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Abstract

Lately resistive switching memories (ReRAM) have been attracting a lot of attention due to their
possibilities of fast operation, lower power consumption, simple fabrication process and they can
be scaled to very small dimensions. However, most of these ReRAM are produced by physical
methods and nowadays the industry demands more simplicity typically associated with low cost
manufacturing. As such, ReRAMs in this work are developed from a solution-based aluminum
oxide (Al2O3) using a simple combustion synthesis process. The device performance is
optimized by two-stage deposition of the Al2O3 ﬁlm. The resistive switching properties of the
bilayer devices are reproducible with a yield of 100%. The ReRAM devices show unipolar
resistive switching behavior with good endurance and retention time up to 105 s at 85 °C. The
devices can be programmed in a multi-level cell operation mode by application of different reset
voltages. Temperature analysis of various resistance states reveals a ﬁlamentary nature based on
the oxygen vacancies. The optimized ﬁlm was stacked between ITO and indium zinc oxide,
targeting a fully transparent device for applications on transparent System-On-Panel technology.
Supplementary material for this article is available online
Keywords: solution combustion synthesis, resistive switching memory, transparent device,
aluminum oxide (Al2O3)
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(Some ﬁgures may appear in colour only in the online journal)
efﬁcient memories has grown [1, 4, 6, 7]. Resistive random
access memory (ReRAM) has attracted a renewed interest due
to many advantages, including high switching speed, low
power consumption and high density with a simple structure
[6–8]. A ReRAM memory cell is a metal-insulator-metal
(MIM) structure composed of a resistive switch medium, such
as metal oxides, which could be easily integrated with
existing CMOS technology [4, 9]. Moreover, the high density
mass storage could be supported by multi-level cell (MLC)
operations in ReRAMs [10–12]. The resistive switching
phenomenon has been observed in a wide variety of insulator
oxides, such as Ta2O5, TiO2, HfO2, ZrO2 and Al2O3 [13–20].
The resistive switching in these materials occurs after an
electroforming process known as dielectric soft breakdown.

1. Introduction
New materials and device concepts have been studied in the
semiconductor industry to surpass various technological
limitations [1–3]. Due to their high density and low fabrication costs, the most prominent, non-volatile memories today
are ﬂash memory devices [1, 4, 5]. Nevertheless, these suffer
from low endurance, low write speed, and high voltage
requirements for write operations. In addition, the increasing
density of ﬂash is expected to run into physical limits, which
is not compatible with the internet of things [4]. Taking that
into account, a huge demand for fast, small and power
1
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Table 1. Performance comparison of solution-based aluminum oxide ReRAM.

Year
2016 [42]
2017 [23]
2017 [11]
This work

a

BE

Al
Ti/Pt
Ti/Pt
Ti/Pt

b

TE

Hg
Ti
Ti
Ti/Au

d (nm)
90
n.a.
n.a.
66

SBc
Bipolar
Bipolar
Bipolar
Unipolar

CCd (mA)
n.a.
10
10
1

Set (V)
10.8
0.9
1.1
−2.2

Reset (V)
12.4
−1.5
−1.8
−0.6

RON/OFF
3

10
102
103
105

Retention (s)

Endurance

n.a.
104
104
105

100/100
150/150
100/100
100/100

a

Bottom electrode.
Top electrode.
Switching behavior.
d
Current compliance.
d: Al2O3 ﬁlm thickness, n.a.—not available.
b
c

and retention time of up to 105 s at 85 °C in vacuum, which
surpass the state-of-the-art. Since transparent devices have
attracted a lot of research interest in portable and consumer
electronics such as ﬂat panel displays, touch panels, optical
sensors and smart windows, Al2O3 ﬁlms with the optimized
layer structure were stacked between transparent conductive
oxide (TCOs) electrodes.

