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TOPICAL REVIEW — 2D materials: physics and device applications

Graphene resistive random memory — the promising memory
device in next generation∗
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Graphene-based resistive random access memory (GRRAM) has grasped researchers’ attention due to its merits com-
pared with ordinary RRAM. In this paper, we briefly review different types of GRRAMs. These GRRAMs can be divided
into two categories: graphene RRAM and graphene oxide (GO)/reduced graphene oxide (rGO) RRAM. Using graphene as
the electrode, GRRAM can own many good characteristics, such as low power consumption, higher density, transparency,
SET voltage modulation, high uniformity, and so on. Graphene flakes sandwiched between two dielectric layers can lower
the SET voltage and achieve multilevel switching. Moreover, the GRRAM with rGO and GO as the dielectric or electrode
can be simply fabricated. Flexible and high performance RRAM and GO film can be modified by adding other materials
layer or making a composite with polymer, nanoparticle, and 2D materials to further improve the performance. Above all,
GRRAM shows huge potential to become the next generation memory.
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1. Introduction

Resistive random access memory (RRAM) is a kind of
memory based on a resistive switching mechanism controlled
by external voltage.[1–6] Its simple metal-insulating layer-
metal structure can break through technological and phys-
ical limitations existing in ordinary memory devices such
as dynamic random access memory (DRAM) and flash as
the device scales down and has higher storage capacity.[7]

Apart from it, facile processing, fast switching, good en-
durance, compatibility with conventional semiconductor pro-
cessing, and high stability[8–11] make RRAM a promising
next generation nonvolatile memory (NVM). RRAM has two
stable states, a high resistance state (HRS) and a low resis-
tance state (LRS). The resistive mechanism, such as the con-
ductive filament growth and rupture, has been proved both
theoretically[12–14] and experimentally.[15] There are many
kinds of materials used as the resistive switching (active)
layer, such as transition metal oxides (ZnO,[16] ZrO2,[17]

TiO2,[18] NiO,[19] HfOx,[20] AlO[21]
x ), organic materials,[22]

chalcogenides,[23] and so on. However, ordinary RRAM
has some problems such as the limitation of electrode thick-
ness, which affects RRAM further scaling down, reading cur-

rent decreasing in LRS, and flexible fabrication. Recently,
2D material graphene[24] with carbon atoms packed into a
plane honeycomb crystal structure becomes a research hotspot
due to its extremely high mobility,[25] ease of being scaled
down,[26] high light transmittance,[27] strong intrinsic break-
ing strength,[28] and good electrical and mechanical proper-
ties. Many graphene-based devices[29,30] are fabricated, such
as transistors,[31] solar cells,[32] sound emitting devices,[33]

gas detectors,[34] and photodetectors.[35] Many RRAM prob-
lems such as scalability and power consumption can be solved
by inserting a graphene layer. Moreover, graphene RRAM
owns new exciting properties, for example, high transparency
and SET voltage modulation, which will be interpreted in
the following. Graphene can be large-area grown both on
Cu foil[36] and Ni substrate,[37] which is good news for the
mass fabrication of graphene RRAM in the future. Other
graphene-based materials are also widely used in RRAM fab-
rication, such as graphene oxide (GO) and reduced graphene
oxide (rGO). GO is a layered stack of the planar, graphene-
like sheet decorated by epoxy, diol, hydroxyl, ether, and car-
boxy groups;[38] and rGO is the reduction of GO by laser
scribed,[39,40] chemicals,[41,42] or other methods. Due to easy
fabrication, flexible and good electrical, thermal, mechani-
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cal, and optical properties, GO and rGO are applied to fabri-
cate all kinds of devices, such as pressure sensors,[43] thermal
rectifiers,[44] flexible earphones,[45,46] strain sensors,[47] and
light emitters.[48] For RRAM applications, rGO can be used
as the electrode and rGO or GO as the active layer, which can
achieve RRAM simple fabrication, flexibility, relative good
endurance, and high stability. Combining with other materials
such as π-conjugated polymer will improve the RRAM perfor-
mance and obtain novel properties such as multilevel switch-
ing.

In this paper, we will briefly review the different types
of graphene-based RRAMs and explore the roles of graphene
materials in RRAM application. In Section 2, we give a simple
introduction of graphene RRAMs according to the merits and
functions of graphene as the electrode, including low power
consumption, higher density, monitoring and detecting oxygen
ion drift function, transparency, good uniformity, SET voltage
modulation, and graphene as the middle layer. In Section 3,

GO/rGO RRAM, including rGO as the electrode and GO/rGO
as the dielectric layer is reviewed, where the model, metal-
insulator-metal (MIM) structure, and GO modification of GO
RRAM are included. Finally, we give concluding remarks in
Section 4.

2. Graphene RRAM
2.1. Graphene as electrode
2.1.1. Low power consumption

With the integration scale becoming larger, low power
consumption for single RRAM is essential. Large out-of-
plane resistance caused by the weak interaction of graphene
with other materials[49] can meet the need. References [50]
and [51] used single layer grapheme (SLG) to engineer the in-
terface between the oxide layer and the metal electrode and
reduce the RESET current, providing a potential way towards
further lowering the programming energy of RRAM.
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Fig. 1. (color online) (a) The structure of Pt/HfOx/graphene/Ti/TiN RRAM. (b) The I–V curves of RRAMs with and without graphene, showing
that the GRRAM owns lower SET voltage and RESET current. (c) The relation between the contact resistance between graphene and the top
electrode and the graphene length, indicating low contact resistance with the top electrode. (d) The relation between the cumulative probability
and the RESET current of RRAMs with and without graphene respectively. The RESET current of RRAM with graphene has a 22 reduction
compared to that without graphene. (e) Retention time of GRRAM under HRS and LRS, repectively. The figure is reproduced from Ref. [51].

