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We report the integration of one selection diode and one resistive-switching memory
element (1D1R) structure based on a GaAs diode on germanium-on-insulator on a
Si substrate integrated with Cr/TaOx/Al memory element. The 1D1R device showed
unipolar resistive-switching with an ON/OFF resistance ratio of over 102 within the
voltage range 1.1 V–2.0 V. In the low resistance state, a forward-to-reverse current
ratio of 60 was obtained at ±1 V. © 2013 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4820421]

The resistive random-access memory (ReRAM) is an emerging non-volatile memory with the
potential to overcome the limitations of the Flash memory. The ReRAM has attributes such as a
simple structure, high scalability, low power consumption, and CMOS process compatibility.1 To
date, many transition metal-oxides have been reported as resistive-switching material such as HfOx ,2
TiOx ,3 NiOx ,4 and TaOx .5–7 TaOx -based ReRAM has shown highly reliable performance because of
its small Gibbs energy of the reduction and oxidation reaction.5
To achieve high-density integration, the ReRAM may be integrated in a crossbar architecture
or in a three-dimensional architecture. Using the resistive-switching memory element alone in such
architectures suffers from the crosstalk problem due to sneak paths through neighbouring cells.8
One solution is to integrate a selection device such as a diode. The selection diode has to provide a
sufficiently high rectifying ratio for the suppression of the leakage current. The poly-Si diode used
in phase-change memory has shown a high forward current density and a high rectifying ratio.9 The
major drawback is the very high temperature in the silicon crystallization process.10 We propose
to use the GaAs in the selection diode which has a much lower processing temperature and higher
carrier mobility.
In this study, we integrated a Cr/TaOx /Al ReRAM device with a GaAs diode grown on
germanium-on-insulator (GeOI) on a Si substrate. The standalone one resistive-switching memory element (1D1R) device was fabricated by standard photolithography process and its resistiveswitching behavior is examined.
Structure preparation: The GaAs diode structure was grown by the solid-source molecular
beam epitaxy (MBE) technique on a 2 cm × 2 cm GeOI/Si substrate. The substrate consisted of a
70 nm p-type Ge 10◦ off-cut towards the 111 plane on top of a 100 nm SiO2 layer on the Si host
substrate. Prior to the growth, the GeOI/Si substrate was cleaned by being briefly rinsed in a diluted
HF solution (HF:H2 O in a 1:10 ratio) and a diluted H2 O2 solution (H2 O2 :H2 O in a 1:10 ratio). In
the MBE chamber, the substrate was degassed at 350 ◦ C and was heated to 640 ◦ C to desorb the
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FIG. 1. Illustration of the process flow for 1D1R integration. (a) Growth of the GaAs diode structure on the GeOI/Si
substrate. (b) Memory element sputtering and lift-off. (c) GaAs diode etching. (d) Surface passivation and metallization.
(e) Cross-sectional TEM images from the device fabricated.

surface oxide and to create double-atomic steps on the Ge surface. The double-atomic steps on the
Ge surface help to eliminate the anti-phase domains (APDs) in the subsequent GaAs growth.11
A 10-monolayer migration-enhanced epitaxy of GaAs was grown first at approximately 250 ◦ C
at an effective rate of 0.1 μm/h as a seeding layer. The subsequent GaAs diode layers were grown
at a standard growth temperature of 580 ◦ C at 1 μm/h. The diode consists of a 150 nm p-type GaAs
layer doped with Be at a concentration of 1 × 1019 cm−3 , a 100 nm un-doped GaAs layer, and a 50
nm n-type GaAs layer doped with Si at a concentration of 6 × 1018 cm−3 . A 15 nm InGaAs layer
was grown as a capping layer with the same Si doping concentration, as illustrated in Fig. 1(a).
