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Abstract: The presence of voltage controlled negative differential resistance was observed in conduction characteristics
recorded at room temperature for 300 nm thick spin-coated films of graphene oxide (GO) sandwiched between indium
tin oxide (ITO) substrates and top electrodes of sputtered gold (Au) film. The GO crystallites were found from the X-ray
diffraction studies to have an average size in the order of 7.24 nm and to be preferentially oriented along (001) plane.
Raman spectroscopy suggested that the material consisted of multilayer stacks with the defects being located at the
edges with an average distance of 1.04 nm apart. UV visible spectroscopy studies suggested that the band gap of the
material was 4.3 eV, corresponding to direct transitions. The two-terminal ITO/GO/Au devices exhibited memristor
characteristics with scan-rate dependent hysteresis, threshold voltage and On/Off ratios. A value of >104 was obtained
for On/Off ratio at a scan rate of 400 mVs−1 and 4.2 V.

1

Introduction

In this age of digitally stored information, the demand for
high-density, low-power, high-speed, rapidly programmable
memory devices is enormous. There are a large number of
applications for such devices, for example, in military, industrial
and emerging consumer electronics industries, including mobile
phones, toys, cards, badges, value paper, medical disposables and
so on [1, 2]. Memories may be classiﬁed broadly into two
categories: volatile and non-volatile (NVM) devices. Static random
access memories (SRAM) and dynamic RAM (DRAM) are fast
but volatile, thereby increasing the energy cost and requiring
additional peripheral circuitry. NVM memories, which retain
information when the power is switched off, are capable of
undergoing an ideally unlimited number of read/write voltage
cycles. NVM silicon-based ﬂoating gate ﬂash memory devices are
currently dominating mass storage market but suffer from poor
endurance, slow read/write speeds and high voltage requirements
for write operations. Stress-induced leakage currents limit the
oxide thickness to 10 nm, affecting the retention of data [3].
However, silicon nanocrystals have recently been employed for
effective charge storage in the low cost fabrication of scaled down
non-volatile ﬂash memory with fast erase time and source-side
injection programme time both in the order of a few µS [4].
Ferroelectric random access memories (FRAM) utilise the
existence of two electric ﬁeld dependent distinguishable
polarisation states and are widely used in the integrated circuits
involving smart cards and wireless tags that consume low power
for high speed operation with good cyclability. The comparable
FRAM density may be achieved with 3D capacitors of an
increased area [5]. In a conventional magnetoresistive random
access memory (MRAM), the tunnel junction memory cell is
switched between magnetic off and on states produced by
electrical current. By careful control of the spin polarised current
with a view to switching between two suitable magnetisation
states, spin transfer torque MRAMs exhibit long endured,
comparable performance in terms of capacity, read/write speed and
non-volatility of DRAMs, SRAMS and Flash, respectively [6].
There has been growing interest in non-volatile resistance-switching
random access memory (RRAM) due to its high operation speed, high
scalability, and multi-bit storage potential. RRAM devices consist of a
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insulating switching layer sandwiched between two metal electrodes
(MIM) and are non-destructively operated between high resistance
states (HRS) and low resistance states (LRS) through electrical
stimulus [7]. Switching and voltage-controlled negative resistance
phenomena are reported to have been observed in a large variety of
solid-state insulating and semi-conductor materials such as GeSe
and Ag2S, perovskites such as SrZrO3, Pr0.7Ca0.3MnO3, and
BiFeO3, binary transition metal oxides such as NiO, TiO2, ZrO2,
and ZnO, amorphous silicon and solid electrolytes [8–12]. NVM
resistive switches have signiﬁcantly been scaled down in recent
years using silicon nano-crystals and metallic nanoparticles [13].
Organic ﬂexible memories can be very economically fabricated on
at room temperature on both solid and ﬂexible substrates, using a
roll-to-roll large area manufacturing method [14, 15].
Carbon-based materials such as graphene oxide (GO) have been
identiﬁed as a promising non-volatile memory technology for large
area ﬂexible applications [16]. GO sheets consist of hexagonal
rings based on networks having both sp2 and sp3 hybridised
carbon atoms and also carbon bearing hydroxyl and epoxide
groups that act as oxygen containing defects and enable it to be
easily dispersed in water. Carboxyl and carbonyl groups at sheet
edges also make the material more easily dispersible and hence the
processing of GO ﬁlms over large area of solid and ﬂexible
substrates for designing RRAM. [17]. It is recently reported that
spin-coated GO ﬁlms in the sandwich conﬁguration between the
indium tin oxide (ITO) substrate and evaporated silver electrode
exhibit stable performance with high on/off ratio at room
temperature under relatively low programming voltage. However
deterioration of this performance is found to occur with the rise in
temperature possibly due to the change in charge distribution in
the GO ﬁlm and charge injection from the Ag electrode with
temperature [18]. Reduction in power by a factor of 103 is
estimated for tuneable tunnelling barrier in vertical heterostructures
of graphene and titanium oxide [19]. A key advantage of this
material is the ease with which it is possible to fabricate devices
from it using room temperature spin-coating processes and the
results of Van Der Pauw measurements for dc conductivity on
spin-coated GO samples have recently been reported by us [20].
This paper presents a non-volatile memory device based on GO
thin ﬁlms sandwiched between a sputtered gold top electrode and
ITO substrate. The applied ﬁeld-assisted migration of oxygen
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functional groups such as epoxide, hydroxyl and carboxyl groups
from the GO edge near the top electrode into the bulk is believed
to be responsible for the transition from HRS to LRS states due to
accumulation of additional π-electrons in dominant sp2 bonds [21].
To investigate the physical nature of this resistive mechanism,
measurements of the current-voltage characteristics have been
performed on ITO/GO/Au as the bias voltage is swept in both
forward and reverse directions between ±5 V through 0 V for
different scan rates varying from 5 to 400 mVs−1. The degrees of
hysteresis in the current-voltage characteristics, threshold voltage
and on/off ratio are found to be dependent upon the scan rate.
These experimental results have been interpreted in terms of a
circuit model to explain the voltage controlled differential negative
resistance behaviour. This observation is similar to the effect
recently reported for the two terminal Au/ZnO/ITO sandwich
devices during the voltage cycling at scan rates ranging from 10 to
500 mVs−1 [22].

