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SPECIAL TOPIC — Post-Moore era: Materials and device physics
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Transient memories, which can physically disappear without leaving traceable remains over a period of normal oper-
ation, are attracting increasing attention for potential applications in the fields of data security and green electronics. Resis-
tive random access memory (RRAM) is a promising candidate for next-generation memory. In this context, biocompatible
1-carrageenan (1-car), extracted from natural seaweed, is introduced for the fabrication of RRAM devices (Ag/t-car/Pt).
Taking advantage of the complexation processes between the functional groups (C-O-C, C-O-H, et al.) and Ag metal
ions, a lower migration barrier of Ag ions and a high-speed switching (22.2 ns for SET operation/26 ns for RESET opera-
tion) were achieved, resulting in an ultralow power consumption of 56 fJ. And the prepared Ag/1-car/Pt RRAM devices also
revealed the capacities of multilevel storage and flexibility. In addition, thanks to the hydrophilic groups of 1-car molecule,
the RRAM devices can be rapidly dissolved in deionized (DI) water within 13 minutes, showing excellent transient char-
acteristics. This work demonstrates that 1-car based RRAM devices have great potential for applications in secure storage

applications, flexible electronics and transient electronics.

Keywords: RRAM, transient electronics, 1-carrageenan, ultralow power consumption
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1. Introduction

Various emerging electronic technologies that can pro-
vide great convenience for daily life have even thoroughly dis-
credited our life-style in society today.!'?! To prevent the rapid
growth of global electronic waste causing severe environmen-
tal pollution, addressing electronic waste is a critical issue. 3!
Transient electronics have the characteristics of disappearing,
dissolving or degrading in a controlled way, providing new op-
portunities for developing the waste-free technology.!®! Tran-
sient memory is one of the most important components in tran-
sient electronics, which attracts great attention because it can
offer data security by self-destruction on demand, thus avoid-

e.[79 Resistive random ac-

ing sensitive information exposur
cess memory (RRAM) is one of the most promising candidates
for next-generation nonvolatile memory for simple structure,
fast speed and ultra-high density storage capacity.[1%-11]
Previously, various types of biodegradable materials have
been employed to fabricate transient RRAM devices.[!!-14]
For example, Lee ef al. reported a flexible transient RRAM
device with a Mg/Ag-doped chitosan/Mg structure, which
could be dissolved in deionized (DI) water.['5] Tang et
al. demonstrated a flexible resistive switching (RS) mem-
ory of CsPbBrz thin films, which could be rapidly dis-

solved in DI water.!!®) These works have provided effec-
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tive approaches for realizing the transient characteristics of
RRAM devices, promoting the development of transient mem-
ories. From these reported works we can find that most of
the transient RRAM devices are electrochemical metalliza-
tion (ECM) based memories.!!:1217.18] Generally, the forma-
tion/dissolution of metallic conductive filaments (CFs) under
an electric field is regarded as the physical mechanism of RS,
which includes the oxidation process of Ag atoms, and the mi-
gration and reduction processes of Ag ions. However, differ-
ent from traditional ECM devices, the t-carrageenan (1-car)
molecular contains abundant functional groups, such as C—
O-C and C-O-H, which can interact with metal ions. Espe-
cially, used as the insulating material of the building blocks
for RRAM devices, oxygen-containing functional groups can
act as the “active center” for ion conduction. The continu-
ous interaction between these functional groups and metal ions
can promote the migration of metal ions, which is one of the
most desired material characteristics for developing high per-
formance RRAM devices.['®1 In addition, 1-car contains abun-
dant hydrophilic functional groups, and water molecules can
readily infiltrate into the 1-car molecular structure, facilitating
the degradable process.[?"!

In this work, we introduced biocompatible i-car extracted
from natural seaweed as the active layer. The tiny operating

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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current of 1 pA suggests that the fabricated Ag/i-car/Pt RRAM
devices consume low power. Moreover, by leveraging a high-
speed pulse measurement system, we achieved an ultralow
energy consumption of 56 fJ. Additionally, these 1-car-based
RRAM devices also demonstrate excellent resistance switch-
ing performance, flexibility, and multilevel storage charac-
teristics. The related mechanism was investigated via con-
ducting atomic force microscopy (C-AFM) and temperature-
dependent resistance measurements. In addition, the prepared
1-car based RRAM devices were stable in DI water at room
temperature. However, it can be rapidly dissolved in water af-
ter heating, which suggests that the natural 1-car materials can
be used as attractive building blocks for highly reliable tran-
sient RRAM devices.

