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Abstract
Resistive switching memory (ReRAM) has attracted much attention in recent times owing to its
fast switching, simple structure, and non-volatility. Flexible and transparent electronic devices
have also attracted considerable attention. We therefore fabricated an Al2O3-based ReRAM with
transparent indium-zinc-oxide (IZO) electrodes on a flexible substrate. The device transmittance
was found to be higher than 80% in the visible region (400–800 nm). Bended states
(radius=10 mm) of the device also did not affect the memory performance because of the
flexibility of the two transparent IZO electrodes and the thin Al2O3 layer. The conduction
mechanism of the resistive switching of our device was explained by ohmic conduction and a
Poole–Frenkel emission model. The conduction mechanism was proved by oxygen vacancies in
the Al2O3 layer, as analyzed by x-ray photoelectron spectroscopy analysis. These results
encourage the application of ReRAM in flexible and transparent electronic devices.
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1. Introduction

Flexible electronic devices on plastic substrates have been
popular in recent times because of their slimness, light
weight, and human-friendly interfaces compared to conven-
tional bulk silicon devices. They are employed in a variety of
electronic devices such as e-paper [1], flexible solar cells [2],
and flexible displays [3]. In addition, transparent electronic
devices are potentially applicable in other devices such as
transparent transistors [4] and diodes [5]. This has increased
the need for flexible and transparent memories. A flexible
and transparent memory is expected to become an important
part of electronic devices for data processing, storage, and

communication. Flexible and transparent memories will
therefore contribute to the development of future electronic
systems.

Current silicon-based flash memories consisting of a
metal-oxide-semiconductor field-effect-transistor with an
additional floating gate in each memory cell need to be scaled
down to increase their data storage capacity. However, flash
memories are expected to reach their scaling limitation in the
near future [6]. Extensive efforts are thus being made to
develop the next generation of memory devices such as fer-
roelectric random-access memory (FeRAM) [7], magnetic
random-access memory (MRAM) [8], phase-change random-
access memory (PCRAM) [9], and resistive switching mem-
ory (ReRAM). Among these different memories, ReRAM is
the most promising candidate for the next generation of
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memories owing to its simple metal–insulator–metal struc-
ture, non-volatility, quick switching, good endurance, and
long retention time [10, 11].

Towards achieving better ReRAM characteristics, var-
ious studies have been conducted to investigate resistive
switching phenomena in different materials [12]. Metal oxi-
des such as Ta2O5 [13], ZrO2 [14], Cu2O [15], TiO2 [16], and
Al2O3 [17] in particular have received much attention for use
in fabricating ReRAMs because of their good compatibility
with semiconductor manufacturing technologies and low-cost
fabrication. Among these materials, Al2O3 has promising
characteristics such as resistive switching properties, as well
as their wide band gap, large breakdown electric field, high
permittivity, and good thermal stability. These properties
have prompted the common use of the material as a gate
dielectric insulator in thin-film transistors [18] and an
encapsulation layer in organic devices [19]. Al2O3 can thus be
used in flexible and transparent ReRAMs (FT-ReRAMs)
while maintaining its resistive switching properties.

The use of a flexible and transparent electrode is essential
for the fabrication of an FT-ReRAM. Currently, the most
widely used transparent electrode is indium–tin oxide.
Unfortunately, this material is very brittle and susceptible to
cracking, and this makes it unsuitable for use as a flexible and
transparent electrode. It is therefore necessary to consider
more robust transparent electrodes that remain stable when
flexed. In this study, we used a stable amorphous indium–zinc
oxide (IZO) electrode with a smooth surface, high transmit-
tance, and good flexibility [3].

In this study, we fabricated simple all-sputtered FT-
ReRAM (IZO/Al2O3/IZO) devices on flexible PET sub-
strates at room temperature. The electrical properties of the
devices were examined, and low-voltage operation (±3.2 V),
high a on–off ratio (near 103), good retention (105 s), and
endurance (103 cycles) were observed. The transmittance and
flexibility of the devices were investigated. The devices
exhibited higher than 80% transmittance in the visible region
(400–800 nm), good endurance, and long retention even
under bended states (radius=10 mm). In addition, the con-
duction mechanisms of the Al2O3-based devices were
examined based on the oxygen vacancies to verify their
suitability for FT-ReRAM applications. Ohmic conduction
and a Poole–Frenkel emission model were employed for this
purpose. The proposed FT-ReRAM devices may be useful for

the development of next-generation portable equipment and
are worthy of further study.