2

Experimental

Thin ﬁlms of GO were deposited by spin-coating onto an
ultrasonically cleaned suitable substrate depending upon the type of
measurement. A 40 weight% dispersion of GO nanoparticles in
water (supplied by Sigma-Aldrich) was spin-coated at 850 and
2500 rpm in a sequence for 15 s and 60 s respectively at room
temperature. The aqueous solvent was then completely removed by
oven drying at 100°C in air. The spin-coated samples were
examined using a Zeiss Supra 35VP ﬁeld emission scanning
electron microscope (FESEM). A 10 keV beam was used in
conjunction with an in-lens secondary electron detector system. The
X-ray diffraction (XRD) pattern of the drop cast GO ﬁlm on a glass

substrate was recorded using Bruker D8 Advance instrument
scanning in the 2θ range of 5–100°, with a step size of 0.02° p/s
using CuKα radiation of wavelength 0.15406 nm. Raman
spectroscopic studies were carried out on the spin-coated sample
using a Horiba Jobin–Yvon LabRAM HR800 instrument ﬁtted with
an argon laser (514 nm). UV-visible absorption spectra of
spin-coated GO on quartz substrates were recorded using a Perkin–
Elmer LAMBDA 650 spectrophotometer between 400 to 800 nm
scanning at the rate 654.8 nm/min. The architecture of GO based
two terminal device was a simple sandwich structure between the
ITO substrate and sputtered gold electrode as shown in Fig. 1a. The
current (I) passing through the device was measured using a
Keithley 617 electrometer in a microprocessor controlled system as
the bias voltage (V ) was cycled between ±5 V at scan rates ranging
from 5 to 500 mV/s with the ITO electrode grounded. The
connecting leads were calibrated for low current measurements.

3

Results and discussions

The results of studies of morphology, structure and the vibrational
studies on GO ﬁlms have been presented. The electrical
characteristics of the Au/GO/ITO device have also been analysed.
3.1

GO thin film characterisation

Fig. 1b shows a FESEM micrograph of the spin-cast GO ﬁlm.
Densely packed, compact formed into widely spread sheets of GO
nanocrystals having large surface area are visible. The morphology
resembles strongly folded sheets of GO. This indicates that the
sheets are mostly overlapped and folded rather than agglomerated.
Fig. 2a shows the XRD spectrum for the drop-cast GO sample.
Drop-cast GO ﬁlms were used for this investigation to apply