2. Experiment

First, a SiO,/Si substrate was ultrasonically cleaned in
trichloro ethylene, acetone, ethanol, and distilled water for
12 min each to remove impurities at room temperature, then
Secondly, 200 nm thick Pt film with
10 nm thick Ti adhesion layer was deposited by magnetron

dried using N> gas.

sputtering. Then, 1-car powder (commercial grade, Sigma-
Aldrich, CAS number: 9062-07-1) was dissolved (1 wt/v%)
in 1% acetic acid solution in distilled water with continuous
stirring at 400 rpm for 24 h and then filtered through a PVDF
syringe filter (0.2 pum). The Pt substrate was exposed to oxy-
gen plasma for 5 min, then the t-car solution (80 pL) in two
drops was spin-coated on the Pt substrate at 500 rpm for 10 s
and 3000 rpm for 20 s. Finally, an Ag top electrode with a di-
ameter of 300 um was deposited by thermal evaporation using
a shadow mask.

3. Results and discussion

The 1-car was prepared through solution extraction from
natural seaweed, as presented in Fig. 1(a). The t-car extracted
from seaweed was used as the RS layer. The fabricated RRAM
device in this work is based on a metal-insulator—metal con-
figuration, as shown in Fig. 1(b). To intuitively reveal the
three-layer structure, the cross-sectional scanning electron mi-
croscope (SEM) image of the fabricated Ag/i-car/Pt RRAM
device is shown in Fig. 1(c). The 1-car layer with a thick-
ness of ~100 nm was clearly observed between the Pt bot-
tom electrode and the Ag top electrode. The Ag-electrode-
size-dependent RS measurements were also carried out (see
Figs. S1 and S2, supporting information). The electrode size
had no obvious influence on the RS performance, confirming
the filamentary-type RS of the Ag/i-car/Pt memory. More-
over, the fabricated i1-car film had a smooth surface of root-
mean-square roughness (Rq) equal to 2.4 nm, which is demon-
strated by the two-dimensional AFM image (Fig. 1(d)). These

characteristics not only guarantee the material reliability of
large-area 1-car thin films, but also demonstrate its application
potential in flexible electronics.

Spin-coating

10 nm

200 nm

—7nm

Fig. 1. (a) Seaweed image and the typical molecular structure of 1-car.
(b) Structural diagram of the Ag/t-car/Pt RRAM devices. (c) The cross-
sectional SEM image of the fabricated device. (d) The AFM shows the
surface morphology of the t-car film.

First, the RS behaviors of the fabricated RRAM devices
were thoroughly investigated. Figure 2(a) shows the typical
current—voltage (I-V) curves of the Ag/t-car/Pt RRAM de-
We can see that the fabricated memory cells could
be written (2 V) and erased (—3 V) under the direct cur-
rent (DC) voltage sweeping operation. Importantly, our Ag/1-
car/Pt RRAM devices exhibited tunable RS properties with
respect to different compliance currents (CCs), i.e., 1 UA,
50 pA, 500 nA and 1 mA. The retention ability of multilevel
resistance states was also demonstrated (Fig. 2(b)), and a sta-

vices.

ble retention exceeding 10* s under a constant read voltage of
0.1 V was observed. These five resistance states offer a unique
opportunity for achieving multilevel storage. The reproducible
RS measurements in Fig. 2(c) show that four distinguishable
low resistance states (LRS) were obtained by varying the CCs;
while the high resistance state (HRS) was basically indepen-
dent of the CCs. According to some reported works,?!! the
physical mechanism of the CCs-modulated multilevel storage
could be associated with the size variation of CFs. From these
reliable RS properties, we can deduce that the CFs of the Ag/1-
car/Pt RRAM devices can be controlled precisely, which can
be related to the material characteristics of the 1-car layer, and
it will be emphatically studied in the mechanism part.

In addition to excellent RS characteristics for nonvolatile
storage, the device power consumption was also evaluated
through the voltage sweep and pulse operation modes, as
shown in Fig. 3. It is known that the power consumption of
RRAM is mainly determined by the RESET current, [>>23! as
shown in Fig. 3(a). Figure 3(b) shows the device power of
multilevel memory states obtained at different CCs. The min-
imum power and RESET current of the Ag/i-car/Pt RRAM
devices were ~ 0.3 uW and 1 pA, respectively, which are rel-
atively low compared with those of other biodegradable mem-
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ory devices.!!>"14 Generally, the power consumption of RE-
SET process is directly influenced by the last SET process.
The energy consumption was precisely measured through the
high-speed pulse mode. The RS time was monitored using
a pulse generator (TTiTGA12104), an oscilloscope (Keysight
DSOS404A), and a load resistor (1 MQ). The pulse test
electrical diagram and the results are shown in Figs. 3(c)
and 3(d), respectively. The imperfect pulse waveforms and
current responses could be attributed to parasitic effects in
the testing circuitry.[**! The “input signal” from a wave-
form generator was designed as a voltage-pulse sequence, as
follows: READ1y —SET—READ,g — RESET—READ;pq
pulse. Two READ pulses were input before and after the SET
(RESET) pulse to determine whether a SET (RESET) transi-
tion occurred. The pulse amplitude/width was 2 V/50 ns for
the SET pulse and 1 V/50 ns for both READ pulses. The
voltage drop on the load resistor was defined as the “output