2. Experiment

The proposed all-sputtered FT-ReRAM (IZO(250 nm)/
Al2O3(40 nm)/IZO(250 nm)) sandwiched structure on a
commercial PET substrate was fabricated as shown in
figure 1. The inset in figure 1 shows the bended FT-ReRAM.
The 250 nm thick bottom IZO electrodes were deposited
using a radio frequency (RF) sputtering method at room
temperature and a metal shadow mask composed of eight
lines (each 60 μm wide) directly above the flexible PET
substrate. No silicon wafer or glass substrate was used for
mechanical support. The sputtering was carried out in ambient
pure Ar plasma supplied at 3 sccm with a power of 150W and
a working pressure of 4 mTorr. To fabricate the insulating
layer, a 40 nm thick Al2O3 film was subsequently deposited
by RF sputtering at room temperature. The sputtering of the
insulating layer was performed in ambient pure Ar plasma
supplied at 4 sccm with a power of 150W and a working
pressure of 4 mTorr. Next, the top 250 nm thick IZO electrode
was deposited vertically to form a crossbar structure with an
8×8 array. This was done by the same method used to
deposit the bottom electrode. X-ray photoelectron spectrosc-
opy (XPS) measurement was performed using a ULVAC-PHI
X-tool. The electrical characteristics were measured using a
Keithley 4200 semiconductor parameter analyzer. During
these measurements, a bias was applied to the top electrode
while the bottom electrode was grounded. All the measure-
ments were performed at room temperature.

3. Results and discussion

Figure 2(a) shows the optical transmittance spectra of the FT-
ReRAM obtained using a UV–visible spectrophotometer. The
spectra indicate that the transmittance of the FT-ReRAM was
higher than 80% in the visible region (400–800 nm wave-
length). This was because of the transparent IZO electrodes of
the device, the wide band gap of the thin Al2O3 layer, and the
transparent PET substrate. The logo of DIANA Lab can be
clearly seen under the FT-ReRAM device in the inset in

Figure 1. Schematic of the process flow for fabricating the FT-ReRAM device. The inset shows the bended FT-ReRAM.
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figure 2(a). The obtained results confirm that our device can
be used as a transparent ReRAM. To verify the IZO/Al2O3/
IZO structure, the In, Zn, Al, and O components were ana-
lyzed by XPS, the results of which are shown in figures 2(b)
and (c). Figure 2(b) shows the XPS survey scan of the IZO/
Al2O3/IZO device. The elemental composition of the FT-
ReRAM was determined by energy dispersion. The results in
figure 2(b) indicate that our FT-ReRAM comprised 51.7% O,
20% Al, 6.5% In, and 1% Zn. The O 1s spectra from the
Al2O3 layer are depicted in figure 2(c). They were fitted by
their Gaussian components at 530.1 and 531.3 eV. The XPS
analysis of the Al2O3 layer revealed an asymmetric O 1s
spectra from the Al2O3 layer that could be deconvoluted into
two peaks, as shown in figure 2(c). The binding energy at
530.1 eV can be attributed to the oxygen that was bound to
the Al2O3 layer lattice, while that at 531.3 eV can be attrib-
uted to oxygen deficiencies (oxygen vacancies) in the Al2O3

layer. Several previous studies have established a correlation
between non-lattice oxygen and the formation of oxygen
vacancies [20, 21]. Therefore, issues related to oxygen
vacancies are discussed at the end of this paper. The typical
resistive switching phenomenon of the FT-ReRAM cells was
investigated using the I–V curve and a dc voltage sweep.
During all the measurements, the bottom electrode was
grounded and a bias was applied to the top electrode. It was

necessary to first apply a forming voltage to the FT-ReRAM
because the device was initially in the high resistance state
(HRS) of the as-deposited condition. When a negative bias
voltage (0 to −5 V) was applied, an abrupt increase in the
current was observed at approximately −4 V (VForming), as
shown in the inset to figure 3(a). A compliance current of
500 μA was imposed during the forming and set processes to
prevent breakdown of the device by the abrupt increase in
current during switching. The forming process was essential
for activating the FT-ReRAM and converting it from the
HRS to a low resistance state (LRS). Subsequently, the
I–V properties of the FT-ReRAM structure were determined
by voltage sweep measurements in the sequence
0 V→3.2 V→0 V→−3.2 V→0 V. Before applying the
specific positive voltage (VRESET), the current was maintained
in the LRS. However, the device was converted from the LRS
to the HRS above the specific positive voltage of 3 V. Like-
wise, before the application of the specific negative voltage
(VSET), the device was maintained in the HRS. However, after
the application of the specific negative voltage to the FT-
ReRAM, the device was converted from the HRS to the LRS.
To investigate the switching mechanism of the Al2O3-based
FT-ReRAM device, the I–V curves were replotted in the LRS
and HRS. First, to determine the conduction mechanism in
the LRS, we replotted a double logarithmic scale graph for the

Figure 2. (a) Optical transmission spectrum of the FT-ReRAM. The inset shows a photograph of the FT-ReRAM device above the DIANA
Lab logo. (b) XPS survey scan of the FT-ReRAM. (c) O 1s spectra of the FT-ReRAM.