The surface of the sample was then patterned with a photoresist to define the location of the
memory element. The memory element was sputtered onto the sample at room temperature. Prior to
the deposition of the 100 nm Al bottom electrode used in the one-resistor (1R) structure,6 a 10 nm
Ni layer was deposited to form an Ohmic contact with the InGaAs layer. The thickness of the TaOx
layer was 8 nm using the Ta2 O5 sputter target. The Cr top electrode was 100 nm thick.
Device fabrication: The 1D1R device fabrication was performed using the standard photolithography process. The mesa of the 1R cell was formed using a lift-off step after the sputtering
[Fig. 1(b)]. The GaAs layers were etched down to the bottom contact layer using a H2 SO4 :H2 O2 :H2 O
(1:5:200) solution. The 1R cell was used as the etch mask in the wet etching step [Fig. 1(c)]. The
sample surface was passivated with a 400 nm SiO2 layer. Finally, contact pads consisting of Ti
(50 nm)/Au (200 nm) were deposited using electron-beam evaporation, and patterned by lift-off
[Fig. 1(d)]. The 1D1R samples were annealed at 330 ◦ C and 360 ◦ C for 1 min to reduce the contact
resistance.
The cross-sectional transmission electron microscopy (TEM) images [Fig. 1(e)] show the
Cr/TaOx /Al memory on the GaAs diode stack. A minimal number of APDs are found at the GaAs/Ge
interface. These APDs are expected to self-annihilate in pairs within approximately 100 nm11 in the
GaAs layer. Therefore, they should not propagate into the junction region of the diode.
The current-voltage characteristics were measured by an Agilent Semiconductor Parameter
Analyzer HP4156B at room temperature. The top electrode of the memory element was grounded,
and the voltage of the bottom contact pad connected to the p-type GaAs layer was swept. A positive
voltage forward biases the diode of the 1D1R structure. In the 1D1R and 1R structures, the asfabricated memory element was in a high-resistance state (HRS). It was switched to a low-resistance
state (LRS) by an initial voltage sweep with a current compliance. During this “forming process,”
the oxygen vacancies form conducting filament(s) in the TaOx layer.6, 12 The corresponding voltage
that forms the conducting filament(s) is VFORM . After the forming process, the device at the LRS
can be reset to a HRS by applying a voltage sweep to the threshold voltage, VRESET, without current
compliance. In unipolar resistive-switching, this reset process is dominated by thermally assisted
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FIG. 2. Current-voltage characteristics for the 1D1R, 1R, and 1D devices (normalizing to a device with a mesa diameter of
90 μm).

local re-oxidation (Joule heating),12, 13 which ruptures the conducting filament(s). After the reset
process, the device can be set to a LRS by sweeping to the threshold voltage, VSET , which re-links
the ruptured filament(s). During the measurement, the compliance current for the set and forming
process was limited to 1 mA.
Figure 2 shows the current-voltage characteristics for the 1D (GaAs diode on GeOI/Si), 1R
(Cr/TaOx /Al on SiO2 /Si), and integrated 1D1R (annealed at 330 ◦ C) devices having the same mesa
diameter of 90 μm. The 1D and 1D1R devices had the same diode structure, while the 1R and 1D1R
devices had the same memory structure. It should be noted that the 1D and 1D1R devices were
fabricated using similar processes while the 1R device was fabricated separately.
GaAs diode on GeOI/Si: The 1D structure showed typical rectifying characteristics. The turnon voltage was about 0.7 V. The forward-to-reverse current ratio was typically 4.5 × 102 at ±2 V.
The forward current densities were 276 A/cm2 and 508 A/cm2 at 2 V and 3 V, respectively. In the
reverse bias condition, the leakage current density at −1 V was 0.018 A/cm2 , which is lower than
what was reported in an earlier work (1.90 A/cm2 ) using a similar layer structure.14 The improvement
resulted from the thicker bottom GaAs layer (150 nm versus 80 nm), which acted as a buffer layer.
Therefore, the junction is less affected by imperfections at the GaAs/Ge interface.