The structure is shown in Fig. 1(a), composed by

Pt/HfO2/SLG/Ti/TiN. The thickness of the insulating layer

(HfO2) is ∼ 5 nm and TiN/Ti is ∼ 65 nm/8 nm. The spe-

cific contact resistivity (Fig. 1(c)) between SLG and the top

electrode is ∼1.4×10−5 Ω·cm−2, showing a good contact be-

tween them. Compared with the sample without SLG, this

RRAM reveals a high-resistance interface barrier (> 900 kΩ)

and shows 22 times smaller average RESET current as shown

in Fig. 1(d). The programming power consumption (calculated

as the RESET voltage multiplied by the peak of the RESET

current) shows ∼ 47 times reduction for SLG RRAM. Over

105 s retention time can be realized (Fig. 1(e)).

2.1.2. Monitoring and detecting oxygen ion drift

Theoretical researches suggest that the switching mech-
anism for oxide-based RRAM is oxygen ion drift caused by
external electrical field. However the redox reaction caused
by oxygen ion drift occurs beneath the top electrode, which
is hard to analyze and monitor with a nondestructive method
for ordinary RRAM. The graphene RRAM coupled with Ra-
man spectroscopy or XPS will be an effective way to solve the
problem since the different state of oxygen ion drift in RRAM
will cause the change of graphene Raman and XPS spectra.

For graphene Raman spectroscopy, the G peak shift and
2D peak intensity change can reflect the doping effect in
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the graphene.[52] Therefore observing these two parameters
changing during the graphene RRAM SET/RESET process
can monitor and detect oxygen ion drift.[51] As shown in
Fig. 2, the G peak position after RESET is left shifted com-
pared to that after SET, indicating the p-type doping becomes
lighter. The intensity of the 2D peak is a function of the
switching cycle and in each cycle, the 2D peak intensity of
SET is always lower than that of RESET. These changes are
mainly from the doping changes caused by the migration of
oxygen ions. During the SET process, oxygen ions move and
diffuse laterally toward graphene under the applied electrical
field until they form covalent bonds with DB defects existing
on the SLG surface. This process makes graphene p-type dop-
ing, which will increase the wave number of the G peak and
decrease the intensity of the 2D peak and the resistance of SLG
will be reduced.[53] During the RESET process, under the re-
versed external electrical field, oxygen ions move back to the
oxide layer. This process would change the graphene towards
intrinsic doping, leading to a decrease of the wave number of
the G peak and an increase of the intensity of the 2D peak.
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Fig. 2. (color online) The change of graphene G peak and 2D peak Ra-
man shift after repeating the SET and RESET process. The figure is
reproduced from Ref. [51].

XPS is a more convincing method to detect the oxy-
gen ion drift as it can directly observe the covalent bond
type change during the graphene RRAM SET/RESET process.
Reference [54] fabricated SLG/Pt/Al2O3(∼ 1 nm)/TiO2/Pt
RRAM and tested its XPS spectra of C 1s, O 1s, Ti 2p, and
Al 2s binding states at HRS and LRS, respectively. The LRS
is achieved by the SET process under a negative bias, which
causes the formation of a TiOx suboxide at the TiO2 surface.

After the RESET process, the bond fraction of C–O/C=O in-
creases while that of the Ti3+ BE state decreases. O− ions
drift toward the SLG/Al2O3 interface and are assumed to con-
vert to the surface Al–OH to Al–O bonds partially. Therefore,
Al3+ in Al–O is decreased in LRS compared to that in HRS.
From the above XPS analysis, we can figure out that the oxy-
gen ions from the bottom side of the TiO2 layer are activated
to move to the upper side by a positive bias applied, cross over
the ultrathin Al2O3 layer, and bond with the SLG finally.

2.1.3. Higher density

In order to achieve high density RRAM, 3D RRAM using
the edge of the 3D stacked metal plane as one of the RRAM
electrodes is becoming prevalent in this field. But in order to
make higher density RRAM, the total stack height (metal and
dielectric) must be scaled down due to limitations of the etch
aspect ratio.[55] Owing to graphene ultrathin thickness and ex-
cellent electrical conductivity, 3D RRAM using graphene as
the electrode plane as shown in Fig. 3 will dramatically lower
the height for single RRAM and make the density much higher
than that using ordinary metal (such as Pt) without sacrific-
ing RRAM performance.[56] It is assumed that if the top elec-
trode trench has an 89◦ slope, the 3D RRAM can achieve up to
200 stacks. This memory window of G-RRAM is significantly
(> 10×) larger than that of Pt-RRAM, which is attributed to
ultrathin CF formed from the edge of the ultrathin graphene
electrode. If the same methodology for the worst-case selected
cell of 3D RRAM as in Ref. [57] is used to test with the criteria
of a 75% write access voltage margin and an over 100 nA read
margin, an array size of > 100 G for a 200-stacked graphene
RRAM can meet both criteria, while an array less than 100k
Pt-RRAM can only reach the read margin criterion. It is be-
cause lower height for 3D graphene RRAM results in overall
low pillar resistance in a 3D stack architecture with cross point
structure, which makes higher density 3D GRRAM more com-
petitive in practical applications.

x

Fig. 3. (color online) The structure of graphene 3D stacked RRAM.

