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Transient electronics has attracted interest as an emerging technology to solve electronic-waste problem, due to its
physically vanishing ability in solution. Here in this work, we demonstrate a flexible and degradable transient resistive
switching (RS) memory device with simple structure of Cu/sodium alginate (SA)/ITO. The device presents excellent RS
characteristics as well as high flexibility, including low operating voltage (< 1.5 V) and multilevel RS behavior. No
performance degradation occurs after bending the device 50 times. Moreover, our device can be absolutely dissolved in
deionized water. The proposed SA-based transient memory device has great potential for the development of green and

security memory devices.

Keywords: resistive switching memory, sodium alginate, multilevel resistive switching, transient electronics
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1. Introduction

With the rapid development of consumer electronics,
electronic waste has become an urgent environmental prob-
lem. Therefore, the development of advanced electronic that
can be naturally degraded without affecting the environment
is highly desired.'l Recently, transient electronics has been
demonstrated to be an emerging technology for the environ-
mentally friendly electronics and secure storage devices. Es-
pecially, natural biomaterials, which are typically biocompat-
ible and biodegradable, have attracted great interest for fab-
ricating implantable, wearable, and green electronic devices.
Many biocompatible transient electronic elements have been
reported, such as light emitting diodes,?! transistors,3! and
sensors.*] As one fundamental component in electronic sys-
tems, resistive switching (RS) memory has attracted growing
interest because its simple structure, fast switching speed, and
excellent scalability.>~”] The development of transient RS de-
vice is highly desirable for secure storage and implantable
applications. Recently, several kinds of biomaterials have
been proposed to prepare RS devices, such as silk,[®! egg
albumen, ! pectin, !9 and lactose.!'!! The advantages of these
memory devices are their biodegradability and biocompatibil-
ity, which can physically disappear completely when the de-
vices are placed in the water. Therefore, the natural biomate-
rials show great potentials to demonstrate transient resistance

DOI: 10.1088/1674-1056/abc67a

random access memory (RRAM) devices.

Sodium alginate (SA), which is a kind of biomass poly-
saccharide extracted from the brown algae,!'>~4] has been
widely used in medicine, food field, and textile industry due to
its excellent environmental-friendly, non-toxic and biodegrad-
able characteristics.['3-171 Meanwhile, the SA contains C—O—
C and C-0O-H, and hydroxyl groups, which is conducive to the
migration of metal ions by its interacting with these functional

18,191 Hence, the SA is expected to be used to develop

groups. !
the flexible and degradable transient RS devices. In this work,
we fabricate a flexible and degradable RS memory based on
the SA. The device exhibits the excellent RS characteristics,
including low operating voltages (< 1.5 V) and multilevel RS
behaviors. Moreover, it can be dissolved in deionized (DI) wa-
ter, indicating its potential application in the information secu-
rity device. The degradation product is non-toxic and harm-
less, which meets the requirements for environmental protec-

tion.

2. Experiment

The SA based RS device with Cu (ITO) as top (bot-
tom) electrode was fabricated through some steps as follows.
Firstly, 0.1-g SA powder was dispersed in 10-mL deionized
water by mechanically stirring at room temperature to form
the homogenous SA solution. Secondly, SA films were spin-
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coated on ITO coated polyethylene terephthalate (PET) sub-
strates at room temperature. Finally, 300-pum-diameter Cu top
electrodes formed on the SA films each with a shadow mask,
by thermal evaporation. The Cu electrode and SA film thick-
ness were determined to be ~ 30 nm and 20 nm by a step
profiler (KLA-Tencor Corporation D-120).

