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switching memory based on
oxygen-vacancy-controlled bilayer structures†

Kyuhyun Park and Jang-Sik Lee*

We fabricated resistive random access memory (RRAM) devices composed of a bilayer of AlOx. The AlOx

layer was synthesized by atomic layer deposition (ALD) with different oxidizer sources. To control the

number of oxygen vacancies, we used water and ozone as the oxidizer sources in ALD. The AlOx layer

synthesized using water as the oxidizer source (AlOx(water)) contained more oxygen vacancies than the

AlOx layer deposited using ozone as the oxidizer (AlOx(ozone)). We fabricated memory devices with

a structure of Al/AlOx(water)/AlOx(ozone)/Pt by ALD. After the initial forming process the devices showed

reproducible and reliable RRAM characteristics. Bipolar resistive change was observed in Al/AlOx(water)/

AlOx(ozone)/Pt RRAM devices with low operation voltages of less than 1 V. Ohmic conduction behavior

was dominant in the low resistance state and trap-controlled space-charge-limited conduction was

observed in the high resistance state. The resistive switching is related to migration of oxygen vacancies

and the formation/rupture of conductive filaments. Oxygen vacancies formed conductive filaments

when an electric field was applied, and Joule heating broke them. The reliability of the devices was

confirmed by data retention and endurance tests. The reliable bipolar resistive switching properties are

attributed to a stable conductive filament in the AlOx(water) layer and partial connection/disruption of

a conductive filament localized at the AlOx(ozone) layer.
Introduction

Resistive random access memory (RRAM) is a promising candi-
date for next-generation non-volatile memory (NVM), which
exploits the resistance change between high resistance state
(HRS) and low resistance state (LRS). RRAM has advantages such
as excellent cycling endurance, long-term retention, fast switch-
ing, low power consumption, andmultistate behavior.1–9Resistive
switching behavior has been reported in various materials such
as transition metal oxides, perovskites, metal halides, and chal-
cogenides.10 Recently, various oxidematerials, such as AlOx, TiOx,
HfOx, TaOx, ZnO, NiOx, and CuOx have been evaluated for use in
resistive switchingmemory.11–16 Of thesematerials, AlOx has great
potential in RRAM applications. In AlOx-based RRAM, conductive
laments are formed by assembly of oxygen vacancies (Vos). Due
to the Vos, the devices exhibit the RRAM characteristic.17,18 To
adjust the electrical characteristics of AlOx-based RRAM, forma-
tion and assembly of Vos must be controlled. Oxygen-decient
AlOx has been achieved by chemical vapor deposition (CVD),
magnetron sputtering, and pulsed laser deposition. However,
those methods cannot adequately control the number of Vos, or
deposit them uniformly deposition on a large surface.19–22
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To solve these problems, atomic layer deposition (ALD) has
been used to deposit stoichiometry-controlled oxide layers. ALD
is based on self-limiting reaction so it has unique characteristic
such as ability to deposit very uniform thin lms, and to control
thickness at the atomic scale. To use ALD to deposit
stoichiometry-controlled oxide layers, many researchers have
varied ALD conditions such as precursor exposure time,
oxidizer, deposition temperature, and inert gas.23–25

Moreover, to obtain reliable memory switching, a bilayer
structure such as WOx/NbOx, AlOx/WOx, HfOx/AlOx, ZrOx/HfOy,
TiOx/HfOx, TaOx/WOx, and TiOx/TaOx has been used in the
resistive switching layer in RRAM devices.26–34 Bilayer RRAM can
provide good RRAM characteristics such as reliable and
uniform electrical properties; stable resistive switching
characteristics.26–34

In this paper, we report use of ALD to control the amount of
Vos in AlOx(water)/AlOx(ozone) bilayer structures. The rst AlOx

layer was deposited using an ozone oxidizer; the second was
deposited using a water oxidizer. The deposition temperature
was 300 �C and the purging gas was Ar. The bottom electrode
was Pt and top electrode was active Al which can induce Vos in
the AlOx(water) layer. AlOx(water) layer contains more Vos than
does the AlOx(ozone) layer. Al/AlOx(water)/AlOx(ozone)/Pt
bilayer RRAM can provide reliable retention characteristic,
uniform switching voltages and stable resistance switching
properties compared to single oxide layer-based RRAM.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 I–V characteristic of Al/AlOx(water, 5 nm)/Pt and Al/AlOx

