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Abstract—Non-volatile memory technology is significant in
the market of electronics products. Until now, Flash memory has
dominated the market of non-volatile memories, but due to its
scalability problem, scientists have also been calling for new
devices. Resistive random access memory ReRAM has attracted
great attention due to its potential for flash memory replacement
in next generation nonvolatile memory applications. This device
is based on resistive switching (RS) phenomenon for operation,
which is reversible and can be reversed repeatedly. In this work,
device fabrication used doped graphene oxide with copper (GO +
1% Cu) and copper oxide (CuQO) thin films. ITO (Indium Tin
Oxide) and aluminum were used as contacts. Thin films are
obtained by the dip coating technique. The mechanism of the
resistive switching effect in doped graphene oxide thin film based
devices has been investigated by macroscopic current-voltage
(IxV) measurements. The RS originates from the formation and
rupture of conducting filaments. In addition, switching effect in
these study devices has a clear dependence on the electrode
material. ReRAM device structures show unipolar resistive
switching behavior.
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L INTRODUCTION

Electronic memory devices have a lot of applications in
almost every area of modern life. Essentially, all modern
electronic devices have flash memories in their structures,
either embedded or externally attached. The rise of portable
electronic devices such as mobile phones, MP3, digital cameras,
and netbooks over the past 20 years has led to rampant demand
for better technology for non-volatile flash memory (which
retain information after removing the power supply) due to its
small size cells and low power consumption. However, the
scaling of flash memory below 15 nm technology is highly
problematic because of the cell structure fundamental limit [1-
5].

Resistive random access memories (ReRAM) are a class of
emerging devices of non-volatile memories. ReRAM is
completely compatible with current CMOS technology, which
indicates that it is not necessary a great investment for new
processes and these devices have simple capacitor structure
with two terminals, which is easy to be integrated to VLSI
circuits. Many researchers have expended great effort to
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understand and develop these new memories by presenting
simple metal-insulator-metal structure (MIM), easy to read and
write, high storage density and low power consumption.
Resistive switching (RS) is the basic phenomenon for the
functioning of these memories, in which when a given voltage
is applied to the MIM device, it may suffer the switching from
initial insulating resistance state (HRS - High Resistance State)
to a conductor resistance state (LRS - Low resistance state)
[1,2]. The RS has been observed in various materials such as
TiO,, ZnO and AIN, in which two typical behaviors were
observed: unipolar switching, which means the resistive
switching depends on the amplitude of the applied voltage but
not on the polarity; and bipolar switching, which means the
resistive switching relies on the polarity of the applied voltage.
Unipolar RS shows some advantages, such as higher LRS/HRS
current ratio and simplicity of peripheral circuits.

Due to the scalability problem, scientists have also been
calling for new materials with advanced properties. Graphene
oxide (GO) is a versatile material that can be used in electronic
components such as processors and memory chips [6-10]. A
research team has successfully used the graphene to develop a
transparent memory module storage capacity and sufficient
strength to be used as ReRAM memory, whose capacity to
store information is of at least one hundred thousand seconds in
high temperature environments [11].

Generally ReRAM have 3 to 5 layers of different thin films
in its structure. In the design for this work, device fabrication
used thin films of graphene oxide (GO) doped with copper (GO
+ 1% Cu) and copper oxide (CuO).

II. EXPERIMENTAL

A. ReRAM fabrication

Copper oxide (CuO) was synthesized using copper (II)
acetate as described by Yoo et al. [3]. A colloidal solution of
copper acetate in ethanol was used as precursor. 0.3 g copper
acetate monohydrate added to 30 mL ethanol suffered
sonication for 1 hour. To make CuO thin films, dip coating was
used. Deposition is made as follows: thin films are obtained by
dip coating technique. The dip coating apparatus basically
consists of a clamp which holds the substrate is dipped in a GO
water based solution (graphene oxide) which containing the
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dopant (1% copper) or CuO. For first film layer, the substrate is
dipped in the solution for 30 seconds and then dried for 4
minutes (2 minutes for each side of the substrate) under a 150
W halogen lamp. For second layer film, the same process is
performed again. And so forth for each additional layer. It was
estimated that the optimal dips number is three (~30 nm each
layer, measured by scanning electron microscopy). The layers
of CuO and GO are interleaved.

