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Four types of resistive random access memory structures with an active layer comprising: (1) MoS2

(device A), (2) PVP (device B), (3) PVP and MoS2 bilayer (device C), and (4) PVP + MoS2 nanocom-
posites with 10 (device D), 20 (device E), 30 (device F) and 40 wt% (device G) MoS2, have been
fabricated with Al and Ag as bottom and top electrodes, respectively. A study of resistive switching
and electrical conduction mechanisms of these resistive random access memory modules revealed that
devices A and B did not exhibit switching characteristics. Device C showed a combination of bipolar
and threshold switching with a low switching voltage of 0.40 V. Device G portrayed bipolar switching
at 0.56 V. In device C, space charge-limited conduction with a transition voltage Vtr = 0.24 V was ob-
served, whereas in device G, Ohmic behaviour between 0.0 and 0.22 V, followed by trapping of charge
in the 0.22–0.56 V regime before switching, was noticed. Both devices C and G showed a reasonable
(≥ 102) ON/OFF ratio. In nanocomposite devices, an increase in MoS2 content resulted in an increase
in electrical conductivity in the Ohmic region, leading to threshold switching at 30 wt% (device F)
and ultimately bipolar switching at 40 wt% (device G). These studies have shown that both switching
and conduction mechanisms are sensitive to the type and composition of the active layer in the devices
studied.
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1. Introduction

There is a significant increase in data and cloud
computing during the fourth industrial revolu-
tion [1]. As a result, the current memory technology
stands before a serious challenge as ultrafast and
high-density memory devices are needed to meet the
demand. Furthermore, the current memory technol-
ogy must reduce its contribution to the growing en-
ergy consumption of information and communica-
tion technologies (ICT), which currently accounts
for more than 3% of global electricity consump-
tion [2]. A complete transformation in memory de-
vice technology is needed to meet these demands.
Resistive random access memories (ReRAMs) are
emerging memories comprising an active layer hav-
ing two electrically switchable resistive states [3],

i.e., a high resistive state (HRS) and a low resis-
tive state (LRS). The active layer is sandwiched be-
tween the top electrode (TE) and the bottom elec-
trode (BE) to make a complete memory cell [4, 5].
ReRAMs have advantages such as nonvolatility,
low operating voltages, and high endurance, that
place them in the spotlight of emerging mem-
ory technologies. Additionally, ReRAMs can be
made from several materials, so they be compat-
ible with biodegradable [5–11], transparent [8, 9],
flexible [10–12], and lightweight electronics [13].

Molybdenum disulfide (MoS2) is a graphene-like
2D transition metal dichalcogenide compound with
a layered structure comprising Mo-atom at the cen-
tre of a trigonal prism with two sulfur atoms [14].
MoS2 has two variances, i.e., a metallic 1T with oc-
tahedral structure and a semiconducting 2H with
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TABLE I
Details of the active layers of various devices and re-
sistive switching characteristics.

Name Active layer Switching type
type I: reference devices

device A bare MoS2 none
device B bare PVP none

type II: bilayer device

device C MoS2 and PVP bilayer
bipolar and
threshold switching

type III: composite devices
device D PVP with MoS2 (10 wt%) non-memory
device E PVP with MoS2 (20 wt%) non-memory
device F PVP with MoS2 (30 wt%) threshold switching
device G PVP with MoS2 (40 wt%) bipolar switching

trigonal prismatic structure [15]. The 2H phase has
an energy gap of ∼ 1.9 eV [16], thus is suitable
for switching memory devices, transistors, and so-
lar cells [15]. The electronic properties of MoS2 have
been well studied. Ohmic behaviour in pressed pel-
let form [14], bipolar memory switching in bare
MoS2 system with Cu and W2N electrodes [17],
and three different switching types, i.e., bipolar,
asymmetric bipolar, and threshold switching (TS),
in the same sample of MoS2 and polyvinyl pyrroli-
done (PVP) with Al and indium doped tin oxide
(ITO) electrodes [18] have been reported. Wu et
al. [19] have also shown that the energy consump-
tion in the Pt/MoS2 + PVP/ITO ReRAM can be
significantly lowered by doping MoS2 with nitro-
gen. That reveals the unpredictability of MoS2 in
different forms and different systems. In this work,
we present a systematic study of resistive switch-
ing (RS) in devices with an active layer comprising:
(1) bare PVP, (2) bare MoS2, (3) PVP/MoS2 bi-
layer, and (4) PVP + MoS2 nanocomposite with
different MoS2 wt% (10–40 wt%). All devices were
fabricated with Al and Ag, as BE and TE, respec-
tively.

