stored in the electrode after the SET process
7
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Figure 8. (a) AFM topography images of a single layer of MoS2-GO ﬁlm on the substrate along with thickness plot of MoS2-GO
nanocomposite thin ﬁlm (b) micro Raman Spectroscopy proﬁle of MoS2-GO thin ﬁlm.

Figure 9. (a) Cross-sectional SEM of the Al/MoS2-GO/Al device. (b) Zoomed in image for the region highlighted in ﬁgures 9(a). (c) Shows
the SEM of MoS2-GO morphology. (d) EDAX of MoS2-GO nanocomposite.

8
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ﬁgure 9(a). Whereas the ﬁgure 9(b) shows the magniﬁed
version of the device cross-section; the thickness of the
MoS2-GO layer was observed around ∼40 nm. The SEM
image of the MoS2-GO nanocomposite morphology is
depicted in ﬁgure 9(c). The presence of component elements
(C, O, Mo and S) in MoS2-GO nanocomposite has been
conﬁrmed by energy dispersive X-ray spectrum EDAX analysis as shown in ﬁgure 9(d).
The performance of the fabricated Al/MoS2-GO/Al and
Al/MoS2-GO/ITO device were compared with the state-ofthe-art GO and MoS2 as an active resistive layer memory
device are summarized in table 1.

and Al/MoS2--GO/ITO structures subjected to retention
measurements for 104 s at HRS as well as on LRS
with a constant small reading voltage of 0.2 V. For
Al/MoS2-GO/Al devices the HRS & LRS resistance ratio is
found ∼102 while for Al/MoS2-GO/ITO devices HRS &
LRS ratio is ∼10 as shown in ﬁgures 6(a) and (b). As
apparently perceived from MIM structures that the retention
of Al/MoS2-GO/ITO structures is one order less than
counterpart whereas, both devices holds well-programmed
resistance states (HRS) and (LRS) up to 104 s without any
substantial degradation.
As clearly noticed from the I–V characteristics that
Al/MoS2-GO/Al devices exhibited robust bipolar resistive
switching behavior at low operating voltages and stable
retention characteristics. Hence, the I–V characteristics on the
Al/MoS2-GO/Al structures were performed repeatedly to
evaluate the endurance and prove the performance of the
device for real-world applications. Figure 7 shows the I–V
measurements on Al/MoS2-GO/Al structures for up to
25 cycles. The average of the 25 I–V cycles measurements
were calculated and plotted in ﬁgure 7. It is clearly revealed
from the characteristics that there was an insigniﬁcant variation in I–V characteristics for 25 cycles and devices behave
robustly. Furthermore, Al/MoS2-GO/Al device shows trivial
dispersion in the LRS and HRS and consistently maintained
the memory performance, ION/IOFF ratio ∼102 and switching
voltages after 25 repetitive cycles.
Additionally, it is well established that GO has abundant
hydroxyl groups and provide carbon network for electronic
charge transport. Oxygen vacancies and electron traps are
effortlessly generated in GO and serve as a hopping path for
charge carriers transport from one electrode to another. It
results in the substantial change in the resistance of the
Al/MoS2-GO /Al and Al/MoS2-GO/ITO structures. Besides
this, the presence of MoS2 ﬂakes as the resistive layer postulate that the smooth charge migration in the GO layer and
quick change in the electrical response of the device. Because,
MoS2 ﬂakes having a lower band gap (∼1.8 eV) [24] than
GO, hence contribute to increasing the conductivity of the
resistive layers. Therefore, the presence of MoS2 ﬂakes in
graphene oxide layer reduces the ‘SET’ voltage signiﬁcantly
∼0.5 volts.
The surface morphology and dimensions of MoS2-GO
nanocomposite layers are conﬁrmed with atomic force
microscopy. The vertical dimensions of ﬂakes were found
between 1.06 to 2.39 nm as depicted in AFM thickness plot
ﬁgure 8(a). While to conﬁrm the chemical composition of
MoS2-GO nanocomposite resistive layers, micro-Raman
spectroscopy analysis was performed at a frequency range of
200 to 3000 cm−1. As depicted in ﬁgure 8(b), MoS2-GO
resistive layer exhibits four characteristic peaks. Where, ﬁrst
two MoS2 peaks at ∼370 and ∼400 cm−1 corresponds to inplane vibrations E12g and out-of-plane A1g vibration modes
[55, 56]. Other two distinct peaks at ∼1353 and ∼1589 cm−1
correspond to D and G band of GO, respectively [57].
FESEM cross-sectional micrograph of device structure
which clearly shows the MoS2-GO layer is sandwiched
between the top and bottom electrodes as depicted in

Conclusion
In summary, MoS2-GO resistive layers have been successfully synthesized to fabricate the MIM structures.
Al/MoS2-GO/Al device show stable memory performance,
ION/IOFF ratios ∼102 for more than 25 I–V cycles, the high
and low resistance switching states switches below 0.5 volts
and stable retention behaviour up to 104 s. It is to be believed
that of charge hopping conduction via Al oxide defects results
in low switching voltage. CF formation was occurred at the
electrode interface by oxygen ion migration results in the
creation of oxygen vacancies.
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