Before and after the deposition of thin films, ITO and
aluminum contacts were evaporated, respectively. In one
ReRAM device, the first layer of ITO (~430 nm) is deposited
on a glass substrate in sequence, the layers are deposited CuO /
GO + 1% Cu / CuO and finally aluminum circle contacts with
0.5 cm diameter. The other device is ITO/GO + 1% Cu/Al.

B. Device characterization

Current and voltage relation can be measured by tracer IxV
model HP 4140b. A curve is generated by varying the voltage.
For the device to be considered a ReRAM resistive memory,
the graph of the current in a voltage rising curve must have a
format different from the curve obtained for the curve in a
downward tension. An important memory device mechanism is
the transition from the high resistance state (HRS) to the low
resistance state (LRS) under applied voltage variation. It may
be more useful for the device to have a fast switching response
in the critical voltage where the transition occurs HRS to LRS.

III.  RESULTS

Two devices were manufactured and analyzed. The
difference between them is thin film layers of copper oxide.
Both resistive memories had unipolar behavior.

A. ITO/GO+1% Cu/Al ReRAM

Typical current-voltage curve measured at room
temperature is shown in Fig. 1.
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Fig. 1.1-V characteristics of ITO/GO+1%Cuw/Al

Principle of ReRAM is the device able to be abruptly
switched between high resistance state (HRS) and low

resistance state (LRS) by applying voltage. HRS represents off
state while LRS represents on state. Resistive switching could
be related to a non-volatile memory effect.

ReRAM device structure shows unipolar resistive
switching behavior (Fig. 1), which can be attributed to
conductive filament mechanism. Switching mechanism on
graphene oxide based devices is usually attributed to formation
and rupture of conductive filaments in an insulator.
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Fig. 2.Initial endurance test for ReRAM structure.

Endurance performance is one of the most important
characteristics for applications to non-volatile memory. Fig. 2
shows the endurance results of the ITO/GO+1% Cu/Al.

The 30 nm-thick ReRAM has a LRS of 968 Q and a HRS
of 6x10'° Q making it a potential candidate for applications
such as non-volatile devices.

B. ITO/CuO/GO+1% Cu/CuO/Al ReRAM

In the measurements of these devices, ReRAM forming
results was performed using a HP Model 4140B module.

This memory can be operated in the range of voltage from -
2 V to 2 V with compliance current (CC) of 10 mA. According
to Fig. 3, unipolar resistive switching from high resistance state
to low resistance state (set) occurs under the same bias as LRS
to HRS (reset). In Fig. 3 is presented a 20 cycles graph. In this
initial study, the purpose is to measure the reproducibility of
device behavior.

This device has a different behavior if compared with the
other ReRAM: there is an abrupt change in 0.2 V. Probably the
addition of copper oxide caused this phenomenon: there was
the presence of cations in formation of conductive filament.
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Fig. 3. Cyclic voltammograms.

According to Yoo et al. [3], CuO appears to play an
important role in supplying charge carriers.
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Fig. 4. Typical I-V curves of ITO/CuO/GO+1%Cu/CuO/Al structure.

Current exponentially grows as voltage reaches a certain
value. When the filament is established, the device switches
into low resistance state (set). In the case of this unipolar
device, RS occurs in -0.76 V and 0.76 V (Fig. 4). Metal oxide
unipolar filamentary switching is caused by purely thermal
oxidation and reduction of the filament.

During the reset process, it is commonly assumed that the
conductive filament loses continuity from one electrode to
another one, but this affects a small section of the filament.
According to Marinella [12], the set operation is forming a
conducting pathway of oxygen vacancies and when the abrupt
switch between the low resistance state and the high resistance

state occurs, the thinnest portion of this filament is dissolved
due to Joule heating.
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Fig. 5.1-V characteristics of ITO/CuO/GO+1%Cu/CuO/Al. The upper left
inset is high resistance state and low resistance state depending on the
switching cycle.