Fig. 1 Architecture of GO based two terminal device was a simple
sandwich structure between the ITO substrate and sputtered gold electrode
a Sandwich structure of the GO between the ITO and gold electrode
b SEM image of GO ﬁlm and
c equivalent circuit for the device in Fig. 1a

Fig. 2 XRD and Raman spectra
a XRD pattern of a drop-cast GO sample on a glass substrate
b Raman spectrum of GO ﬁlm spin-coated onto an ITO glass substrate
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thicker coatings so as to improve the signal to noise ratio, which was
poor for the thin spin-coated samples. The sharp diffraction peak at
2θ = 10° is identiﬁed with the (001) plane of GO. The position of the
Bragg peak is susceptible to the extent of oxidation and ambient
environment [23, 24]. The interlayer distance (d-spacing) is
estimated to be 0.88 nm from Bragg’s law. The interlayer distance
is larger than the reported value of 0.335 nm for pristine graphite
corresponding to a diffraction peak at 27°. This increase in the
d-spacing may be attributed to the possible presence of oxygen
containing functional groups on the GO edge [25]. Using the
Scherrer equation, the mean crystalline diameter and the average
number of layers in a crystallite were found to be 7.24 nm and ∼8
respectively. These values are in agreement with those obtained
for sonochemically synthesised GO ﬁlms, implying an
improvement of ﬁlm quality over one formulated by the
conventional method [26].
The Raman spectrum in Fig. 2b of the GO spin-coated ﬁlm
shows four peaks at 1350, 1580, 2680 and 2950cm−1 which are
identiﬁed as D, G, 2D and D + G bands, respectively. The D peak
represents the breathing mode of aromatic rings arising due to the
defects in the sample and therefore its peak intensity is often used

as a measure of the degree of disorder. The G peak corresponds to
the optical E2g phonons at the Brillouin zone centre resulting from
the bond stretching of sp2 carbon pairs in rings and chains both.
The ratio of ID/IG is reported to be increase as the defects become
further apart, to a maximum of ∼3 at a spacing of 3.2 nm and
thereafter decreases. The ID/IG ratio and FWHM of these peaks
provide quantitative information regarding the distance LD
between defects as a measure of the amount of disorder. It has
been reported that the intensity ratio between 0 and 3.5 exhibit a
skewed parabolic dependence on LD in the range of 1 to 10 nm,
reaching the peak of ∼3 at LD = 3.2 nm. Using this characteristic
behaviour, the ratio ID/IG = 0.938 corresponds to LD = 1.04 nm for
values of 136 and 69 cm−1 obtained in this work for FWHM for
D and G bands respectively [26]. These defects are likely to be
predominantly at the edges of the ﬂakes [27]. The relatively weak
2D peak is attributed to double resonance transitions resulting in
the production of two phonons with opposite momentum. The 2D
band for monolayer graphene is sharp and symmetric about the
centre; a broad band seen for the sample under the present
investigation indicates of multiple-layer stacking. The intensity
ratio of IG/I2D for the sample was found to be ∼2.8 implying the
presence of both single and multiple layers. D + G peak at
2950 cm−1 also indicates the disorder on GO and the presence of
defects [28].
Fig. 3a displays the UV-visible spectrum of the GO ﬁlm on a
quartz substrate. The absorption peak is observed at 230 nm which
is attributed to π-π* transition of the atomic C-C bonds and the
shoulder peak at ∼ 300 nm corresponds to n-π* transitions of
aromatic C-C bonds [29]. The Tauc plot of (Ahn)2 against incident
photon energy hn in Fig. 3b is found to be linear over the range of
photon energies from 4.5 to 5 eV, where A is the measured
absorbance. This linear dependence above the fundamental
absorption edge implies the existence of direct transitions [30].
The magnitude of the band gap was found to be 4.3 eV from
extrapolation of this linear portion to the intercept of the ordinate
corresponding to A = 0. These indirect wideband features are in
good agreement with reported observation on GO ﬁlms
synthesised by a modiﬁed Hummers’procedure [31]. The width of
the localised states tailing into the band gap was estimated to be
1.3 eV from the Urbach plot of ln(A) versus (hn) shown in
Fig. 3c. The refractive index of 2.1 was calculated from the
Lorentz–Lorenz equation for electronic
polarisability in the
√
modiﬁed form of (n 2–1)/(n 2 + 2) = 1− Eg/20 [32].
3.2