2.1.4. Well performed transparent electrode

Only ∼ 2% light is absorbed by graphene,[58] therefore
graphene has the huge potential of being a transparent circuit
used in electrode application. Compared to ITO-based trans-
parent RRAM (TRRAM), using graphene as the RRAM trans-
parent electrode not only gets high light transmittance in the
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large wavelength, but also improves the RRAM performance.
For example, the graphene sheet resistance (∼ 30 Ω/�) is
much lower than ITO[59] and the graphene/ZnO TRRAM[60]

SET voltage (< 1 V) is much lower than that without graphene
(∼ 3 V), and the sudden drop of leakage current in both SET
and RESET processes will not happen, showing graphene-
based TRRAM reversible and steady bipolar switching char-
acteristics. Moreover, graphene can eliminate an undesired
surface effect better and as a result a high yield of graphene
RRAM can be obtained. The ordinary ITO/ZnO/ITO device
exhibits a relatively low switching yield in a vacuum and O2

ambience (41.7% and 50.0%, respectively) as compared to the
device in the ambience of N2 and air (66.7% and 58.3%, re-
spectively). However for graphene-based devices, the switch-
ing yield is greatly increased in all four cases (66.7%, 66.7%,
75.0%, and 75.0% in a vacuum, O2, air, and N2, respectively)
and insensitive to the environmental atmosphere, indicating
that the graphene can be not only a transparent electrode mate-
rial but also a passivation layer due to the weak chemisorption
of O2 molecules.[61]

For graphene ZnO TRRAM, a forming process is needed,
but if the dielectric layer is changed into a rare-earth-oxide-
based thin film, the forming process is not necessary owing
to its forming-free characteristics.[62–64] Reference [65] fabri-
cated multilayer grapheme(MLG)/Dy2O3/ITO TRRAM with
80% transmittance at 550 nm. Dy2O3 has a direct and wide
bandgap of ∼ 5.5 eV at room temperature, which meets the
intrinsic transparency requirement in resistive switching ma-
terials without sacrificing the memory density or capacity.[66]

Due to excellent properties of the transparent electrode, the
device exhibits unipolar resistance switching with low oper-

ation voltage (< 1 V), low operation current (< 100 µA),
low power consumption (< 100 µW), high resistance ratio
(> 104), reliable data retention, fast switching speed (< 60 ns),
and promising cycle endurance (> 200 cycles), exhibiting the
strong competitiveness with graphene TRRAM for which the
forming process is needed.

2.1.5. Good uniformity

Uniformity measures the uniform level of parameters
such as the resistance distribution in HRS or LRS. Long oper-
ational RRAM lifetime is dependent on it. Inserting graphene
between the metal and dielectric will improve the RRAM
uniformity, for example, Al/graphene/VOx/Cu RRAM[67] ex-
hibits a good resistive switching at low current compliance
(∼ 2 mA) while VOx RRAM without graphene needs a large
one (∼ 20 mA). Although a little larger resistance distribution
in LRS exists for the graphene-based RRAM compared to that
without graphene, the uniformity of HRS is greatly improved,
which indicates that the overall uniformity of VOx RRAM has
been improved by using the embedded graphene.

2.1.6. Lowering SET voltage

With the integrated circuit scaling down, the supply volt-
age must be reduced correspondingly. Low SET voltage for
RRAM is requested if it is integrated with other circuits. For
some dielectrics such as NiO, the graphene will form a Schot-
tky contact with it and enhance the electrical field intensity
in the resistive switching layer, which will help the CF grow.
As a result, the dielectric/graphene-based RRAM will own the
lower SET and RESET voltages compared with that without
graphene.[68]

Applied voltage/V Cycles (#)

R
e
si

st
a
n
c
e
/
W

C
u
rr

e
n
t/

A

(a) (b)

(c) (d)

Fig. 4. (color online) NiO/graphene RRAMs with (a) vertical and (b) plane structure. (c) I–V curve comparison among RRAMs
fabricated with NiO film, NiO dot, and NiO dot/graphene in vertical structure. (d) The repeating test results in vertical structure.
Panels (a), (c), and (d) are reproduced from Ref. [69].
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Reference [69] used an anodic aluminum oxide (AAO)
nanotemplate for the formation of the NiO RRAM nanocapac-
itor (Pt/NiO/graphene capacitor) array as shown in Fig. 4(a).
The pore diameter in the nanotemplate is about 30 nm and
the interpore distance is about 100 nm. The device is a verti-
cal structure and exhibits the typical unipolar RRAM switch-
ing behavior with ON current below 1 nA, and as Fig. 4(c)
shows, it has lower SET (∼ 1.2 V) and RESET (∼ 0.4 V) volt-
ages than those on the surface of Nb-doped SrTiO3 no mat-
ter for the NiO RRAM nanocapacitors (1.5 V for SET and
0.5 V for RESET ) and the NiO thin film RRAM (2.5 V for
SET and 1.5 V for RESET). Despite the work function of
graphene (4.66 eV) being higher than that of Nb-doped Sr-
TiO3 (4.2 eV),[70] the NiO/graphene Schottky contact is sup-
posed to contribute to the lower SET and RESET voltages of
the graphene NiO RRAM.