10!

signal”’. The switching time in the SET operation can be
determined from the time delay between the “input signal”
and “output signal”, while the reset time can be determined
from the width of the output pulse, as shown in Figs. 3(e) and
3(f). The set and reset times were approximately 22.2 ns and
26 ns, respectively. More importantly, the energy consump-
tion of the reset process was as low as ~ 56 fJ, which was
even lower than those of the traditional oxide-based ECM de-
vices (see Table 1).!272°1 From Table 1 we can also find that
proteins-based devices have relatively high reset currents and
polysaccharides-based ones demonstrate relatively low reset
voltages,!13-13:17.18.301 yhile the RRAM devices based on 1-car
material have the lowest reset current and energy consumption.
All above results demonstrate that the Ag/t-car/Pt RRAM de-
vices exhibit the capacities of reliable high-speed switching

and ultralow energy consumption.
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retention characteristics of the five resistance states. (c) Statistical values

of HRS and LRS under reproductive RS measurement with different

CCs values.
10—4 :
] @) I..=1X10"6 A (c) Tiample . _ (e) — (;llll)tl;tut
2 10761 %
< ] X
-
G:) 10781 6) ‘/input
—
5 1 H
© 107101 Rload g
1 Ag/r-car/Pt
1012 T T T T -1 : |
1.0 05 0 05 1.0 -4 100 200
Voltage (V) -
10-3 2 —
(b) . ((d)  seT Ot
—~ 10~ 5 . READ RESET READ
5 > 0
g 1075 4 o 1l
g £ HRS
~ S —2[EE o= EEEE
106 =
—3t
10-7 . . _ . —4 s s s ‘
10-6 10-5 104 10-3 0 100 200 300 400
Time (ns)

Compliance current (A)

Fig. 3. (a) The I-V curves of the Ag/t-car/Pt RRAM devices at CCs of
same device. (c) Pulse test electrical schematic diagram. (d) RS-speed
Panels (e) and (f) show the set and reset time of memory cells, respective

02730

1 pA. (b) The variations of RESET power with different CCs for the
test of the Ag/t-car/Pt memory devices triggered under pulse mode.

ly.

1-3



Chin. Phys. B 33, 027301 (2024)

Table 1. Power consumption comparisons of the present Ag/t-car/Pt devices with those of previously reported RRAM.

Device structure Treset [Vreset| Power Treset Energy Ref.
Ag/keratin/FTO 1 mA 1V 1 mW - - [30]
W/egg albumen/ITO/PET 8 HA 4V 32 uW - - [13]
Ag/DNA-CTMA/ITO 0.01 A 12V 12 mW - - [17]
Mg/Ag-doped chitosan/Mg 0.01 A 1V 10 mW - - [15]
Ag/silk fibroin/Au 0.1 pA 4V 0.4 pW - - [18]
ITO/2D/3D perovskite/Au 3.5 uA 1V 3.5 uW 1ps 35pJ [25]
Wrisilk fibroin/Mg/SiO; 1 mA 22V 2.2 mW - - [14]
Pt/Cu-DNA/FTO 0.01 A 25V 25 mW - - [31]
Al/glucose/Si 1 mA 2V 2 mW - - [32]
Ag/GeSe/TiN 0.1 mA 1V 0.1 mW - 300 pJ-12 nJ [33]
Cu/AlO,/a-CO,/TiN,O,/TiN 0.22 mA 048V 0.1 mW - 6.7 pJ-13.3 pJ [26]
Au/CH3NH3PbI3/FTO 1 mA 05V 0.5 mW 156 ns 468 pJ [27]
LiCo0,/Si0,/TiO, 0.6 mA 5V 3 mW - - [28]
Ag/leaves/Ti 4 mA 0.75V 3 mW - - [12]
Al/Cu/Ti/MoS,/Pt 0.025 mA 0.15V 3.8 uW - 0.7 pJ [29]
Ag/1-car/Pt/SiO,/Si 1 pA 03V 0.3 pW 26 ns 56 f] this work
() solution process occurs, thus CFs break in the weakest region.
= rear The formation and rupture of CFs contribute to the repeatable
= RS.
E The activation energy could be roughly equal to the sum
! of the migration barriers,?®37! which would change due to
8
*é mechanical stresses caused by thermal expansion. To evalu-
% ate the activation energy coefficient and the effect of tempera-
= ture on switching time, we performed a temperature change
test. As shown in Fig. 5(a), the Vsgr was primarily deter-
: : i mined by the barrier energy for Ag-migration, which could
4000 3000 2000 1000 be estimated by measuring the SET switching time as a func-
Wavenumber (cm~1) ] [38.39] o L
() tion of temperature.'”>>”! As shown in Fig. 5(b), the switching
° . .. .
o :‘ o’ :‘° time was sensitive to temperature, which decreased exponen-
%o ®o . . .
°°: ot 8% :. Y os S o tially and can be expressed based on the Arrhenius relation as
09 0 °$ ]
VS0 e g/}/?: 2 i t o< exp(—Ey /kpT), )
[ = oo % e [ = 4 oo %%
o0 g® ©© 000 g ol .. g .
° < w ‘1 where E,, kg and T are the barrier energy, Boltzmann con-
& ® i . . .
eCe0 He®S oAgtoAg stant, and temperature, respectively. As shown in Fig. 5(c),