Electrical measurements

A set of reproducible current-voltage [I(V )] characteristics in Fig. 4
was recorded for a single cycle at room temperature for the Au/GO/

Fig. 3 Displays the UV-visible spectrum of the GO ﬁlm on a quartz
substrate
a UV-visible absorbance spectrum of spin-coated GO on a quartz substrate
b Tauc plot of (Ahn)2 against incident photon energy hn (4eV ≤ hn ≤ 6 eV) and
c Urbach plot of ln(A) against hn (2.2eV ≤ hn ≤ 2.6 eV)
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Fig. 4 Current-voltage [I(V)] characteristics of ITO/GO/Au sample at
room temperature for the scan rate of 5 mVs−1, arrows indicating the
direction of the sweep
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Fig. 5 High-resistance (closed circles) and low resistance (closed square)
over 100 cycles at the bias voltage of 1.5 V and 5 mVs−1

until the threshold voltage of 1.8 V. The On–Off ratio which is
deﬁned as the ratio of current in the ON state to that in the Off
state corresponding to a given bias voltage is found to be 2 × 102
at the threshold voltage VT + = 1.8 V. Second, the rise in I is
observed with respect to decreasing V in the bias voltage from 1.8
to 0 V, giving rise to the almost symmetrical voltage-controlled
negative differential resistance (NDR) effect. The On and Off
states were also found to exist as the device was cycled between 0
to −5 V and back to VT − = −2.5 V at which the NDR regime was
found to have set in.
During the LRS state, ﬁlamentary conducting channels are
believed to have formed by oxygen vacancies and electron traps in
the GO matrix connecting two electrodes resulting from the
ﬁeld-assisted migration of oxygen-related functional groups such
as epoxide, hydroxyl and carboxyl groups at the GO edge near the
top Au electrode into the GO bulk. As a result, the concentration
of interlayer π electrons increases as sp2 bonding becomes
dominant over sp3 bonding, giving rise to high conductance. As
the voltage is swept in the reverse direction, the oxygen-related
groups diffuse into the GO edge from the ITO electrode giving
rise to the LRS regime [33]. The replenishment of oxygen
vacancies in the GO ﬁlm becomes complete at the threshold
voltage possibly due to migration of oxygen ions from the ITO
substrate and conducting ﬁlaments have now been ruptured. For

ITO device as the bias voltage V was swept at the scan rate of
5 mVs−1 in both forward and reverse directions between ±5
through 0 V. It is evident that the current level in the ﬁrst forward
sweep from 0 to +5 V (low resistance ON state) is greater than
that in the reverse sweep from +5 V. Two types of behaviour are
found to exist in the reverse sweep separated by the threshold
voltage VT + = 1.8 V corresponding to dI/dV = 0. The ﬁrst type
represents the high resistance Off state with continual decrease in
current as the bias voltage V is progressively reduced from +5 V

Fig. 6 Current-voltage [I(V)] characteristics of ITO/GO/Au sample at
room temperature for the scan rate of
a 25 mVs−1
b 50 mVs−1
c 100 mVs−1
d 400 mVs−1

Fig. 7 Scan-rate dependence
a Hysteresis area
b Zero bias capacitance C0
c Threshold voltage VT
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further decrease in the bias voltage V, the migration of
oxygen-related groups begins to take place with gradual reforming
of the GO layer, resulting in NDR. Similar arguments are also
applicable for the negative bias regime but functional groups at the
GO edge near the ITO electrode become active in this case. The
presence of these groups at the GO edges is consistent with our
earlier observation from the Raman spectroscopy.
The stability of the device has been examined by performing the
measurements over 100 voltage cycles between 0 and 5 V and 5 and
0 V at the scan rate of 5 mV/s. Fig. 5 shows the variation of HRS and
LRS recorded in different cycles. For the ﬁrst 50 cycles, the ratio of
HRS to LRS is found to be approximately 10. Further voltage
cycling appears to have considerable effect on endurance of the
switch as the ratio is reduced to 4. This type of variation is
expected because of statistical nature of the formation and rupture
of conducting ﬁlaments. However, both HRS and LRS remain
well resolved and there is no overlapping between two states,
indicating the reasonably stable and non-volatile features of the
Au/GO/ITO memory resistive switch.
As shown in Fig. 6, the existence of multiple resistive states is also
observed when the measurements are repeated for the voltage
cycling at four higher scan rates rising to 400 mVs−1. The degree
of the hysteresis which shows clearly the transition between HRS
and LRS during the voltage sweeps is found to be dependent upon
the scan rate t (= dV/dt). The effect may be explained in terms of
an equivalent circuit in Fig. 1c consisting of two passive
components, resistance R and capacitance C in parallel is proposed
to explain the characteristic features of [I(V )] curves of the Au/
GO/ITO device. The net current I is the sum of the displacement
components in the form
 
