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Resistive random access memory (RRAM) is emerging as a new class of nonvolatile memory that offers promising electronic
properties and simple metal-insulator-metal (MIM) structures for sandwich layers, such as organics, inorganics, and hybrid
materials. Hybrid structures have attracted much interest recently because of their advantageous properties. The combination of
chitosan (CS) and graphene oxide (GO) acts as switching layers in the Al/CS-GO/FTO RRAM structure it is studied with
bipolar switching behavior at approximately 102 ON/OFF ratios during 100 cycles. This hybrid interaction is identified by shifts
in the D, G, and 2D bands using Raman spectroscopy. The conduction mechanism is proposed to be a space-charge-limited
conduction (SCLC) mechanism and trap-assisted tunneling conduction mechanism in the ON and OFF states, respectively. The
trapped and detrapped electrons move through the trap sites with external electric fields, and this movement is responsible for
the switching mechanism of the CS-GO nanocomposite memory device.

1. Introduction

There has been a recent rapid increase in the field of nano-
technology, particularly in memory storage devices [1].
Increased demands for information-storage have required
the development of new technologies to meet these demands.
Resistive random access memory (RRAM) is one candidate
for next-generation information storage due to its high speed,
long retention time with low power consumption, and simple
structure [2, 3]. Different materials such as organics, inor-
ganics, transition metal dichalcogenides, metal-organic
frameworks, and hybrid materials [4–12] have been utilized
in RRAM devices to demonstrate their potential applications
in data storage.

Environmentally friendly materials such as chitin/chito-
san, cellulose, alginate, and carbohydrate polymers [13] have
recently received much attention due to their biodegradabil-
ity, antibacterial properties, protein affinity, and biocompat-
ibility [1, 14]. Chitosan is a component of the protective
shell of marine crustaceans, such as crabs, shrimps, and
crayfish. Chitosan is composed of bonded β(1⟶4)-2-
amino-2-deoxy-D-glucopyranoses and β(1⟶4)-2-aceta-

mido-2-deoxy-D-glucopyranoses [1]. It is chemically flexible
because there are three types of functional groups in the poly-
mers, which are amines, acetamides, and both primary and
secondary hydroxyl groups. With these advantages, the use
of chitosan is increasing [1]. Currently, chitosan is sold as a
white powder that can be dissolved in dilute organic acids,
such as acetic, lactic, hydrochloric, formic, or succinic acid
[15]. However, it is a poor conductor so it is necessary to
add a conductive filler in data storage applications [16].

Two-dimensional graphene oxide (GO) nanosheets have
recently been synthesized from graphite. It has an advanta-
geous chemical structure that leads to improved mechanical
properties, biological compatibility, water superiority, low
cost, lightweight, and excellent durability [17, 18]. There-
fore, GO has been focused on changing the thickness and
control the number of functional groups with organic com-
pounds. This opens it as a promising biomaterial that is
available in nature.

We studied resistive memory devices in capacitor-like
Ag/CS-GO/FTO structures in a previous report where the
CS-GO nanocomposites acted as the memory layer [19].
The devices showed a bipolar resistive-switching effect under
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an external electric field with an endurance of 103 and an
ON/OFF ratio of 102. We have changed the top electrode
from Ag to Al to demonstrate the stability of the resistive
switching behavior of the CS-GO nanocomposites. The
Al/CS-GO/FTO structure was fabricated using a CS-GO
nanoblend to act as a switching layer to improve the stability
and conductivity. The GO was used to enhance the resistive
switching behavior and CS to make it more environmentally
friendly. The electrical conductivity and resistive switching
mechanisms of Al/CS-GO/FTO were also analyzed. This
study is aimed at improving our understanding of resistive
switching in CS-GO for RRAM applications.

2. Experimental Procedure

2.1. Materials. The 4-10% edge-oxidized GO powders were
supplied by Sigma Aldrich (average of 15-20 sheets). The
CS powders (MW= 100,000-300,000, degree of deacetylation
of 76%) and acetic acid (99.5% purity) were purchased from
Acros and used to synthesize the CS-GO nanocomposite.
The commercial FTO-coated glass (MTI, USA) with a resis-
tance of 12 Ω was used for device fabrication.

2.2. Fabrication of Devices. A 0.5mg/mL (~0.05% wt/v) GO
solution was prepared in deionized water and stirred for six
hours. The CS powder was dissolved in acetic acid to create
a 2% wt/v solution and stirred for 12 hours. These two solu-
tions were mixed at a 1 : 1 ratio and stirred for one hour at
60°C to create a homogeneous solution.

The CS-GO thin film was coated on an FTO substrate by
spin coating at 3000 rpm for 60 seconds and then heat-
treated at 50°C to evaporate the solvent. The membrane was
annealing for 12 hours to improve the stability. Finally, the
Al electrode was deposited by evaporation using a shadow
mask with a target-substrate spacing of 10 cm (Figure 1).

