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a b s t r a c t

In this study, resistive random access memory (ReRAM) devices are fabricated using solution-processable
sulfur-doped GeO2 (GeO2:S) on flexible substrates. The Al/GeO2:S/Au ReRAM devices exhibit the unipolar
resistive switching behavior with an on/off ratio of more than 107 and the memory characteristics are
retained after 104 s. The memory characteristics are unaffected by strains, even after the continuous sub-
strate bending test for 103 cycles.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Flexible resistive random access memory (ReRAM) devices have
recently received attention as one of the promising memories for
bendable systems because their vertical structures are indepen-
dent of the lateral strain [1–5]. Since the first report on flexible Re-
RAM devices made of solution-processed titanium oxide films,
flexible ReRAM devices consisting of solution-processable resistive
materials have been actively studied, but their memory character-
istics have barely improved [6–9]. In order to improve their mem-
ory characteristics, advanced resistive materials are needed for the
fabrication of flexible ReRAM devices using the solution method,
which is the most suitable technique for plastic-based flexible
devices, due to its low-cost and simple processes at low
temperatures. Recently, doped resistive materials are emerging in
high-performance ReRAM devices constructed on rigid substrates
[10–12]. We attempt herein to fabricate high-performance flexible
ReRAM devices using doped resistive materials and examine their
memory characteristics. Herein, sulfur and germanium oxide
(GeO2) are employed in this study as a dopant and resistive mate-
rial, respectively, to overcome the poor memory characteristics of
ReRAM devices consisting of solution-processable GeO2 alone [13].

2. Experimental procedure

Germanium (IV) ethoxide (99.99%, Aldrich) and thioacetamide
(99.99%, Aldrich) were used as the precursors of sulfur doped

GeO2 (GeO2:S). First, 0.12 g of thioacetamide dissolved in 10 mL of
ethanol was mixed with 0.2 mL of aqueous ammonia and the mixed
solution was stirred for 5 min. Then, 0.1 g of germanium (IV) ethox-
ide was added to the mixed solution and stirred for 1 h. The GeO2:S
powder obtained by centrifugation was re-dispersed in ethanol for
the spin-coating. In this study, the ReRAM devices were fabricated
on poly-ether-sulfone (PES) substrates. The top and bottom elec-
trodes were patterned using a photomask consisting of crossbars
with a width of 100 lm. After the re-dispersed GeO2:S solution
was spin-coated onto Au bottom electrodes, the GeO2:S films were
annealed at 120 �C for 10 min in an Ar atmosphere. The annealing
condition of 120 �C for 10 min was adopted to show clearly the
resistive memory characteristics of the GeO2:S film. Then, Al top
electrodes were formed on the GeO2:S films by thermal evapora-
tion. Additionally, in order to examine the effect of S-doping, we
deposited Al/GeO2/Au on the plastic substrate using GeO2 powder
(99.999%, Aldrich) under the same conditions.

The synthesized GeO2:S powders were characterized through
X-ray diffraction (XRD; Bruker, GADDS) and transmission electron
microscopy (TEM; JEOL, JEM-2100F). The electrical characteristics
of the Al/GeO2:S/Au devices were measured with an HP4155C
semiconductor parameter analyzer in air. The bending tests of
the flexible ReRAM devices were performed with a homemade
bending machine.

3. Results and discussion

The XRD pattern (a), TEM image (b), and energy dispersed X-ray
(EDX) profile (b and c) of the GeO2:S synthesized in this study are
shown in Fig. 1. The XRD pattern matches well with the lines
drawn on the base of the standard JCDPS card (85-0473) of GeO2.
The GeO2:S nanoparticles are clumped together, as shown in the
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TEM image and all of the components of GeO2:S are indeed de-
tected by EDX; note that the other peaks present in the EDX profile
originate from the use of the carbon replica technique in this work.