Reference [71] provided a plane structure with graphene
nanoribbon (GNR)[72] as the electrode and the NiO nanodot
covering the ∼ 25 nm width GNR nanogap as the switching
layer, as shown in Fig. 4(b). The fabrication of monolayer
graphene nanoribbon and deposition of the NiO nanodots onto
the GNR nanogap are achieved by polystyrene dip-pen nano-
lithography (DPN). For this device, the SET and RESET volt-
ages are ∼ 1.2 V and 0.4 V, respectively, which are similar
to those with the vertical structure. Both vertical and plane
structures own good reproducible switching behavior. After
200 switching cycles, the resistances of HRS and LRS change
little for both devices.

2.1.7. Modulating SET voltage

A-B stacked bilayer grapheme (BLG) can open the
bandgap by an external electrical field,[73–76] which is differ-
ent from single layer graphene with zero bandgap. For RRAM,
this bandgap can be used to control the intensity of the electric
field in the resistive switching layer and in turn, adjust the SET
voltage.

Due to that the bandgap is determined by the external
electrical field, extra bottom dielectric and gate electrode are
needed. The structure in Ref. [77] is shown in Fig. 5(a). The
main body of RRAM is Al/AlOx/BLG/Au and the voltage ap-
plied on the high doping Si substrate is used to provide an elec-
trical field to open the BLG bandgap. When the gate voltage
changes from −35 V to 35 V, the SET voltage for RRAM will
increase from 0 V to 4.1 V (Figs. 5(b)–5(d)), indicating that
the SET voltage has a positive correlation with the gate volt-
age. It is because that for positive gate voltage, the bandgap
will open and allow the electrical field from the gate to cross
over the BLG into the resistance change material. The device
enters the oxygen ions depleted state and the CF forming is
prevented by the electrical field. In order for oxygen ions to
screen the electrical field from the gate, the SET voltage is re-
quired to be higher to excite more oxygen ions and then form

the CF. On the other side, the device enters the oxygen ions ac-
cumulated state for negative gate voltage. The bandgap is also
opened and renders the electrical field to pass though BLG
into the resistance switching layer, which in turn attracts more
oxygen vacancies. As a result, the CFs could be formed un-
der a lower SET voltage. By this mechanism, the gate voltage
achieves the modulation of the SET voltage.

The HRS/LRS ratio is also changed with the gate volt-
age, from 103 at −35 V to 105 at 35 V. It can be interpreted as
that under a negative gate voltage, the oxygen vacancies will
be attracted, resulting in the resistance decreasing of HRS and
the HRS/LRS ratio. Conversely, under a positive gate voltage,
some oxygen ions will be depleted, leading to the resistance
increasing of the HRS and the HRS/LRS ratio.

Compared with the conventional one-diode-one-RRAM
(1D1R) structure where the diode is used as a selector, this
BLG RRAM can use the gate as the selector and owns the low
OFF current, easy to achieve high density 3D stacking, and
more compact merits.

2.1.8. Multilevel resistive switching

Multilevel switching has a great potential for RRAM on
industrial memory applications.[78–81] Using graphene as an
electrode can also achieve stable and repeatable multilevel re-
sistive switching behavior. Reference [82] used nanographene
(NG) and nanogap to achieve RRAM multilevel switching.
NG owns many appealing properties, such as tunable conduc-
tivity, scaled-up capability of integration, facile device fabri-
cation, and fabrication compatible with modern CMOS tech-
nology, which make it very suitable to use as an electrode.

The device structure is similar to a back-gate
nanographene transistor in its original state. By applying a
certain voltage, a forming process between the two electrodes
activates its resistive switching behavior in the new device.
After the forming process, the electrical breakdown occurs
and the nanogap appears in the middle of nanographene due
to Joule heating.[83] This nanogap is served as the switching
layer of RRAM.

The device shows unipolar resistive switching behavior.
The SET voltage is ∼ 2.8 V and the RESET voltage is ∼ 5.5 V,
an over 103 ON/OFF current ratio can be obtained at 1 V. The
reversible reduction and oxidation of these silicon nanocrys-
tallites in the SiO2 layer and the FN tunneling current[84] con-
trolled by the external applied voltage are the key to the resis-
tance switching effect during the SET and RESET procedures.

By changing the RESET voltage sweeping scope, the de-
vice shows multilevel switching properties. The resistance in
HRS is relevant to the maximum sweeping voltage. When ap-
plying 3 V, 5 V, 7 V, 9 V, and 11 V bias pulses, the resistance
changes to different values and varies widely. Besides the re-
tention time can be up to 104 s, showing a very good stability.
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Fig. 5. (color online) (a) The structure of gated Al/AlOx/BLG/Au RRAM, where Al is used as top electrode, Au as bottom electrode,
and Si as gate electrode. (b)–(d) I–V curves at different gate voltages, indicating the SET voltage and HRS/LRS ratio modulated by
the gate voltage. (e), (f) The SET voltage changing trend varying with the gate. The figure is reproduced from Ref. [77].