2.3. Analysis Technique. A semiconductor characterization
system (Keithley 2400) and probe station were used to per-
form current-voltage measurements. A bias sweep sequence
of 0V⟶−7V⟶ 0V⟶ 7V⟶ 0V was applied to the
memory device. Raman spectra (Labram 300, Horiba) were
used to analyze scattering oscillations in the CS, GO, and
CS-GO nanocomposites. The morphology of GOwas studied
by using the transmission electron microscopy technique
with a JEOL JEM-2100F system. The X-ray photoelectron
spectroscopy (XPS) was conducted for the chemical state
analysis by the Thermo Fisher Scientific (UK) system with a
monochromated source of Al Kα (hν = 1486:6 eV).

3. Results and Discussion

3.1. Structural Characteristics. Figure 2 shows the Raman
spectra of CS, CS-GO, and GO. Three peaks were observed
in the GO spectrum and labeled as D band at ~1329 cm-1,
G band at ~1570 cm-1, and 2D band at ~2656 cm-1 [8, 9].
The D band is attributed to defects and disturbances in the
hexagonal graphite layers, which is characteristic of the in-
plane stretching motion of sp2 carbon atoms [10]. The G-
band appeared due to defects, deformations, doping, and
temperature. It was used to detect the reactions of

graphene-based materials [8]. The 2D band was used to char-
acterize changes in the number of GO layers. The 2D peak of
CS-GO shifted from 2656 cm-1 to 2682 cm-1 in the GO and
CS-GO spectra, which showed the change in the GO layer
as it was embedded into the CS matrix [11]. The features of
both CS and GO were detected in the CS-GO spectrum.
The bands D, G, and 2D of CS-GO are all higher compared
to GO. Shifts from 2656 cm-1 to 2682 cm-1 for band 2D,
1329 cm-1 to 1336 cm-1 for band D, and 1570 cm-1 to
1586 cm-1 for band G indicate the physical and chemical
interactions between the GO and CS functional groups [12].

3.2. Surface Morphology. Figure 3 shows TEM images of the
GO morphology at a scale of 200 nm and 100nm. It is
observed that the GO has various size clusters and fairly
evenly dispersed. Uncontrolled temperature or oxidation
could be responsible for the irregular shapes and uneven par-
ticle size [20]. GO was distributed into a thin flat sheet on a
surface and folds to create wrinkles [21]. The solid graphene
sheets are affected by structural disturbances, possibly due to
the laminated thin layers and crumpled sheets involved
during exfoliation in a reducing and saponification medium
with the removal of oxygen alternating other functional
groups between layers [20].

3.3. Elemental Composition and Oxidation States of ZnO NPs.
X-ray electron spectroscopy (XPS) was used to determine the
chemical states of various elements and the presence of func-
tional groups. The scan spectrum showed that the main
elements are carbon and oxygen (Figure 4(a)). The peaks
identified in the GO spectrum at ~284.4 eV and ~531.8 eV
are the C 1s and O 1s excitations, respectively. Figure 4(b)
shows the convoluted C 1s peak, including different binding
energies of 284.5, 284.8, 286.5, 287.5, and 288.9 eV. These
peaks correspond to different functional groups of sp2 C=C
(42.9%) and sp3 C-C (47.6%) in the aromatic rings, along
with C-O (4.7%), C=O (1.2%), and O=C-OH (3.6%) [22].
The convoluted O 1s peak (Figure 4(c)) shows two peaks at
binding energies of 533.1 and 533.4 eV, which are assigned
to C-O bonds (66.4%) and C=O bonds (33.6%), respectively
[23]. These two peaks correspond to the oxygen in the
surface hydroxyl groups of GO. The atomic ratio of carbon
to oxygen (C/O) was determined from XPS to be 20, which
indicates that there are oxygen vacancies in the surface of
GO layers. These vacancies can act as traps that support the
electrical conduction and resistive switching mechanism of
the memory device.

3.4. Resistive Switching Characteristics. A bias sweep in a
sequence of 0V⟶ −7V⟶ 0V⟶ 7V⟶ 0V was
applied to the devices. The I‐V characteristics are shown in
Figure 5 with a current threshold of 0.5mA applied to
prevent the breakdown of the device [24]. The device was ini-
tially in a high-resistance state (HRS) with no bias applied.
The high conductivity ON state was achieved by applying
negative voltage. The current increased gradually with
increasing negative voltage and jumped quickly at approxi-
mately -3V, converting the device to a low-resistance state
(LRS). This transition from HRS to LRS is referred to as the
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“writing” process or the SET process, and this state was
retained during the voltage sweep back from -7V to 0V.
The current dropped suddenly around +1V when applying
a positive voltage, which indicates the resistive switching
from LRS to HRS and referred to as the “erase” process or
RESET process. These results show that the clockwise bipolar
resistive switching behavior with the SET state was due to the
negative voltage, and the positive voltage was specified as the
RESET state.

Figures 6(a) and 6(b) show the endurance and cumula-
tive probability performance of the Al/CS-GO/FTO structure
at V read = −0:5V. The switching behavior was maintained
with an “ON/OFF” ratio of approximately 102 during 100
cycles. However, both stages fluctuate little. The variation of
the operating voltages is shown in Figure 6(c). The SET volt-
ages ranged from -3V to -4V while the RESET voltages
ranged from 0.7V to 1.5V between devices. The RESET volt-
age deviates less compared to the SET voltage in each device.
The SET and RESET voltages are in the opposite polarities so
we classify this memory device as a bipolar resistive switch.
This bipolar behavior avoids confusion during the operation.