3. Results and discussion

The chemical structure and Fourier-transform infrared
(FTIR) spectrum of the as-prepared SA film are shown in
Figs. 1(a) and 1(b). The spectrum exhibits the absorption
bands at 3462, 1614, 1414, and 1029 cm ™!, corresponding to
the O-H stretching vibration, COO- stretching vibration, car-
bonyl (CQO) stretching vibration, and C—O-C stretching vi-
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bration, respectively.?%2!] The presence of hydrophilic groups
(especially the carboxylic groups) enables SA films to become
water soluble, which conduce to the demonstration of tran-
sient RS devices. Figures 1(c) and 1(d) show the conceptual
schematic diagram and the photograph of flexible Cu/SA/ITO
memory device on a PET substrate, respectively. During the
electrical measurement, the direction of current flowing from
Cu electrode (TE) to ITO electrode (BE) is defined as the pos-
itive direction. Figures 1(e) and 1(f) show the atomic force
microscopy (AFM) height images of an ITO surface without
and with the SA layer. After spin-coated SA layer, the sur-
face roughness value (Ra) of the ITO surface increases slightly
from 2.18 nm to 4.65 nm, suggesting the excellent film unifor-
mity of SA films.

J’_

source meter

Fig. 1. (a) Chemical structure and (b) FTIR spectrum of SA film. (c) Conceptual schematic diagram and (d) photograph of flexible Cu/SA/ITO memory
device on PET substrates. AFM height images of ITO electrode (e) without and (f) with a spin-coated SA layer.

Figure 2(a) shows the typical I-V curves of Cu/SA/ITO
memory cell with a bipolar RS behavior. Herein, a compli-
ance current (CC) of 1 mA is used to protect the devices from
being broken down. During positive voltage sweeping from
0 V to 1.5V, the current increases suddenly at a set voltage
(Vser) of ~ 0.75 V, leading to the transition from high resis-
tance state (HRS) to low resistance state (LRS). Conversely,
when the negative voltage sweeps from 0 Vto —1.5V, the cur-
rent drops abruptly at the reset voltage (Vreset) of ~ —0.3 'V,
thus indicating the transition from the LRS to the HRS. Fig-
ures 2(b) and 2(c) demonstrate the statistics of resistance and
switching voltage during 50 cycles, respectively. As shown in
Fig. 2(b), the ON/OFF ratio of the Cu/SA/ITO memory cell
reaches 10, facilitating the peripheral circuits to identify the
state stored in the device. In Fig. 2(c), the Vs is distributed
between 0.25 V and 1.5 V, and the VRege is distributed between

—0.1 V and —1.0 V. The above cumulative probability results
show acceptable distributions, indicating the good uniformity.
In addition to regenerating RS properties, the cell also dis-
plays multilevel RS by controlling CCs of 1 mA and 0.2 mA
(red and blue curves) as shown in Fig. 2(d). Obviously, the
reproducible RS measurements in Fig. 2(e) show that two dis-
tinguishing LRS can be obtained by controlling the values of
CC.

Furthermore, the data retention of the multilevel resis-
tance states is shown in Fig. 2(f). We measure three different
resistance states under a constant read voltage of 1 mV, and the
resistance states exhibit no obvious degradation over 1500 s,
indicating the good date retention of Cu/SA/ITO memory.

The conduction mechanism of the Cu/SA/ITO device is
analyzed through redrawing the /-V plot in a log-log scale.
As shown in Fig. 3(a), the I-V curve of LRS presents lin-
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ear behavior with a slope close to 1, indicating that it obeys
Ohm’s law. On the other hand, the conduction behavior of
HRS can be divided into two parts: the low voltage bias region
(0 V= 0.5 V) with a slope of about 1 exhibits an Ohmic con-
ductivity characteristic. With the voltage increasing to a rela-
tively high value (from 0.5 V to 0.75 V), the slop is close to 2,
which indicates the transport of charge carriers obeys Child’s

law!??)