Fig. 5  illustrates an  endurance  test  for
ITO/CuO/GO+1%Cu/CuO/Al ReRAM structure. Endurance
test is similar to endurance tests for memory devices. This
device has a LRS of 152 Q and a HRS of 1x10" Q.

It is important to know the characteristics of the new
devices developed, such as voltages where SET and RESET
occur, when an application is expected in the future. It is also
important to record the voltage range where resistivity changes
occur to conclude if the device is optimized for energy
consumption. In these unipolar devices it is possible to verify
that the formation and destruction of the filament occurs due to
the formation of oxygen vacancies present in the graphene
oxide. Doping with silver has influence on the behavior of
resistive memories, since in the literature it is verified that
ReRAMSs deposited with pure graphene oxide are bipolar [3].
An interesting point to note is the fact that the material of the
insulation layer, the contacts and the combination of layers are
factors that give characteristics unique to each device: when
layers of copper oxide were added, it was possible to verify
thorns in the current versus voltage response curve of the
device.

In future research, the intent is to apply these resistive
memories in the area of neuromorphic computing. The cells
will be miniaturized and arranged in an array architecture (Fig.
6). Algorithms will be created for writing and reading bits in
each cell, and from this will be developed a programming for
cells operate as neurons.

For the writing operation and with the assistance of a
microcontroller, each unit of the matrix will be programmed
with specific voltages, those observed in the measurements of
the devices (Fig. 1 and Fig. 4), which will allow the formation

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on June 24,2023 at 20:51:00 UTC from IEEE Xplore. Restrictions apply.



of the filament between the contacts and due to this fact a high
logical level will be written in this ReRAM cell. For the low
level, it will also be made use of specific measured voltages
that will destroy the filament, thus increasing the resistance
between the contacts.
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Fig. 6.Resistive random access memories array architecture.

For reading operation, an algorithm will be used that allows
the measurement of resistance in the ReRAM unit. The code
must interpret the read value; for this purpose a resistance
range for high level and another range for low level will be
defined.

According Indiveri et al., The idea of linking the type of
information processing that takes place in the brain with
theories of computer science dates back to the origins of this
area [13]. Neuromorphic computing is based on our
understanding of brain architecture and its information
processing system, as well as its intricate relationships by
referring to the complex networks in which the behavior of
each individual cell unit affects the behavior of the whole. The
neural networks of the brain transmit information in electrical
pulses, modulate the synaptic intensities or the value of
interconnections based on time and store those changes locally
in the interconnections. Intelligent behaviors arise from the
cooperative and competitive interactions between the multiple
regions of the brain neural networks with the environment. The
ReRAMs, in the same way, store the information of the
changes in the system with values of resistivity. When these
devices are programmed using genetic algorithms, it is possible
to make use of the system for application in machine learning.

IV. CONCLUSIONS

In conclusion, we have fabricated rGO-based ReRAM
devices by dip-coating. These devices exhibited unipolar RS
characteristics. An endurance of 20 cycles for each state was
achieved. The presented devices are unipolar. Such behavior is
an advantage as it prevents the device from dissipating heat by
Joule effect and the change from high resistance state to low
resistance state occurs in the same polarity as for the reverse

path. In addition, set and reset occur between 0 and 1 V for
both devices, which saves energy.

Thinking in terms of obtaining the devices, process and
waste disposal, we have an optimization, since the process of
obtaining the memories is simple, low cost and there is no
generation of toxic or large quantities of waste. If we think
about the production of materials, some techniques are
expensive (such as MBE or molecular beam epitaxy) and
others generate toxic materials (such as the production of
silicon oxide that sometimes employs silane gas). Graphene
oxide does not pollute and is still derived from carbon, which is
abundant. Production process is simple, efficient and
inexpensive. It can be made with cheap equipment. Moreover,
due to the simplicity, the reproducibility of the devices can be
made on a large scale.
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