The experimental I‐V curve was converted to the J‐E plot
shown in Figure 7 to understand the conduction mechanism
in the process of the Al/CS-GO/FTO device. The plot of J
versus E from 0V to -7V is consistent with a space-charge-
limited conduction (SCLC) mechanism as shown in
Figure 7(a) with three distinct curves of either ohmic (I ~V),
space-charge-trap-filled limit (VTFL) (I ~Vn with n > 2), or
Child’s (I ~ V2), which are given by equations (1)-(3) [25–27]:

Johmic = qnoμ
V
d
, ð1Þ

JTFL =
9
8
μεθ

V2

d3
, ð2Þ

JChild =
9
8
με

V2

d3
: ð3Þ

Ohmic conduction was observed in the voltage range from
0V to -3V, corresponding to a slope of approximately one
(I ~V1:27). This can be attributed to thermally generated car-
riers that are more dominant than injected carriers in the
dielectric layer [27]. Alternatively, the current was the domi-
nant control in the trap-filled limit with a slope of I ~ V120
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Figure 1: Schematic diagram of the fabrication process of the Al/CS-GO/FTO device.
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Figure 2: Raman spectra of the CS, CS-GO, and GO.
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because of the free movement of the carriers in the dielectric
layer after all traps are filled [26]. The slope decreased gradu-
ally to I ~V2 due to the accumulation of a space-charge layer
in the dielectric layer from -3.5V to -4V [28].

The current was consistent with variable-range hop-
ping (VRH) in the back sweep from -7V to 0V, which
is shown in Figure 7(b). The relationship between J versus
E is given by
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Figure 3: TEM images of the GO sheets at a scale of (a) 200 nm and (b) 100 nm.
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Figure 4: The X-ray photoelectron survey spectrum of GO (a), the convoluted C 1s high-resolution spectrum (b), and the convoluted O 1s
spectrum of GO (c).
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Figure 5: A linear (a) and semilog (b) plot of the typical current-voltage (I‐V) characteristics of an Al/CS-GO/FTO device.
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JVRH = σ0 exp
−T0
T

� �1/4
E: ð4Þ

Here, σ0 is the electrical conductivity at T0. The tem-
peratures T0 and T are the absolute temperatures, and

all other variables are the same as defined previously.
The slope J ~ E about 1.1 is likely influenced by the hop-
ping of electrons in the thin-film layer through traps local-
ized in the charge-carrier states [25].

The current dropped abruptly at V reset of 1V during the
reverse voltage from 0V to 7V. The current at HRS is
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Figure 6: The endurance performance (a) and cumulative probability test (b) at 100 cycles under V read = −0:5V. The variation of operating
voltages in five devices of Al/CS-GO/FTO (c).
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Figure 7: The electrical conduction mechanism of the Al/CS-GO/FTO structure in SCLC conduction (a), variable range hopping (b), and
trap-assisted tunneling conduction (c, d).
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predominantly controlled by trap-assisted tunneling conduc-
tion as represented by

JTAT = A exp
−8π

ffiffiffiffiffiffiffiffiffiffiffi
2qm∗p

3hE
φ3/2
T

� �
: ð5Þ

Here, A is a constant, m∗ is effective mass of an electron,
h is Planck’s constant, and φT is the energy of the electron
traps. All other variables are the same as defined before.

Based on these results, we proposed that the resistive
switching mechanism in Al/CS-GO/FTO is due to the charge
trapping and detrapping process at the defect sites in com-
posite CS-GO. GO usually has many structural defects due
to the manufacturing process [29] including oxygen vacan-
cies as shown in the XPS spectra, which act as trapping posi-
tions in the CS-GO matrix. Injected electrons from the Al
electrode to CS-GO may undergo two processes simulta-
neously when a negative voltage is initially applied. First,
some electrons move freely by hopping between trapped
positions into the matrix heading to the FTO electrode. Sec-
ond, the other electrons are held in trapped positions. There
is subsequently an increase in the number of electrons that
move directly to the bottom electrode without any resistance
forming a continuous current when all traps are filled. This
switched the device to the ON state with a high conductivity
current. Electrons injected from the FTO electrode still move
freely in a dielectric layer when the positive voltage is applied
until the voltage is high enough to disrupt the conducting
channels which switched the device to the ON state.

4. Conclusion

In summary, we have successfully combined CS and GO in
an Al/CS-GO/FTO structure with bipolar along with repeat-
able and reliable reversible resistive switching abilities. The
CS-GO acts as a switching layer with an ON/OFF ratio of
~102 over 100 cycles. The conduction mechanism which
was related to SCLC, Ohm’s law, VRH, and trap-assisted
tunneling conduction mechanisms were demonstrated to
exist in the bias sweeps. The resistive switching was activated
by trapping/detrapping electrons in the CS-GO layer under
the external electric field due to the existence of oxygen
vacancies in GO. This CS-GO hybrid material shows promise
as an environmentally friendly memory device.
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