2. Experimental details

2.1. Solution preparation

The PVP (Sigma Aldrich, Prod. No. PVP40) and
the MoS2 (Sigma Aldrich, Prod. No. 234842) pow-
ders with a particle size < 2µm were separately
dissolved in isopropyl alcohol (IPA) to produce 2.5
and 1 w/v% PVP and MoS2 solutions, respectively.
Both solutions were stirred for 4 h at room temper-
ature.

2.2. Device Fabrication

Al sheet (Sigma Aldrich) was cut and pasted on
a glass microscope slide and pre-cleaned by soni-
cation (in acetone, then IPA, and lastly in ultra
distilled water, each for 5 min). Active layers con-
sisting of:

1. 1.4 µm thick MoS2 (device A),
2. 1.01 µm thick PVP (device B),

3. 1.2 µm thick PVP on 1.36 µm thick MoS2
bilayer (device C), and

4. 1.50 µm thick PVP + MoS2 nanocomposites
with 10 (device D), 20 (device E), 30 (de-
vice F) and 40 wt% (device G) MoS2,

were spin-coated on the Al BE. Ag paste (Sigma
Aldrich, Prod No. 735825) was applied on the top of
the active layer as TE. Table I contains the notation
used to describe all the fabricated devices.

2.3. Device characterization

Atomic force microscope (AFM, Nanosurf Flex-
AFM) and field-effect scanning electron microscopy
(FEG-SEM, JEOL JSM-7800F) equipped with
an energy dispersive X-ray spectrometer (EDS, Ox-
ford AZtec 350 X-Max80) were used to study mor-
phology and estimate the thickness and the chem-
ical composition of the active layers, respectively.
In addition, electrical studies were conducted us-
ing precision source/measure unit (SMU, Keysight
B2901A), connected as shown in Fig. 1.

3. Results and discussion

3.1. Topology and composition

Figure 2a and b is high-resolution FEG-SEM mi-
crographs of devices C and G, respectively. To ac-
quire an image, a highly energetic electron beam
from the SEM’s field emission gun was incident on
the samples. Because of the high energy of this elec-
tron beam, the sample can be penetrated to some
length, allowing the reconstruction of a 3D image of
the sample from the back-scattered electrons. Our
SEM results reveal that in both samples, MoS2 ap-
peared in the form of agglomerates of different sizes.
In device C, where the MoS2 bottom layer is under
the PVP layer, SEM would only examine the PVP
layer. However, our results reveal that large MoS2
agglomerates from the bottom layer penetrated the
PVP top layer and were detected by the SEM. In
device G, however, our SEM results show an even

Fig. 1. A schematic diagram showing the cross-
section of a typical ReRAM cell and the I–V mea-
surement scheme.
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Fig. 2. Panels (a) and (b) are FEG-SEMmicrographs of the active layer of device C and device G, respectively,
while (c) is the EDS spectrum of device G (main graph) and device C (inset). Lastly, (d) is the magnified
FEG-SEM micrograph of the MoS2 agglomerate inside a PVP polymer.

Fig. 3. The I–V characteristics of (a) device C and
(b) device G in semi-logarithmic scale.

dispensation of MoS2 particles, such that even ag-
glomerates having a small size are visible in the
micrograph as expected. Figure 2c shows the EDS
results taken from the surface of device G and de-
vice C (inset). As expected, MoS2 traces were found
only on the composite film. Lastly, Fig. 2d depicts
the magnified SEM image of a cluster of MoS2 par-
ticle, which reveals that the MoS2 used in this study
had flakes like 2D form.