2.2. Graphene as middle layer

For some RRAM devices, graphene is sandwiched be-
tween two dielectrics and served as the trapping site and
is able to generate a local internal field to help fila-
ment grow, especially for an organic layer which is usu-
ally very thick and makes the external electrical field too
weak to form a filament in it. For instance, the struc-
ture ITO/PMMA/GFs/PMMA/Al[85] shows great electrical
bistable resistive switching property even the test temperature
is up to 150 ◦C, 103 ON/OFF state current ratio and 105 s
switching cycles can be obtained without obvious ON and
OFF state degradation, which exhibits relatively large switch-
ing windows and good stability.

Apart from that, graphene as the middle layer is usually

utilized for achieving multilevel switching, which is similar
to Subsection 2.8, however the graphene is no longer used as
an electrode but as a trapping site. Reference [86] fabricated
organic RRAM with graphene nano flakes (GF) which are a
good charge trapping[87] and storage[88] medium. This device
uses polyvinylidene fluoride (PVDF) as the switching layer
because of its better heat resistance, non-reactive nature, low
weight, and flexibility. ITO on glass substrate is used as the
bottom electrode. Two PVDF polymer layers are fabricated
through the spin coating process and GR is obtained from GO
by using reducing agent hydrazine monohydrate. The I–V
curve shows double set and reset property. As the voltage in-
creases, the current is growing but still in the OFF state. The
index for the I–V curve is ∼ 2, which indicates that the space
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charge limited conduction (SCLC) mechanism[89] dominates
the process. When the voltage reaches ∼ 1.8 V, the current
suddenly rises and the resistance state jumps to an intermedi-
ate low resistance state from HRS. With voltage further going
up, the second current jump occurs at ∼ 2.2 V and the de-
vice enters the total low resistance state. On the contrary, if a
negative voltage applies on the device, the small current jump-
down happens at −2.3 V and the large one happens at −2.9 V
as the negative voltage becomes larger. The device finally en-
ters the high resistance state.

The explanation of this phenomenon can be interpreted
as follows. When a positive voltage is applied on the top gate,
the electrons from the ITO electrode will be injected into the
lowest unoccupied molecular orbital (LUMO) level of PVDF.
As the voltage increases, these electrons sourced from the ITO
electrode are captured by the electron trap nodes existing in
GR. Once the graphene trapping sites are almost occupied by
electrons, they can generate an electrical field strong enough to
form a conducting path in the film and make the device transfer
from HRS to LRS. The double SET process may attribute to
the formation of multichannels with different trapping thresh-

old potentials. On the contrary, when the applied voltage is
reversed, it will de-trap the electrons from the graphene trap-
ping sites and eject them back to the ITO electrode. Decreas-
ing the voltage down to some degree, the conducting channel
will be disconnected and the current will suddenly jump down.
After all channels are broken down, the device will enter the
total OFF state. Owing to it, the formation of extra conduct-
ing channels can be manipulated by limiting the current flow.
Therefore controlling the compliance current can be used to
achieve multi-bit storage. For this device, different LRS can
be observed with different compliance current and at a certain
reading voltage, multi-LRS is able to read out. In addition,
multilevel switching can also realized by applying different
SET and RESET pulses.

3. GO/rGO RRAM
3.1. rGO as electrode

rGO is a special kind of graphene which is reduced from
GO, the thin rGO film behaves as graphene, therefore rGO
can be used as the electrode as graphene is. Reference [90]
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Fig. 6. (color online) (a) The structure of Ag/HfO2/rGO RRAM on PET substrate. (b) I–V curve of the device in the first cycle, 50th cycle, and
100th cycle. (c) I–V curve of the device under different current compliance, showing the potential for multilevel switching application. (d) The
switching cycle test of the device in HRS and LRS. (e) The endurance test of the device. The figure is reproduced from Ref. [90].
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used the laser-scribed technology to reduce GO to rGO (or
laser-scribed grapheme (LSG)) and fabricated RRAM with
rGO as the electrode, as shown in Fig. 6(a). The device is fab-
ricated on a polythylene terephthalate (PET) flexible substrate,
thus it has potential to be integrated into a flexible circuit. The
forming voltage (∼ 1 V) is comparable to the devices’ SET
voltage (∼ 1.2 V for the first SET), indicating that the device
is forming free.[91] The ON/OFF current ratio is ∼ 10 due to
the large HRS resistance. Under different current compliance,
the device shows the potential of multi-level switching appli-
cation. The retention time is over 104 and little degradation
can be observed after 100 cycles, showing good reliability.

By changing the material of the top gate from Ag to Pt

(Figs. 7(c) and 7(d)) and conducting Ag-based RRAM LRS re-
sistance temperature test as Fig. 7(a) shows, the Ag ions move-
ment is confirmed as playing a dominant role in the growth of
the conductive filament. The phenomenon of LRS resistance
changing with temperature variation means that the filament
growth is unlikely to be relevant to the oxygen vacancy.[92]

High LRS resistance between 42 ◦C and 50 ◦C is attributed
to the composite outcome between the electron scattering in-
creasing and diameter of metal filament reduction as the tem-
perature goes up. The high SET voltage of Pt-based RRAM
further confirms that the Ag ions form filaments in Ag-based
RRAM since that Pt cannot diffuse into HfO2 and it needs a
high voltage for the oxygen vacancy to form the filament.
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Fig. 7. (color online) (a) The relation between the resistance in LRS and temperature in Ag/HfO2/rGO RRAM. (b) The forming process for the
Ag-based RRAM, indicating low forming voltage needed. (c), (d) I–V curves of Pt/HfO2/rGO under Pt and rGO as top electrode, respectively.
The figure is reproduced from Ref. [90].