Once defects reach a critical density, a template of ReRAM
device is obtained. Partial rupture/formation of the conducting ﬁlament (CF) results in different resistance states.
Among these materials, Al2O3 is the most abundant
(noncritical raw material) and has promising resistive
switching properties, as well as good breakdown ﬁeld and
good thermal stability [21, 22]. Aluminum oxide has been
widely reported for use in resistive switching devices with
various memory structures fabricated via different techniques
such as ALD, thermal oxidation and sputtering [22–32].
According to the literature these structures with Al2O3 show
unipolar and bipolar properties depending on the processing
conditions [10, 22, 24, 27, 33]. Using a unipolar ReRAM
array, the selector circuit structure could potentially be simpliﬁed with the integration of a diode and a unipolar ReRAM.
Due to good scaling potential and ease of fabrication,
applying a passive component is preferred [7, 34]. It is widely
accepted that the switching mechanism is the consequence of
oxygen vacancies and oxygen ion formation in the Al2O3 thin
ﬁlm [27, 29, 31, 35–38]. Nevertheless, the conduction
mechanism could change according to the resistance
states [10].
Lately, solution-based memories have gained a lot of
attention due to their low cost manufacturing, simplicity,
comparable performance to those of high vacuum techniques,
and good ﬁlm uniformity in large areas [21, 39, 40]. Inkjet
printing, dip-coating and spin coating are the techniques most
used for solution processing oxide semiconductors and insulators in memory applications [39, 41–43]. However, only a
few reports have been done on solution-based aluminum
oxide memories, as depicted in table 1 [11, 23, 42]. Since
2011, combustion synthesis has been used to improve thin
ﬁlm transistor performance, however, until now it has not
been applied to memory production [44]. In this synthesis an
oxidizer (nitrates) and a fuel (urea, citric acid) are added to the
precursor solution. During the annealing process an exothermic reaction occurs, resulting in a reduction of the external
heat required for the ﬁlm formation; the removal of organic
solvents and ﬁlm densiﬁcation lead to high-quality
ﬁlms [21, 44].
In this work, we report for the ﬁrst time solution-based
unipolar aluminum oxide memories and study the inﬂuence of
subsequent depositions using combustion synthesis (SCS) on
the device performance. The ReRAM bilayer devices show
unipolar resistive switching behavior with good endurance

2. Experimental section
2.1. Precursor solution development

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Fluka, 98%)
was dissolved in 2-methoxyethanol (2-ME, C3H8O2, ACROS
Organics, 99%), to yield a solution with an Al3+ ion concentration of 0.2 M. The fuel (Urea, Sigma, 98%) was then
added to the solution and maintained under constant stirring
for 24 h. The urea to aluminum nitrate molar proportion was
2.5:1 in order to guarantee the redox stoichiometry of the
reaction. The precursor solution was ﬁltrated before use.

2.2. Film deposition and characterization

Prior to deposition, all substrates were cleaned as mentioned
in a previous report [21]. Thin ﬁlms were deposited by spin
coating for 35 s at 2000 rpm (Laurell Technologies), forming
a single (30 nm) and a bilayer (66 nm) of aluminum oxide.
Each deposition was followed by an immediate annealing at
500 °C on a hotplate for 30 min in air. Before the second layer
deposition a 10 min UV/Ozone surface treatment was
performed.
Optical properties were obtained using a Perkin Elmer
lambda 950 UV/VIS/NIR spectrophotometer by measuring
transmittance (T) in the wavelength range of 190–800 nm.
The ﬁlm structure was assessed by glancing angle x-ray
diffraction (XRD) performed by an X’Pert PRO PANalytical
powder diffractometer using Cu Kα line radiation
(λ=1.540 598 Å) with an angle of incidence of the x-ray
beam ﬁxed at 0.9°. Fourier transform infra-red (FTIR)
spectroscopy data of thin ﬁlms deposited on Si substrates
were recorded using an attenuated total reﬂectance (ATR)
sampling accessory (Smart iTR) equipped with a single
bounce diamond crystal on a Thermo Nicolet 6700
2
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Spectrometer. The spectra’s were acquired as reported in a
previous article [21].
X-ray photoelectron spectroscopy (XPS) was measured
with a Kratos Axis Supra, using monochromated Al Kα
irradiation (1486.6 eV). The detail spectra were acquired
under an emission angle of 90° with a pass energy of 5 eV,
resulting in an energy resolution better than 0.45 eV. The
quantiﬁcation of the elemental composition was done by
dividing the integral peak intensity by the respective relative
sensitivity factor of the instrument [45].