Figure 3. (a) Typical bipolar I–V curve of the FT-ReRAM device. The inset depicts the formation process of the FT-ReRAM cell. (b) Log–
log scale I–V curve in the LRS (used to explain the ohmic conduction). (c) I Vln ( )/ versus V1/2 curve (used to explain the Poole–Frenkel
emission).
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LRS before the application of the VRESET. Figure 3(b) shows
a linear slope with a gradient of approximately 1, which
confirms that the conduction mechanism in the LRS is
dominated by ohmic conduction [22]. Furthermore, we used
Poole–Frenkel emission to examine the conduction mech-
anism of our FT-ReRAM in the HRS. Poole–Frenkel emis-
sion, which is the conduction of electricity by an electrical
insulator, is characterized by the following equation: [23]
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where q is the electric charge, d is the film thickness, re is the
dynamic dielectric constant, 0e is the permittivity of free
space, kB is Boltzmann’s constant, and T is the absolute
temperature. According to the Poole–Frenkel emission
equation, the current characteristics can be analyzed in terms
of the relationship between I Vln ( )/ and V1/2, which can be
used to determine the dominant conduction mechanisms [22–
24]. By replotting the data in the form of I Vln ( )/ versus V1/2,
as shown in figure 3(c), the conduction mechanism can be
well fitted to the Poole–Frenkel emission in the low-voltage
region in the HRS.

Next, to examine the reliability and non-volatility of the
FT-ReRAM device, we measured the endurance and retention
at room temperature, including in the bended state using a
bending radius of 10 mm. The inset in figure 4(a) shows the
measurement set-up. Figure 4(a) shows the endurance test
results for the IZO/Al2O3/IZO FT-ReRAM cell. The reading
voltage after the set and reset processes was −0.1 V. The
resistances in both states were more distributed, especially for
the bended FT-ReRAM device. However, the on–off ratio
was sufficient to extinguish the states of the FT-ReRAM. One
thousand cycles of switching between the HRS and LRS were
successfully performed on our FT-ReRAM device, including
after bending. This endurance test confirmed the excellent
reliability of our device under bended states. The retention
characteristics were also examined in both the flat and bended
states (bending radius of 10 mm). As shown in figure 4(b), the
current was measured at a voltage of −0.1 V every 105 s. The
resistances in both states under bending were slightly

distributed. However, the fluctuations of the resistances were
sufficient to dissolve both states. Good non-volatility was
observed even after 105 s. The results of the endurance and
retention tests indicate that the performance of our FT-
ReRAM is not affected by bending. This is because of the
good flexibility of the two IZO electrodes and the thin Al2O3

layer.
Previous studies on metal-oxide-based ReRAMs have

shown that the switching mechanism is dominated by oxygen
vacancy generation and recombination [11, 24–26]. The
resistive switching phenomena can therefore be presumed to
be due to oxygen vacancies in the Al2O3 layer. From the
results of the Poole–Frenkel emission examination, we
observed that oxygen vacancies in the Al2O3 layer acted as
traps for injected electrons, as shown in figure 5. As shown in
figure 5(a), during the set process, when a negative voltage
was applied to the top electrode, the oxygen ions were
removed from the lattice, leaving vacancies in the Al2O3

layer. The formation of the oxygen vacancies can be descri-
bed using the Kroger–Vink notation as follows: [27, 28]

O V 2e 1 2 Oo o 2( )  + +- /

where Vo denotes an oxygen vacancy with a double positive
charge in the regular lattice, and Oo denotes an oxygen ion in
a regular site. Oxygen ions drift towards the IZO/Al2O3

interface and are stored there. This process led to the
formation of conductive filaments in the Al2O3 layer. In
contrast, when a positive voltage was applied to the top
electrode, as shown in figure 5(b), the oxygen ions migrated
from the interface and filled the vacancies, resulting in the
rupture of the conductive filaments in the Al2O3 layer.

We therefore believe that the resistive switching in our
FT-ReRAM is associated with the ionic migration of oxygen
ions, which leads to the formation of oxygen vacancies, and
consequently an Al2O3−x layer on the pristine layer, as shown
in figure 5(a). This changes the FT-ReRAM cell resistance to
the LRS state. Conversely, during the reset process, the
oxygen ions migrate back to the Al2O3−x layer, resulting in
the reformation of the Al2O3 layer, as shown in figure 5(b).
This causes the FT-ReRAM cell resistance to revert back to
the HRS state.

Figure 4. (a) Endurance characteristics of the FT-ReRAM in the flat and bended states, respectively, measured at VREAD=−0.1 V. The inset
shows the measurement set-up for the bending test. (b) Results of the retention tests of the FT-ReRAM in the flat and bended states.
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4. Conclusions

We fabricated a simple all-sputtered FT-ReRAM (IZO/Al2O3/
IZO) for use in next-generation electronic devices. The FT-
ReRAM is characterized by a good on–off ratio, low-voltage
operation, and good flexibility and transparency. The device
also exhibits excellent endurance and long retention, including
under bending, owing to the high flexibility of its IZO elec-
trodes and the thin Al2O3 layer. The conduction mechanism of
the resistive switching device was explained by ohmic con-
duction and Poole–Frenkel emission. The elemental composi-
tion of the FT-ReRAM was also analyzed using XPS analysis.
The FT-ReRAM was found to have a transmittance of higher
than 80% in the visible region (400–800 nm). We believe that
the present work will contribute to the development of next-
generation flexible and transparent memory devices.
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