3.2. GO/rGO as dielectric

As Section 1 describes, GO film is cost-effective, easy

to fabricate, flexible, etc. which is suitable to make low lost,

flexible graphene circuits. For RRAM, GO is usually used

as the switching layer and the simplest structure is the typ-

ical MIM structure: metal/GO/metal,[93] or MIS structure:

metal/GO/semiconductor.[94] In GO MIM structure, a large

range of metallic materials can be used as the electrode, such

as metal elements, indium-tin-oxide (ITO),[95,96] and even

grapheme.[97]

3.2.1. Model

When GO/rGO is used as dielectric, it becomes the place
where the resistive switching happens. However, the mecha-
nism of resistive switching in GO and rGO is different from
that of conductive filament growth in most ordinary RRAMs.
Therefore the accurate modeling of RRAM with GO/rGO as
dielectric is very essential to have a deep understanding of its
resistive switching behavior. For most of GO RRAMs pub-
lished and introduced in the following section, the follow-
ing reviewed models (such as space–charge-limited current
model and Ohmic current model) are used widely to simulate
GO/rGO RRAM.
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Several models of GO and rGO have been proposed and
ascertained.[98–100] For RRAM, the potential difference be-
tween two electrodes will drive the sp3 and sp2 mutual con-
version, which will increase or decrease the concentration of
sp2 clusters and thus decide the conductivity of the GO film.
The sp2 clusters growth rates can be express based on phe-
nomenological Butler–Volmer kinetics[101] as

υred = k0 exp
(
− ∆rG0 +αZFη

RT

)
,

υOX = k0 exp
(
− ∆rG0 − (1−α)ZFη

RT

)
,

υC = υred −υOX,

(1)

and the mechanism of electron transport between GO layers
can be described by the multiphonon trap-assisted tunneling
(MTAT) model[102] as{

Rc = τ−1
c (x)Nt(1− ft),

Re = τ−1
e (x)Nt ft,

(2)

where υred , υOX, and υC represent the net reaction rates of
the GO reduction process (sp3 to sp2 conversion), GO oxi-
dation process (sp2 to sp3 conversion), and total sp3 to sp2

conversion, respectively; k0 is the kinetic constant of the elec-
trochemical reaction, α(= 0.5) is the asymmetry factor, ∆rG0

is the free energy of the reaction at equilibrium, and F is the
Faraday constant. Z is the charge-transfer number and η is
the redox overpotential and can be estimated as the negative
absolute of the applied voltage.[103] R and T are the ideal gas
constant and temperature, respectively. For the MTAT model,
Nt and ft are the spatial density and the electron occupation
probability of the trap, respectively. τ−1

c (x) and τ−1
e (x) are the

time constants for the electron capture and emission. Rc and
Re are the capture and emission rates.

Equation (1) can be simplified as an Arrhenius-like[104]

equation

υC = υ0 exp
(
− Eact

kT

)
sinh

(
ZqVcell

2kT

)
, (3)

which is similar to the filament growth rate in ordinary
RRAM, where Eact is the amorphous carbon activation energy
(∼ 3.5 eV), υ0 is the fitting parameter, and Vcell is the applied
voltage.

The following space–charge-limited current (SCLC)
model[105] is used to describe the current characteristics in
HRS:

J =
Aµε

d3 V 2 exp
[(

0.891
kT

√
q3

dπε

)
V 1/2

]
, (4)

which can be simplified as J ≈ αV +βV 2, where J and V are
the current density and the applied voltage, respectively, A is
a positive constant, µ is the charge carrier mobility, ε and d

are the permittivity and the thickness of the GO film, and k
and q are the Boltzmann constant and the unit electron charge,
respectively. The Ohmic current model is used to fit the cur-
rent in LRS due to the fact that the conductivity of the device
in LRS is very large, the device in LRS can be simply treated
as a simple linear resistance. These two models can fit the ex-
perimental data very well[106] and prevail in the GO RRAM
theoretical analysis.

3.2.2. MIM structure GO RRAM

The first reported GO RRAM is the structure
Cu/GO/Pt,[107] the thickness of GO by the vacuum filtration
method is ∼ 30 nm. Apart from easy fabrication, the major
merit of the device is the low switching voltage. The SET volt-
age distributes in the range from 0.3 V to 1 V and the RESET
one is from −0.3 V to −0.9 V. Low SET and RESET volt-
ages contribute to the diffusion of the top electrode under an
external voltage and the adsorption/release of oxygen-related
groups during the formation and rupture of conductive fila-
ment in the GO film. The current ON/OFF ratio is only 20,
which is not very good, indicating that the GO resistance in
HRS is not high enough. The retention time is more than 104 s
and after 100 switching cycles, no obvious degradation of the
ON/OFF ratio is observed, showing a relatively good stability.