performed. The Al 2p and O 1s emissions are shown in
ﬁgure 1(b). The Al 2p binding energy is found at 74.7 eV in
the monolayer and the bilayer. Since this result is similar to
values from literature in which charge referencing to C 1s was
used, it can be concluded that our measurements did not
suffer from artefacts due to charge accumulation [45].
A peak of metallic platinum (Pt 4f) at 71 eV is observed
in the monolayer and not in the bilayer. This means that Pt
intermixes with Al2O3 during the ﬁlm formation in the ﬁrst
layer. By using angle-resolved XPS it can be shown that with
increased surface sensitivity the Pt signal disappears, therefore the estimated depth from the surface up to which no
platinum is present is approximately 5 nm (ﬁgure S2 in the
supporting information). Besides the platinum signal in the
monolayer sample, the surface contains oxygen and aluminum as the main components, and a small percentage of
carbon for all samples. Due to the convolution of the Pt 4f5/2
p and Al 2p peak, the Al 2s emission was used to calculate the
O/Al ratio (spectra not shown here). After the ﬁrst and second deposition, the O/Al ratio is approximately the same,
1.29 and 1.27, respectively.
In order to study the thin ﬁlm’s transparency, the optical
transmittance of the Al2O3 bilayer (66 nm) and the full
transparent memory (ITO/Al2O3/IZO) were measured,
showing 91% and 80% of transmittance respectively, as
depicted in ﬁgure 1(c).
The produced Al2O3 thin ﬁlms were also characterized
with ATR-FTIR before and after annealing at 500 °C in order
to monitor organic residues removal, as shown in ﬁgure S3 in
the supporting information.
The structure of solution-based aluminum oxide thin
ﬁlms was investigated by XRD, as shown in ﬁgure S4 in the
supporting information. The absence of diffraction peaks
reveals that amorphous thin ﬁlms are obtained for the aluminum oxide even upon annealing at 500 °C. Since the thin
ﬁlms are amorphous, they have no grain boundaries, low
leakage current, and low surface roughness, thus improving
device performance. High-resolution SEM-FIB cross-section
images of the memories (Ti/Pt/Al2O3/Ti/Au) were performed to measure the ﬁlm’s thickness. The single-layer
Al2O3 thin ﬁlm has a thickness of about 30 nm (ﬁgure S5 in
the supporting information) and the double-layer thin ﬁlms
have a thickness of about 66 nm, as depicted in ﬁgure 1(d).
Note that there is a considerable difference between the Al2O3
thickness from the SEM cross-section and the Pt found up to
5 nm below the surface. This is most likely due to the intermixing of the two materials at the interface and the limited
resolution of the SEM.
The I–V curves of Ti/Pt/Al2O3/Ti/Au devices exhibit
unipolar resistive switching under a current compliance (CC)
of 1 mA for the different thicknesses as depicted in
ﬁgures 2(a), (d). For both conditions 36 devices were measured. A low forming voltage at the negative side (∼−2 V)
equivalent to the set voltage is required. These I–V characteristics were measured under consecutive DC voltage
sweeps and the voltage was controlled through the Au top
electrode.

2.3. Memory fabrication and characterization

MIM structures were fabricated on glass substrates (1737,
Corning) as shown in ﬁgure 1(a). The bottom electrode, a Ti/
Pt bilayer of 20 and 50 nm was ﬁrst deposited on the substrate
by e-beam evaporation (homemade apparatus). Then aluminum oxide ﬁlms were deposited as described above. After
that, a multilayer of Ti/Au, 6 nm and 60 nm, respectively,
was deposited by e-beam evaporation as the top electrode.
For the transparent memories commercial glass/ITO was
used as the bottom electrode, followed by the spin coating of
an aluminum layer as previously described. To ﬁnalize the
device, a 100 nm ﬁlm of amorphous indium zinc oxide (IZO)
was deposited as top electrode by RF magnetron sputtering
from an IZO target at room temperature [46].
An array of top electrodes with an area of
1.96×10−3 cm2 was deposited through a shadow mask.
Each top electrode represents an individual device. The
electrode size observed by optical microscopy can be found in
the supporting information (ﬁgure S1 is available online at
stacks.iop.org/NANO/0/000000/mmedia).
The ﬁlm thickness was obtained by scanning electron
microscopy analysis of the sample’s cross-section prepared
by focused ion beam using Ga+ ions (SEM-FIB, Zeiss Auriga
Crossbeam microscope).
The quasi-static I–V characteristics of the devices were
measured using Keithley 4200 SCS semiconductor analyzer
connected to the Janis ST-500 probe station. The bias was
applied to the top electrode. The temperature analysis of
memories was measured under vacuum, using a Lakeshore
model 336 temperature controller with liquid nitrogen used as
the refrigerant.