(ozone, 5 nm)/Pt structure.
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Experimental

To fabricate the bilayer Al/AlOx(water)/AlOx(ozone)/Pt structures
(Fig. 1), a 10 nm Ti layer was deposited on SiO2/Si substrate as
adhesion layer by e-beam evaporation in a vacuum of�5� 10�6

Torr. Then a Pt bottom electrode was deposited by sputtering.
AlOx was deposited by ALD at 300 �C. The metal precursor was
trimethylaluminum (TMA) and the oxidation source was water
(AlOx(water)) and ozone (AlOx(ozone)). Ar was used as the
purging gas during ALD. Aer deposition of the Pt bottom
electrode 3 nm of AlOx was deposited using an ozone as the
oxidation source. Then 3 nm of AlOx was deposited using
a water as the oxidation source. Finally, Al top electrodes with
diameter of 100 mm and thickness of 100 nm were deposited on
the AlOx layer by e-beam evaporation through a shadow mask.
The current–voltage (I–V) characteristic, data retention, and
endurance were measured using a semiconductor parameter
analyzer (4200-SCS, KEITHLEY) at room temperature (RT) and
atmospheric pressure, except the data retention measurement,
which was also performed at 85 �C and 125 �C. During electrical
measurements the Pt bottom electrode was electrically groun-
ded, and external bias was applied to the Al top electrode.
Results and discussion

The I–V curves of the Al/AlOx(5 nm)/Pt devices exhibit a bipolar
resistive switching under compliance current (CC) of 100 mA
(Fig. 2). We synthesized the single layer of AlOx by ALD under
water or ozone oxidizer. The AlOx(ozone) layer was more insu-
lating than the AlOx(water) layer. The AlOx(water) seems to have
more Vos than AlOx(ozone) layers; i.e., that the stoichiometry of
AlOx layer can be controlled by selecting an appropriate
oxidizer.35,36 Initial states of single layer-RRAM devices are
shown in Fig. S1.† In addition, resistive switching behavior of
single-layer RRAM device with AlOx(water) is shown in Fig. S2.†

The I–V characteristics of Al/AlOx(water)/AlOx(ozone)/Pt
devices exhibit bipolar resistive switching under CC ¼ 100 mA
(Fig. 3a). A forming process is generally needed for RRAM that
exploits conductive laments. In the forming process to form
conductive laments; a high voltage is required to overcome the
high resistance state of pristine state. Aer the forming process,
negative bias was applied from 0 to �2 V without a CC. Aer
initial forming under positive bias, the Al/AlOx(water)/AlOx-
(ozone)/Pt RRAM devices showed stable and uniform bipolar
switching behavior. The forming voltage was observed at 1.5 V
Fig. 1 Schematic of Al/AlOx(water)/AlOx(ozone)/Pt bilayer structures.

Fig. 3 (a) Typical I–V characteristics of Al/AlOx(water)/AlOx(ozone)/Pt
and (b) cumulative probability of current values read at �0.8 V.

This journal is © The Royal Society of Chemistry 2016
and CC was 100 mA. During the second voltage sweep at positive
bias, the device changed from the high-resistance state (HRS,
OFF state) to a low-resistance state (LRS, conductive ON state).
External bias was applied to the devices by sweeping the voltage
from 0 to 2 V. When the negative bias was applied, the current
declined gradually aer�0.8 V and the resistance changed from
LRS to HRS. Aer this reset process, a positive voltage was
RSC Adv., 2016, 6, 21736–21741 | 21737
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Fig. 5 I–V characteristic of Al/AlOx(water)/AlOx(ozone)/Pt with
application of (a) positive bias first and (b) negative bias first. I–V
characteristic of Al/AlOx(ozone)/AlOx(water)/Pt structure with appli-
cation of (c) positive bias first and (d) negative bias first.
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applied from 0 to 2 V, with CC ¼ 100 mA. Current increased
rapidly at set voltage Vset ¼ 0.6 V. These I–V characteristics were
measured under consecutive dc voltage sweeps (0 V / 2 V /

0 V / �2 V / 0 V). Voltage was controlled by the Al top elec-
trode. To investigate the distribution of HRS and LRS currents,
a cumulative distribution of current was calculated using
a single cell at �0.8 V (read voltage) during 50 cycles (Fig. 3b).