Due to the flexibility of the GO film, RRAM can also be
fabricated flexibly. Reference [108] proposed Al/GO/Al flex-
ible RRAM as shown in Fig. 8(a), which is on the flexible
polyethersulfone (PES) substrate. The GO film is fabricated
by a simple and scalable spin-casting process[109] with GO so-
lution and by this method, the GO film can be made large-area
uniform and transferred in any kind of substrates. The de-
vice shows bipolar switching behavior and the ON/OFF ratio
can reach up to 100 (Fig. 8(b)), smaller than that of the ordi-
nary RRAM. But the retention time is over 105 s, competitive
with the conventional one. After 100 switching cycles, the
HRS/LRS memory window shows no noticeable degradation,
which exhibits good stability and repetitiveness. The yield for
this GO RRAM device is near 80%, which is good news for
mass manufacture. It is noticed that the device shows neg-
ative voltage SET and positive voltage RESET and forming
free characters. The resistive switching voltage is ∼ 2.5 V, a
little higher for graphene-based RRAM.

The device shows good flexibility. When the bending ra-
dius enters the extremely flexed state (∼ 7 mm for the device),
the current ON/OFF ratio can also be maintained as the degree
of flat device as shown in Fig. 8(d). The resistive switching
also results from filament growth. By the assistance of atomic-
resolution TEM and energy-filtered TEM (EFTEM),[110] the
filament is directly observed to be formed and de-formed in
the very thin insulating layer at the top Al/GO interface under
different applied voltages, rather than in the bulk film.
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Fig. 8. (color online) (a) The structure of flexible Al/GO/Al RRAM. (b) I–V curve of the device. (c) The bending time test for the RRAM. (d) Bending
radius test in HRS and LRS. (e) The retention properties of the RRAM. (f) The endurance properties of GO RRAM. The figure is reproduced from
Ref. [108].

Other GO RRAMs with MIM structure have been deeply
researched as well, such as metal/GO/Pt.[111] In a relatively
large proportion of these RRAMs, the metal electrode ions dif-
fusion dominates the filament growth and anticlockwise (AW)
bipolar switching. They show good retention time (over 103 s)
and cycle number (> 100), exhibiting high stability and well
repeatability.[112] However, the type of electrode has a pro-
found effect on the switching voltage and yield of GO RRAM.
Taking metal/GO/Pt RRAM as an example, the metal here can
be Ag, Ti, Cu, Au, etc. The forming voltages for these four
metal RRAMs vary as follows: VAg <VTi <VCu <VAu . Com-
pared to other metals (Ag, Ti, Cu), gold needs a high voltage to
be oxidized to ions and activate Au/GO/Pt RRAM. The yields
of these RRAMs vary as follows: YAg > YCu > YAu > YTi.[111]

Ag-based GO RRAM has the maximum yield (reach up to
∼ 70%) and the lowest forming voltage among the four de-
vices, indicating that Ag can be treated as the selective elec-
trode for GO RRAM application.

3.2.3. RRAM with modified GO

For metal/GO/ITO RRAM, many modifications of GO
have been made to improve the RRAM properties such as
lower the SET voltage. One modification method is adding
one more layer above or below the GO film. For example, ref-
erence [113] proposed Pr0.7Ca0.3MnO3 (PCMO)/GO RRAM
by inserting PCMO between GO and the bottom electrode to
realize oxygen exchange between GO and the PCMO layer,
as shown in Fig. 9(a). PCMO owns a higher oxygen vacancy
concentration at the surface region and can be used as a good
ion conductor.[114] Both GO and PCMO films are deposited by
a spin coating method at low temperature (300 ◦ ), annealed
at 250 ◦C for 1 h and 150 ◦C for 30 min respectively after
spin-coating. After that, Pt is deposited as the top electrode.
This device shows reverse bipolar switching behavior. Due
to PCMO high oxygen vacancy concentration, the oxygen in
GO is inclined to move to the surface of PCMO, which is as-
sumed to contain 5% higher oxygen vacancies than the bulk
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region,[115] making both GO and PCMO more conductive and
therefore less voltage (−0.75 V for SET as Fig. 9(b) shows)
is needed to achieve switching. Apart from that, the ON/OFF
current ratio of the device is ∼ 102, the normal operating cy-

cles can be up to 150, exhibiting good stability. As Fig. 9(d)
shows, the retention time is up to 104 s even at test temperature
85 ◦C, showing good store retention property at high temper-
ature.
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Fig. 9. (color online) (a) The structure of PCMO/GO RRAM. (b) I–V characteristics of this device. The inset is I–V properties of
RRAM without PCMO layer, which has a large SET voltage. (c), (d) Repeatability and endurance properties of PCMO/GO RRAM in
HRS and LRS. The figure is reproduced from Ref. [113].

Another modification method is to make a GO composite
film with other materials. The added materials can be classi-
fied as three types: nanoparticle (NP), polymer, and 2D mate-
rials such as MoS2. The following part will introduce the three
types of materials in detail.

(i) Polymer The factionalized GO and π-conjugated
polymers composites have been explored as the switch-
ing layer in RRAM to achieve high ON/OFF current ra-
tio, high stability, and lower switching voltage. For exam-
ple, reference [106] presented soluble triphenylamine-based
polyazomethine (TPAPAM)-GO RRAM which shows low
SET voltage and high stability. The RRAM structure is
ITO/TPAPAM-GO/Al. Similar to the role of PCMO in
PCMO-GO RRAM, the TPAPAM is used as the hole-transport
agent due to its low ionization potential, high mobility, and
excellent hole injection. This device shows reverse bipolar
switching property. The SET voltage is ∼ −1 V and the RE-
SET voltage is near 2.2 V. The ON/OFF current ratio can
be over 103 at −1 V. The retention time is more than 104 s
and the HRS/LRS resistance degrades little after 108 read cy-
cles, which indicates TPAPAM, served as hole-transport agent,
greatly improves the stability of GO RRAM.