3. Results and discussion
Solution combustion synthesis (SCS) has been crucial to the
boosting of precursor conversion into metal oxides [44]. This
method has been applied to optimize the performance of TFT
constituent layers and will now be applied for the ﬁrst time to
solution-based memories.
Figure 1(a) shows the schematic of the memories produced with a monolayer or bilayer of aluminum oxide using
metals (Ti/Au and Ti/Pt) and TCOs (ITO and IZO) as
electrodes.
To further investigate the aluminum oxide and the effect
of the subsequent depositions, XPS measurements were
3
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Figure 1. (a) Schematic of memory structure; (b) XPS of Al 2p and O 1s emissions of solution-processed Al2O3 ﬁlms with one and two
layers; (c) optical transmittance of aluminum oxide bilayer on glass and of ITO/Al2O3/IZO; (d) high-resolution SEM-FIB cross-section
image of the bilayer (66 nm) Al2O3 thin ﬁlm.

working, showed a short-circuit like behavior. This outcome
is explained by the diffusion of Pt up to 5 nm below the Al2O3
thin ﬁlm surface, which results in an ultrathin layer of intact
Al2O3 in the memory without any Pt diffusion. Note that both
XPS and SEM-FIB cross-sections where obtain from the
center of the sample area.
Figure 2(d) shows the bilayer Al2O3 memory which
revealed better endurance when compared with the monolayer, reaching 100 cycles (ﬁgure S6(a) in the supporting
information). The resistance states uniformity measured in

In the case of the single-layer Al2O3, the memory showed
a stable and uniform switching behavior (ﬁgure 2(a)), however after 19 cycles it was not possible to switch the memory
on (ﬁgure 2(b)), showing low endurance. The device presented a good retention of up to 105 s in air, with an RON/OFF
ratio of 105 with a small degradation in the end. Figure 2(c)
shows the set and reset voltage, which had a small deviation
of (−2.1±0.4) V and (−0.7±0.2) V respectively, that
could be explained by the unpatterned Al2O3. Most of the
working devices were in the outer limits of the substrate,
reducing the yield to 30%. The memories that were not
4
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Figure 2. Ti/Pt/Al2O3/Ti/Au electrical characterization of both memory conditions, monolayer (30 nm) and bilayer (66 nm): (a), (d) I–V

characteristic endurance, (b), (e) retention time characteristics and, (c), (f) set and reset voltage average.

100 cycles is shown in ﬁgure S6(b) of the supporting
information.
Taking that into account, retention tests were also performed at 85 °C in vacuum to verify the reliability of the
devices. For both temperatures a good retention of 105 s with
RON/OFF ratio of 105 was achieved, showing no signiﬁcant
degradation of HRS and LRS; this indicates that the device
could maintain these properties for 10 years, as depicted in
ﬁgure 2(e). In terms of set and reset voltage, this device also
showed a small deviation of (−2.2±0.6) V and (–0.6±0.1)
V, respectively, as shown in ﬁgure 2(f). The yield as compared to the monolayer memories was also improved, for the
ﬁrst time achieving 100% for these particular device types.
Note that an ultrathin layer of oxidized titanium at the
interface of Al2O3 and Ti contact is formed due to the oxygen-getter property of titanium. This layer leads to a chemically reactive contact which reduces the Al2O3 and creates a
high concentration of oxygen vacancies at the Al2O3 interface
with the top contact. This increases the local conductivity
close to the top aluminum oxide interface [2]. This is in line
with the I–V characteristics of the pristine state, which show a
rectifying behavior (ﬁgure S7 in the supporting information).
A higher electron barrier is observed at the Pt/Al2O3 contact
compared to the Al2O3/Ti/Au contact. Thus, a preferential
negative electroforming at lower voltages can maintain the
self-selecting resistive switching scheme.
A MLC operation can be obtained in the bilayer Al2O3
memories during the reset process. Figure 3(a) shows an
example of I–V characteristics during the set and reset, and
ﬁgure 3(b) the results of a retention test for distinct two-