Cr/TaOx /Al memory element and 1D1R integration: The forming voltages for the 1R and
1D1R devices were 4.4 V and 3.08 V, respectively. The higher forming voltage indicates that TaOx
in the 1R structure had a better dielectric quality through sample preparation. For the 1R device, the
set and reset voltages were ∼1.47 V and ∼1.25 V, respectively (the reset current was 5.25 mA). In
the LRS, the 1R device had a higher current than the 1D device had in the forward bias region. This
indicates that, in the 1D1R integrated structure, the forward current was limited by the diode.
For the 1D1R device, the set and reset voltages were ∼3.28 V and ∼2.65 V, respectively. These
voltages are higher than the set and reset voltages of the 1R alone. This is due to the voltage drop
across the resistance from the diode. However, the 1D1R device had a lower reset current of 1.46 mA.
When the VRESET is higher, the reset current required is lower since the reset process is dominated
by Joule heating (∼IRESET 2 ∗R).12 In the LRS state, the 1D1R device had a similar leakage current
as the 1D device had. This suggests that the diode suppressed the current flow through the memory
element. The forward-to-reverse current ratio was ∼60 at ±1 V for the 1D1R device annealed at
330 ◦ C.
The equivalent circuit for the Cr/TaOx /Al memory element is a resistor in parallel with a parasitic
capacitor. The capacitance (C = (εr · ε0 · A)/d) is approximated to be 176 pF, where εr (25) is the
dielectric constant of Ta2 O5 , ε0 (8.854 × 10−12 F/m) is the vacuum permittivity, A is the area of
the 1D1R, and d is the thickness of TaOx layer. Similarly, the capacitance from the intrinsic layer
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FIG. 3. Resistance-voltage characteristics for 1D1R devices under different post-annealing temperatures.

of the GaAs diode is about 7 pF. During the current-voltage measurement, the voltage was slowly
swept from −1 V to VSET in approximately 2 V/s. The transient current (i = C · d V /dt) flowing
through the parasitic capacitance of TaOx layer was 0.35 nA which was negligible as compared with
the current flowing through the conducting filament(s).
1D1R resistance characteristics: Figure 3 shows the resistance-voltage characteristics for the
same 1D1R devices annealed at two different temperatures. For the device annealed at 330 ◦ C, the
HRS and LRS resistances were 370 k and 3.3 k at 1.5 V. The HRS/LRS resistance ratio was
above 102 within the voltage range 1.1 V–2 V. The 1D1R device annealed at 360 ◦ C had HRS and
LRS resistances of 7.5 M and 2.1 k at 1.5 V. It showed a higher HRS/LRS resistance ratio of
above 3 × 103 within the voltage range 0.9 V–1.7 V.
Under the reverse bias condition, the resistance for the device annealed at 330 ◦ C was almost the
same regardless of the switching states. However, for the device annealed at 360 ◦ C, its resistance
at the LRS decreased when the diode was in reserve bias. This is undesirable because the leakage
current may cause errors in reading the resistance state of the adjacent cell in a crossbar architecture.
The higher annealing temperature (360 ◦ C) thus degraded the diode performance.
A 1D1R standalone memory cell consisting of a TaOx -based resistive-switching memory element and a GaAs diode on GeOI on a Si substrate was fabricated. The resistive-switching capability
of the 1D1R structure was demonstrated. High resistance ratio (102 –103 ) between HRS and LRS was
achieved. The forward-to-reverse current ratio was ∼60 at ±1 V. The 1D1R operated at a generally
low bias condition (VSET ∼3.28 V) which is comparable to other reported 1D1R structures.2, 15 In
the LRS, the current is limited by the diode. Using a thinner TaOx layer to reduce the operational
voltage is currently under investigation. Optimization of the electrode materials and the annealing
temperature are expected to improve the performance.
The authors acknowledge the financial support provided by Agency for Science, Technology
and Research (A*STAR) grant under Project No. 0921510089.
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