3.2. Electrical studies

Current–voltage (I–V ) data of device A with
a single MoS2 active layer and device B with a single
PVP as the active layer did not show any resistive
switching.

Figure 3 shows the semi-logarithmic I–V char-
acteristics of (a) device C and (b) device G. The
I–V characteristics of both devices reveal symmet-
ric “S-type” bipolar memory behaviour [20, 21] with
ON/OFF ≥ 102 and very low operating voltages
(VSET = −0.50 and VRESET = +0.40 V for de-
vice C, and VSET = +0.56 and VRESET = −0.70 V
for device G).

Furthermore, in device C, a TS is observed (with
Vhold = +0.54, while Vth = +0.80 V) beyond
+0.40 V. This TS is not observed for negative volt-
age bias in this device. Even though a TS behaviour
in ReRAMs is expected when a high compliance
current (ICC) is applied, the presence of this TS
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Fig. 4. The I–V characteristics of (a) device D,
(b) device E, and (c) device F.

in only one voltage polarity is an uncommon be-
haviour. In contrast, no TS was observed in de-
vice G, despite the large ICC = 0.8 A used. In-
stead, somewhat multiple switching is observed only
in the positive voltage polarity. The change in RS
due to manipulation of active layers has been re-
ported by Sun et al. [22]. Their results showed
asymmetric TS in Al/TiO2/Pt, symmetric bipo-
lar RS in Al/DNA/Pt, asymmetric bipolar RS in
Al/TiO2–DNA/Pt bilayer, and multiple switching
in Al/TiO2–Graphene–DNA/Pt [22]. These results
show that stalking different layers as an active
layer significantly changes the electric transport and
switching in the device. This difference in the RS
behaviour of devices C and G may arise because of
the unique nature of active layers used in the two
devices.

Figure 4 shows the I–V characteristic of (a) de-
vice D, (b) device E, and (c) device F. All the pre-
sented results show a linear variation in the current

with the applied voltage before switching. Linear
fits to these graphs yield slopes of 7.89 × 10−5,
2.4 × 10−2, and 4.1 × 10−1 Ω−1, respectively. This
increase in slope may signify an increase in elec-
trical conductivity with increasing MoS2 content in
the nanocomposite layer. RS in these devices occurs
at low voltages of about ±0.60 V. Although devices
D and E exhibit a jump from HRS to LRS, the
current retraces its path by changing voltage sweep
direction, showing no significant hysteresis. This be-
haviour signifies a non-memory-like character of the
device. On the other hand, device F exhibits a TS
for voltages greater than ±0.6 V with Vhold and Vth
of ±0.60 and ±0.80 V, respectively.

Thus, it appears that the memory behaviour in
PVP + MoS2 nanocomposite devices can be con-
trolled by controlling the amount of MoS2. In the
following subsection, we shall analyse devices C and
G’s conduction mechanisms, as these devices exhib-
ited optimal memory behaviour.

3.3. Conduction mechanisms and RS
in devices C and G

To understand the conduction mechanism leading
to the RS in ReRAM devices, one can estimate the
value of n for the current density and voltage re-
lationship, i.e., J ∝ V n [23–25]. Figure 5a and b
shows the ln(I) vs ln(V ) relations corresponding
to device C, while Fig. 6 — corresponding to de-
vice G. The ln(I)–ln(V ) graphs for both device C
and G show that n ' 1, in the ON-state, indicative
of Ohmic behaviour, i.e., J ∝ V [26]. This Ohmic
behaviour in the ON-state current suggests the pres-
ence of conduction filaments (CFs). To understand
the mechanism of the formation of these CFs in
both systems, an analysis of the OFF-state current
must be done. The OFF-state current variation of
device C shows two distinct regions, namely, regions
i and ii, as shown in Fig. 5a. In region i, the current
variation is very clear, without any noise, and is fit-
ted very well with the linear fit (n = 1) with a very
small (0.0023) standard error. In region ii, however,
we see a large fluctuation, because of which we be-
lieve that the active layer is now preparing itself for
the resistive switch. As such, any fit in this region
is ambiguous. After trying different fits, the linear
fit with n ' 1.8 was our best fit, with R2 = 0.698
and standard error of 0.070. Figure 5b shows the
magnification of the region ii. Though linear fit is
weak, one can notice that despite the noise, the cur-
rent seems to take a trajectory with a larger n > 1
value compared to region i. The value n = 1.8 ob-
tained in this region weakly gives a trend point-
ing towards the possibility of the Mott–Gurney law
(J ∝ V 2) [26], i.e.,