Although the high stability and low SET voltage are
obtained in these RRAMs, the ON/OFF current ratio needs
further improvement. Reference [116] proposed Pt/rGO–

thionine(th)/Pt RRAM and the layered rGO–th film flakes can
be obtained by filtering the rGO–th solution and transfer to
other substrate. The rGO film decorated by thionine owns
a large resistance, which can be as high as 7×107 Ω in the
OFF state. These features guarantee a relative high ON/OFF
ratio. For this device, the ratio can reach up to 5×104 with
the read voltage 0.1 V, improving near 50 times compared to
TPAPAM-GO based RRAM. The switching mechanism is dif-
ferent from the ordinary filament forming and rupturing. It de-
pends on whether the conductive path built by linking thionine
molecules and further reduced GO between two electrodes is
connected or disconnected. Similar to the filament, this con-
ductive path is to transport charge with little hindrance and
its connection or disconnection is determined by the external
voltage, making the device show the HRS and LRS resistance
switching behavior. The SET voltage varies from 1.91 V to
3.93 V, while the RESET one from −0.47 V to −1.04 V,
which indicates that the conductive path is hard to form and
easy to break down, needing high SET voltage and low RE-
SET voltage. Moreover, this device also owns fast switching
speed (< 5 ns) and long retention time (over 105 s). After 350
switching cycles, the resistances do not show obvious degra-
dation, exhibiting good endurance and stability.

Other GO–polymer composites are also used as the
switching layer to improve GO RRAM properties. GO–PI
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based RRAM[117] can achieve multilevel resistive switching
owing to the trapping effect in GO–PI film. GO–polypyrrole
(PPy)[118] based RRAM realizes a high ON/OFF current ratio
over 105 with good stability and solves the problem of the low
ON/OFF current ratio for ordinary GO RRAM issue well.

(ii) Nanoparticle GO-based memory decorated by
nanoparticle, such as Au, can improve the memory switching
property.[119,120] Reference [121] presented a gold nanopar-
ticle decorated rGO RRAM (Al/Au Nps–rGO–PVA/Pt) with
polyvinyl alcohol (PVA) matrix. The Au decorated rGO
sheet is synthesized by using the mixture of HAuCl4 solution
(2.5 mM, 10 ml), GO flakes (20 mg), and aqueous PVA solu-
tion (1 wt.%, 50 ml). After 10 h stirring, a sodium borohy-
dride solution (10 ml) is used to reduce the GO and Au3+ to
rGO and Au NP to obtain the Au NPs–rGO–PVA film. Be-
cause this device is fabricated on the PET substrate, it owns
high flexibility, which is very suitable for flexible circuit ap-
plication. The Au NP acts as the filament linker between rGO
sheets and helps lower the SET voltage (−0.44 V) compared
to the control rGO RRAM (∼ −5.6 V). For GO RRAM, the
reduction and oxidation of GO under different voltage bias is
the key to form or rupture conductive filament. The interfa-
cial defects near Au NP can act as trapping sites and accel-
erate this process by the internal electrical field generated by
these sites. Apart from that, the device owns a relatively high
ON/OFF current ratio (> 103), larger than that of the control
GO RRAM (∼ 2.5× 102). The relatively long retention time
(> 104 s) shows the good endurance. But when the cycles are
increased to some degree, the fluctuation of SET and RESET
voltages becomes a little large.

Other kinds of nanoparticles, such as Ni,[122] are used to
improve and change the RRAM behavior, showing the promis-
ing application in memory and neuromorphic field.

(iii) 2D materials 2D materials are similar to π-
conjugated polymers, which are layered, have a plane-like
structure, and own many excellent electrical and optical
properties.[123–127] GO decorated by 2D materials can also
improve the switching property for RRAM. Reference [128]
used the MoS2–GO composite as the active layer to fabricate
GO RRAM. Because MoS2 has larger conductivity than GO,
the MoS2 component in the MoS2–GO film will increase the
whole composite conductivity and facilitate oxygen migration
in GO when the external voltage is applied. Therefore, low
SET (∼ −1.2 V) and RESET(∼ 1.5 V) voltages can be ob-
tained. But the ON/OFF current ratio (∼ 102) is a bit small
due to the low resistance in HRS.

4. Concluding remarks
In this review, we have shown 8 main merits and roles

of graphene as the electrode for RRAM, multilevel switch-
ing, and improvement of RRAM with graphene as the sand-
wiched middle layer, and graphene-based GO/rGO RRAM.
However, the graphene RRAMs are so diverse that the lists are

not able to include all of them. Compared to ordinary RRAM,
the low power consumption, higher density, transparency, SET
voltage controllable, etc. properties of graphene RRAM and
lower SET voltage, flexible, easy to fabricate, etc. properties
of rGO/GO RRAM make them have strong competitive power
in the memory field, even though many issues for graphene
are currently existing, such as growth and pattern of graphene
are hard to integrate to the standard silicon manufacturing pro-
cess, and the ON/OFF current ratio of GO RRAM is not high
enough. With the fabrication process technology improving,
we believe these issues will be solved and graphene RRAM
will exhibit great potential on memory and neuromorphic ap-
plications separately in the further scaled down, flexible, or
transparent circuit.
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