Fig. 2 shows the representative I–V characteristics of the Al/
GeO2:S/Au device, demonstrating its unipolar resistive switching
behavior. The switchable state of the Al/GeO2:S/Au device is ob-
tained after the initial electrical forming occurs at about 4.4 V, as
demonstrated in Fig. 2. Electrical forming refers to breakdown
events corresponding to the formation of filaments between the
electrodes [1–8,10]. After the initial electrical forming, the resis-
tance state changes from the high-resistance state (HRS) to the
low-resistance state (LRS) associated with the generation of fila-
ments between the top and bottom electrodes. In the second
sweep of the voltage, the LRS switches to the HRS at reset voltages
of less than 1 V and the set process occurring in the third sweep is
responsible for the re-generation of the ruptured filaments. The in-
set shows the resistive switching characteristics of the Al/GeO2/Au
devices. The gap between the set and reset voltages of the Al/
GeO2:S/Au device is larger than 2 V, while that of the Al/GeO2/Au
device is about 1 V. The operating characteristics of the Al/
GeO2:S/Au device are more reliable than those of the Al/GeO2/Au
device. And the ratio of the resistance in the HRS to that in the
LRS of the Al/GeO2:S/Au device is more than 107, whereas that of
the Al/GeO2/Au device is about 104. The superior resistive switch-
ing characteristics of the Al/GeO2:S/Au device compared to those of
Al/GeO2/Au is obviously due to the doping of S ions. As reported in
Refs. [10–12] by other research groups, the doped ions are respon-
sible for enhancing the characteristics of ReRAM devices. To under-
stand the conduction and switching mechanisms of the Al/GeO2:S/
Au device, the current–voltage (I–V) characteristic is fitted in the
logarithmic plots in Fig. 2(b). The LRS clearly exhibits the Ohmic
conduction behavior with a slope of �1, which is ascribed to the
formation of metallic conductive filaments during the set process.

Al is also an oxidizable metal like Ag or Cu. During the electrical
forming, Al cations, generated by dissolving metal at the anode,
migrate through the GeO2:S film under the high electrical field.
Reduction at the cathode results in the formation of the metal fil-
aments. The strong affinity of Au for sulfur confines the effective
area of the Al filament at the GeO2:S/Au interface. The Al filament
formation at settled regions contributes to the improved memory
characteristics. On the other hand, two conduction mechanisms
are observed in the HRS; Ohmic conduction mechanism at low
voltages and Poole–Frenkel emission mechanism at high voltages
[14,15]. The Ohmic conduction that occurs in the HRS at low volt-
ages originates from the existence of some remnant filaments, but
the current transport in the HRS at high voltages is controlled by
Poole–Frenkel conduction.

The resilience of the memory characteristics to strain is exam-
ined by comparing the resistances of the HRS and LRS as a function
of the bent state (a) or number of bending cycles (b), as demon-
strated in Fig. 3. In this study, the strain applied to the substrate
is 1.2% which is estimated using the following equation [16].

strain ¼ ðsubstrate thicknessÞ þ ðtotal film thicknessÞ
2� ðbending curvature radius of the substrateÞ � 100;

where the thicknesses of the substrate, the GeO2:S film, and the top
and bottom electrodes are 200 lm, 30, 80 and 200 nm, respectively.
The strain of 1.2% applied to the substrate is the maximum suffer-
able value of the device in this study. Practically, the 1.2%-strain
corresponds to the 120� bending curvature radius of the substrate.
Under the more severe strain than 1.2%, the device does not work
appropriately. Changes within the margin of error are observed in
the resistances of the HRS and LRS between the flat state and the
tensile or compressive strained states. The strain-independent phe-
nomenon can be explained by the vertical channel and the ductility

Fig. 1. (a) XRD pattern, (b) TEM image, and (c) EDX spectrum obtained from the synthesized GeO2:S powders. The lines drawn on the base correspond to the standard JCPDS
card (85-0473) of GeO2.
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