To determine the mechanisms of conduction and resistive
switching of Al/AlOx(water)/AlOx(ozone)/Pt structured RRAM
devices, a double logarithmic plot of the I–V curve was drawn in
HRS and LRS (Fig. 4). At low bias (<0.4 V) the slopes of the tted
lines in the double logarithmic plot were 1.001 at HRS and 1.014
at LRS; the similarity of the slope to ‘1’ indicates that conduc-
tion behavior is ohmic (I f V). In HRS under high bias (>0.4 V),
the slope of this line increased to 2.792; this is the Child's law
region. As the bias increased past the voltage required for the
transition from the ohmic to the space-charge-limited-current
(SCLC) regime, injected carriers dominated the conduction
behavior.37,38

To investigate the resistive switching mechanism, we
measured RRAM devices with Al/AlOx(water)/AlOx(ozone)/Pt
structure as above, and compared their characteristics to
RRAM devices with Al/AlOx(ozone)/AlOx(water)/Pt structure (i.e.,
AlOx layers exchanged) while applying positive or negative bias
at the top electrode. Al/AlOx(water)/AlOx(ozone)/Pt devices
exhibited reliable I–V characteristic, gradual reset behavior,
well-behaved bipolar lamentary switching and good unifor-
mity under application of positive bias rst (Fig. 5a), but
unstable I–V characteristic, abrupt reset behavior and poor
uniformity under application of negative bias rst (Fig. 5b). In
contrast, Al/AlOx(ozone)/AlOx(water)/Pt devices exhibited
unstable I–V characteristic, abrupt reset behaviour, and poor
uniformity (Fig. 5c) under application of positive bias rst, and
unstable I–V characteristics, gradual reset behaviour, and poor
uniformity (Fig. 5d) under application of negative bias rst.

To determine how the Al top electrode affects the device, we
fabricated one with a Pt top electrode instead of an Al top
electrode. The I–V characteristics of the Pt/AlOx(water)/AlOx-
(ozone)/Pt RRAM were similar to those of the Al/AlOx(water)/
AlOx(ozone)/Pt devices, such as the gradual reset behavior, set
Fig. 4 Double logarithmic plot of LRS and HRS regions. Linear fitting is
shown in the figure.

21738 | RSC Adv., 2016, 6, 21736–21741
and reset voltage (Fig. 6). However, the Pt/AlOx(water)/AlOx-
(ozone)/Pt devices were not reliable. Only the devices with Al
top electrode showed stable switching behavior.

These results suggest that the switching mechanism of Al/
AlOx(water)/AlOx(ozone)/Pt devices is based on the difference in
the number of Vos in the two AlOx layers. The AlOx(water) layer
has a large number Vos, so conductive laments remain stable,
whereas the AlOx(ozone) layer has few Vos, the conductive la-
ments partially disassociate. When negative bias is applied,
electrons move from the top electrode to the bottom electrode.
During this process, the current density increases in interface
between AlOx(water) and AlOx(ozone) layer, and conductive
laments partially dissociate in the top part of AlOx(Ozone)
layer (Fig. 7). The active Al top electrode which contacts the AlOx

layer deposited using water oxidant increases the number of Vos
in AlOx(water). It will be very important to know the exact oxygen
vacancy concentrations for understanding the exact nature of
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 I–V characteristic of Pt/AlOx(water)/AlOx(ozone)/Pt structure.

Fig. 7 Schematics illustration for switching mechanism.

Fig. 8 Reliability of Al/AlOx(water)/AlOx(ozone)/Pt devices. (a) Endur-
ance measurement. (b) Data retention properties measured at RT,
85 �C, and 125 �C.
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defects in the resistive switching layer. We synthesized both
oxide layers with the same thickness and conditions other than
oxidizers (water vs. ozone), but the current–voltage response
was very different. Although the exact vacancy concentration is
not available it is possible to conclude that the defect concen-
tration is very different according to oxidizers (Fig. S1†).