resistance states at room temperature. This was performed in
order to verify the reliability of the multi-level operation. To
obtain MLC characteristics the reset process was adjusted in
two different reset voltages. Once the device is programmed
in one state, either level 1 (−0.5 V) or level 2 (−0.9 V), a
good retention time of 104 s is obtained. Higher voltage
amplitudes accelerate local joule heating of the see [47] Thus,
the MLC operation is due to a thermal-assisted electric ﬁeld
rupture model of the CF.
The ﬁtting of typical I–V characteristics in a log–log scale
is shown in ﬁgure 4(a). The space-charge-limited conduction
(SCLC) mechanism following ohmic conduction in the low
voltage region, square law (from 0.7 to 1.05 V) and steep
increase region for voltages >1.1 V were observed at the offstate. The on-state shows ohmic behavior (slope of 1), indicating the presence of highly conductive paths. The results are
in agreement with other reports on Al2O3 memories
[23, 29, 30].
At the low resistance state (on-state), temperature
dependency is very weak with an activation energy (Ea) of
0.005 eV while the intermediate resistance state shows slight
thermal activation (Ea=0.069 eV), as observed in
ﬁgure 4(b). The trend of resistance versus temperature reveals
a degenerated semiconducting-like phase as the nature of
the CFs.
Based on the above presented results, the proposed
mechanism of these unipolar or thermochemical resistive
switching devices is the following: A ﬁlamentary thermal
breakdown of the oxide increases the local doping between
the top Ti contact (oxygen-poor region) and the bottom
5
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Figure 3. (a) Typical I–V memory characteristics showing set and the

Figure 4. (a) I–V characteristics of Ti/Pt/Al2O3/Ti/Au device
plotted in log–log scale, showing a space-charge-limited conduction
mechanism; (b) temperature analysis of the memory in different
resistance states.

reset with multi-level cell (MLC) operation; (b) multi-level retention
characteristics for different reset voltages.

electrode (oxygen-rich region). The electroforming is an
irreversible process, and the CFs are never completely ruptured during set/reset operation. Thus, the set process always
occurs at the lower voltages. In the reset process different stop
voltages result in the partial thermal rupture (nano-scale
antifuse process) of the CFs into variable sizes, which is then
associated with the different resistance states. The interrelated
effects of ohmic and SCLC conduction mechanism probably
alter the activation energy of the intermediate state.
A fully transparent bilayer Al2O3 ReRAM was produced
by replacing metallic electrodes with TCOs, ITO as bottom
and IZO as top electrode. Figure 5(a) represents the typical I–
V curve of transparent unipolar memory writing and erasing.
The set occurs when a negative bias voltage (0 to −6 V) is
applied; an abrupt increase in the current was observed at
−4.2 V, achieving the LRS. A compliance (CC) of 1 mA was
established to prevent device breakdown. To reset the memory a negative bias voltage (0 to −4.5 V) was applied without
CC, and the memory reverted to the HRS at –4 V due to the

joule effect. Figure 5(b) shows the retention of the
ITO/Al2O3/IZO memory. The device revealed a reliable
retention of up to 104 s with a RON/OFF ratio of 104 without
deterioration. Table S1 in the supporting information depict
other oxide transparent memories, and this is the ﬁrst report of
aluminum oxide obtained via a solution-based method for
such devices.
Although their performance is not as good as that of nontransparent memories, these results clearly demonstrate the
feasibility of a cost-effective System-On-Panel approach for
transparent electronics.

4. Conclusions
In this work, we demonstrate for the ﬁrst time the use of
solution combustion synthesis (SCS) in the production of
aluminum oxide memories. The physical properties of the
6
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