V
dC
I = + C (V )t + V t
R
dV

the form
VT = −

Numerically computed values of the hysteresis loop area in Fig. 7a
displays a sharp rise from 3.75 × 10−11 W to 6.25 × 10−11 W as the
scan rate is increased from 5 mV/s to 200 mV/s. This behaviour is
followed by slow tendency at higher scan rates for saturation to
occur. This implies that the power consumption of the switch is
smaller at slow t than that at fast t. Similar increase of VT with
respect to the scan rate is observed in Fig. 7b, indicating the
occurrence of ﬁlament rupture at higher voltage for high t than
low t. Values of zero bias capacitance C0 are estimated from the
knowledge that the short circuit current Isc = C0t corresponding to
V = 0 using (1). Fig. 7c displays a sharp decrease of C0 with
increasing t. The available response time for charges responsible
for ﬁlamentary conduction to align with the changing applied ﬁeld
becomes shorter with the increase in the scan rate. At the low
voltage scan rate, the charge carriers have sufﬁciently large
relaxation time to respond to the relatively slow voltage variation.
On the other hand, charge carriers are too slow to relax to the fast
changing voltage.
The on/off ratio of currents in the OFF and ON states are shown in
Fig. 8 for different scan rates. The on/off ratio reaches a maximum
value at threshold voltage VT for each scan rate and the highest
value of 4 × 104 has been achieved for on/off ratio of the ITO/GO/
Au resistive switch corresponding to VT + = 4.3 V at the scan rate
of 400 mV/s. The present results are at least two orders of
magnitude higher than those reported for the switch made of the
spin-coated GO ﬁlm sandwiched between aluminium electrode and
the polyethersulfone substrate [34].

4

Fig. 8 Dependence of On–OFF ratio of the ITO/GO/Au switch on the bias
voltage for the scan rate of

Conclusions

Commercially available GO nanoparticle dispersions have been used
in this study to produce spin-coated thin ﬁlms. It is found that the
sequential use of two speeds of 850 and 2500 rpm for 15 and 60 s,
respectively is suitable for the cost-effective formulation of high
quality, uniform GO ﬁlm. XRD spectroscopic studies reveal the
formation of an eight layered polycrystalline structure
preferentially oriented along (001) plane, with average GO
crystallite size in the order of 7.24 nm. Defects are situated at the
edges of the GO ﬂakes with an average distance between them of
about 1.04 nm. The electronic transition was found to be indirect
over a wide bandgap of 4.3 eV. The occurrence of NDR is
observed in the room temperature I(V ) characteristics of the two
terminal ITO/GO/Au devices as the bias voltage V is swept in both
forward and reverse directions between ±5 through 0 V. The
formation and rupture of conducting ﬁlaments are believed to be
responsible for this type of behaviour. The degree of hysteresis is
found to dependent upon the scan rate t as the rate is varied
from 5 to 400 mVs−1. The on/off ratio is found to be increasing
with the rise in the scan rate, giving a value of the ratio ≥104 at t =
400 mVs−1 corresponding to VT = 4.2 V. An equivalent circuit model
predicts increasing power consumption with increasing scan rate t,
implying that an optimum trade-off between power consumption and
on/off ratio needs to be identiﬁed for a given application.

5

432

(2)

(1)

This circuit is consistent with charge-trapping mechanisms which are
relevant for the present case in light of earlier observation from
Raman spectral studies of the presence of the defects and stacking
layers in GO thin ﬁlms. (dC/dV ) and C(V ) are regarded as being
largely responsible for determining the magnitude of the
hysteresis. For dI/dV = 0, the threshold voltage VT is obtained in

a 5 mVs−1 (open squares)
b 25 mVs−1 (open triangles)
c 50 mVs−1 (open stars)
d 100 mVs−1 (open circles)
e 400 mVs−1 (closed squares)





1/Rt + 2 dC/dV
d2 C/dV 2
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