J =
9

8

εε0µ

D3
V 2. (1)

where ε, ε0, µ and D are the permittivity, permit-
tivity of free space, electronic drift mobility, and the
active layer thickness, respectively.
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Fig. 5. The dependency ln(I) versus ln(V ) of de-
vice C, showing the entire forward and reverse
sweep of the negative voltage bias (a) and (b) the
magnified graph of region ii.

Fig. 6. The dependency ln(I) versus ln(V ) of de-
vice G.

The occurrence of J ∝ V and J ∝ V 2 in two
consecutive regions implies that the possible mech-
anism taking place in device C is the space-charge
limited conduction (SCLC) [5, 27], with transi-
tion voltage Vtr = 0.24 V. The TS observed in
a positive voltage bias is not understood. However,
others have reported that the TS can be caused
by a large ICC [28] or by other unidentified rea-
sons [26, 27, 29, 30]. The large ICC used in our mea-
surements provides room for TS to occur because
of the Joule heating [31]. The conduction mecha-
nism in device G differs from that in device C. The

OFF-state current of device G follows a linear be-
haviour (n = 0.89 ≈ 1) in the low voltage regime,
i.e., region i (0–0.22 V). Beyond this voltage, i.e.,
in region ii, a decrease followed by an abrupt in-
crease in the current occurs, taking the device to
LRS. This behaviour deviates from the SCLC be-
haviour displayed by device C. We shall attempt to
explain it.

When a potential is applied, say at the Ag elec-
trode, there is electron accumulation at the Al elec-
trode, while the Ag has electron deficiency. These
electrons can tunnel through the Al/PVP + MoS2
interface into the active layer containing the MoS2
particles, resulting in the trend seen in region i [32].
According to Shinde et al. [33], this charge can
be trapped because of the low energy level or
quantum confinement effect in the MoS2 system,
which can explain the trend observed in region ii.
When the voltage is sufficiently high, electrons gain
enough energy and jump to the conduction band
of the MoS2 in the nanocomposite [34], resulting in
high conductivity and hence HRS-to-LRS switch-
ing. Conduction behaviour observed in our de-
vices differs from that reported for the Al/MoS2 &
PVP/ITO [18], ITO/N-doped MoS2–PVP/Pt [19],
and Ag/ MoS2–PVP/Ag [34] devices. This compar-
ison shows that the type of electrodes, nanocom-
posite constitution and composition play essential
roles in conduction mechanisms in these polymeric
ReRAMs.

4. Conclusion

Resistive switching at voltages as low as 0.56 V
has been achieved in MoS2 embedded PVP
nanocomposite films of micrometre thickness, and
much lower (< 0.56 V) switching voltages could
be achieved in micrometre-thick PVP/MoS2 bilay-
ers. Ultra low voltage resistive switching is essen-
tial for low power consumption ReRAMs and fu-
turistic energy-efficient computers. We showed dif-
ferent conduction and resistive switching behaviour
for ReRAM devices characterized by different active
layers, namely i MoS2 embedded PVP nanocom-
posite films and ii a bilayer system of MoS2 and
PVP micron layers. These studies reveal the variety
of resistive switching and conduction mechanisms
achievable by manipulating the active layer consist-
ing of PVP and MoS2 for the same set of electrodes.
We can conclude that memory behaviour can be in-
duced and manipulated by controlling the nature of
the active layer and the amount of MoS2 dispersed
in the PVP nanocomposite.
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