The cycling endurances of Al/AlOx(water)/AlOx(ozone)/Pt
devices were measured using consecutive ac voltage pulses to
verify the electrical stability under Vset ¼ +2 V and Vreset ¼ �2 V
(Fig. 8a). The width of the voltage pulse was 10 ms and the read
voltage was �0.3 V. The endurance characteristics varied
slightly over time, but both LRS and HRS states retained the
memory window without failure for up to 500 cycles. To esti-
mate the non-volatile memory characteristic, data retention
tests were performed at RT, 85 �C and 125 �C (Fig. 8b). Both LRS
and HRS were read at �0.3 V for 104 s. The current uctuated,
but the memory window was not signicantly degraded at any
temperature. The stable retention property at elevated temper-
ature (85 �C and 125 �C) indicates good reliability, and shows
thermal stability with constant resistance ratio. From retention
and endurance characteristics, we conclude that Al/AlOx(water)/
AlOx(ozone)/Pt RRAM devices have high uniformity and
reliability.

In the Al/AlOx(water)/AlOx(ozone)/Pt RRAM devices,
conductive laments remain stable in the AlOx(water) layer but
the laments partially dissociated in the AlOx(ozone) layer
because the oxide layers have different amounts of Vos. Because
laments partially dissociated in the AlOx(ozone) layer during
This journal is © The Royal Society of Chemistry 2016
reset process, Al/AlOx(water)/AlOx(ozone)/Pt RRAM devices
exhibit the gradual reset behavior and immune to hard break-
down. The set and reset processes are normally affected by the
competition among different lamentary paths at randomly
uncertain lament sizes, orientations, and locations, so the
process has a random component. However the Al/AlOx(water)/
AlOx(ozone)/Pt RRAM devices have restricted set and reset area,
resulting in good uniformity and reliability. To ensure the
different amounts of Vos between AlOx(water) and AlOx(ozone)
layer, top electrode is active Al which contacts the AlOx(water)
layer and increases the number of Vos in AlOx(water).

In this experiment, we optimized the bilayer RRAM devices
composed of Al/AlOx(water)/AlOx(ozone)/Pt structures; to
control the number of Vos, we used two oxidizers. When water
was used as the oxidizer the AlOx layer had more Vos than when
ozone was used as the oxidizer. Because the oxide layers have
different amounts of Vos conductive laments remain stable in
the AlOx(water) layer which has a large number of Vos but the
laments partially dissociated in the AlOx(ozone) layer, which
has relatively fewer Vos. Use of an active Al top electrode, can
increase the number of Vos in the AlOx(water) layer. The devices
exhibit reproducible and reliable RRAM characteristic due to
RSC Adv., 2016, 6, 21736–21741 | 21739
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partial dissociation of conductive laments in the AlOx(ozone)
layer.

The main purpose of this work is to show the fabrication of
reliable memory devices based on bilayer structure with the
same oxide material by changing the oxidizer during deposi-
tion. This is very versatile and facile way to fabricate the bilayer
structure with different defect concentrations. In addition, this
method can simplify the fabrication processes and can effec-
tively reduce the process cost/time.
Conclusions

We used ALD to fabricate RRAM devices composed of Al/
AlOx(water)/AlOx(ozone)/Pt structure. Aer the initial forming
process, the devices exhibit reliable and reproducible bipolar
resistive switching behavior. Set voltage (Vset) was 0.6 V and
reset occurred gradually aer �0.8 V. Our devices exhibit stable
bipolar switching behavior, switching endurance >500 cycles,
and data retention for 104 s at 125 �C. The conduction mecha-
nism was ohmic in LRS and trap-controlled SCLC in HRS. The
resistive switching mechanism is related to migration of Vos,
which form conductive laments when an electric eld is
applied. Joule heating breaks the laments in AlOx(ozone) layer.
Conductive laments remain stable in the AlOx(water) layer
which has a large number of Vos, whereas the laments partially
dissociate in the AlOx(ozone) layer. This work can be a good
solution to fabricate reliable RRAM devices since the fabrication
process is simple and only single resistive switching material is
needed.
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