9 y2

Jenild = Hem (1

where J is the current density, € is the permittivity of dielectric
layer, u is the mobility of charge carrier, V is the applied volt-
age, and d is the distance between TE and BE. It demonstrates

an indication of trap-controlled space charge limited conduc-
tion in this region.?>>31 The trap site may contribute to the
defects in the film preparation process, or to the functional
groups of the film. %! Further, a possible RS model can be pro-
posed as shown in Fig. 3(b), in which the formation and rup-
ture of conductive filaments (CFs) can account for the switch-
ing between HRS and LRS. When positive voltage is applied
to the initial state, the redox reaction of Cu occurs and induces
Cu migration into the SA layer in the SET process. Once the
Cu CFs link the TE and BE, the device switches from HRS to
LRS. When the polarity of the applied voltage is reversed, the
electrochemical dissolution of Cu takes place near the ITO,
which will reset the device to HRS.
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Fig. 2. (a) The I-V characteristics of the Cu/SA/ITO device. Statistical data on (b) resistance states and (c) switching voltages of 50 switching cycles. (d)
Typical I-V curves of the Cu/SA/ITO device under compliant currents of 1 mA and 0.2 mA (red and blue lines). (e) Statistical data and (f) the retention

characteristics of multilevel resistance state.
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Fig. 3. (a) The log—log scaled I-V curve of Cu/SA/ITO device, and (b) schematic diagrams for switching mechanism of Cu/SA/ITO device.

The use of organic biomaterials as RS layer in this work
enables the device to maintain excellent flexibility. The I-V
curves of our Cu/SA/ITO on PET substrates under flat and
bending conditions are shown in Fig. 4(a). Here, the device
is placed on the outer surface of a cylinder with a curvature

radius as shown in the insert of Fig. 4(a). The same memory
behaviors can be obtained before and after bending. Moreover,
neither the HRS/LRS nor Vset/Vreset has significant degrada-
tion after repeated 50 bending cycles as shown in Fig. 4(b).
The above results demonstrate that no obvious degradation can
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be induced by the mechanical bending, confirming the excel-
lent bending stability of our device and potential application
for flexible and wearable electronics.

In order to confirm the transient behavior, the water sol-
uble properties of Cu/SA/ITO memory device are studied.
Here, we immerse the fabricated devices in DI water at room
temperature. Figure 5 shows a set of evolution images col-
lected in the dissolution process of our memory devices. After
being immersed in DI water, the devices gradually disappear
due to the dissolution of SA film. It can be seen that our device

is dissolved completely after 4.5 h in DI water. With the disap-
pearance of electrodes, the structure of the device is destroyed.
Figures 5(g) and 5(h) show the RS behaviors of Cu/SA/ITO
device before and after the dissolution process, respectively. It
can be seen that the typical RS behaviors disappear after plac-
ing the device in DI water for 4.5 h, which further suggests
the dissolution of our device. The above results indicate that
the Cu/SA/ITO memory is potentially suitable for the develop-

ment of biodegradable electronics and secure storage device.

108l @ (b) 1.0

= c
< jo-4af = 10% {05 —
< g Vi 2
§ ¥ oo flat g O LRS SET -
g -o- bending| & O HRS © Vreser 10 &
: 9 o G
~ o) _05"°

104-
T —— L L L L L —1.0
—1.5 —0.5 0.5 1.5 10 20 30 40 50

Voltage (V)

Bending numbers (#)

Fig. 4. (a) Comparison among typical /-V curves in bending test, with inset showing schematically device under electrical measurements; (b) average

values of HRS/LRS (Vsgr/Vreser) under different bending times.
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Fig. 5. (a)—(f) Images showing dissolution process of Cu/SA/ITO device in DI water at room temperature, and RS behaviors of Cu/SA/ITO device (g)

before and (h) after dissolution process for 4.5 h.
4. Conclusions and perspectives

In this work, we fabricate a Cu/SA/ITO structured flexible
and biodegradable resistance switching device, which presents
low switching voltage (< 1.5 V) and multilevel RS behav-
ior. The formation and rupture of conducting filaments are
assumed to be responsible for the resistive switching behav-
iors of the device. Our memory device with PET substrate
presents excellent flexibility, suggesting potential application
in future wearable electronics. Moreover, the device can also
disappear after being immersed in DI water for 4.5 h, demon-

strating the transient characteristics. This work provides an al-
ternative material for developing the flexible biodegradable re-
sistant switching memory. At the same time, the device degra-
dation product is non-toxic harmless, possessing the function
of the green environmental protection of electronic devices. It
is expected to become one of the important choices of emerg-
ing electronic device.
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