Fig. 4. (a) FTIR spectrum of the t-car thin film. (b) Schematic diagram
of Ag migration mechanism.

The functional groups of the i-car were identified us-
ing Fourier-transform infrared spectrum (FTIR), as shown in
Fig. 4(a), which was obtained using transmittance mode in the
range 650-4000 cm~!. The spectrum revealed the presence of
multifarious functional groups, such as C-O, C-O-C, C-H,
and O=S=0.13* These oxygen-containing functional groups
play an important role in the process of RS. As shown in
Fig. 4(b), when a positive voltage is applied to the Ag elec-
trode, oxidized Ag metal ions can migrate by interacting with
these functional groups (C—O-C, C-O-H, et al.),*"! thus the
CFs will preferentially grow along the locations rich in func-
tional groups.*>! And when a negative voltage is applied to
the Ag electrode, Joule-heating-assisted electrochemical dis-

the barrier energy was calculated from the slope of the Arrhe-
nius plots, which yielded 0.2 eV for the devices with abundant
hydroxyl functional groups. The lower migration barrier of Ag
ions in RS insulating layer could have contributed to the Vsgr
reduction and low power consumption.

On the basis of the calculated results of activation en-
ergy, we will discuss the possible physical mechanism for low
power operation of Ag/t-car/Pt memory cells as follows. Lee
et al. demonstrated the ultralow power consumption biomem-
ristors of Ag/Ag-doped CM:k-car/Pt RRAM devices by intro-
ducing carboxymethyl (CM) groups.*? Oxygen atoms con-
taining lone pair electrons can serve as “active centers” for
ions conduction, and water molecules coordinate with the lone
pair electrons to the vacant orbital (primarily hybrid orbital) of
the Ag ions, which form electrovalence or covalent coordina-

[19]

tion bonds with Ag ions,'"”! moreover, the functional groups
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(C-0-C and C-O-H) can form cross-linking networks with

other components in the polymer electrolyte and enable com-

[20,42,43

plexation with metal ions. | Therefore, it is more easier

0.4

for Ag metal ions to migrate in the polymers containing func-
tional groups, which is the root reason of lower power con-
sumption for our Ag/i-car/Pt memory cells.

Time (10® ns)

Temperature (K)

(a) —~ 800} O (b) ~ _14} ()
— = ~ Intger = _Ea/(kBT)+tO
= — 290 K | °
e — 20K g 600 g —15f
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LV . . A ERSH I
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1/T (10-3 K1)

Fig. 5. (a) SET switching response of Ag/t-car/Pt memory cells under different temperatures. (b) Temperature dependence of SET switching
time for the memory cells, as well as (c) Arrhenius plots for determining migration barrier energy (E,).

To further investigate the conductive path during the RS
process, C-AFM was also performed to analyze both the HRS
and LRS. The conductive cantilever was scanned over an area
of I umx1 pwm and the read voltage was set to 100 mV. As
shown in Fig. 6(a), the current value at HRS was very low
and no remarkable localized current paths were observed. In
contrast, when the RRAM device was switched to the LRS
(CC~ 1 pA), two tiny localized current paths emerged, as
shown in Fig. 6(b), indicating the formation of nanometer-

(b)

DA RS 1 pA
10

scale conducting channels. To demonstrate the RS mechanism
of the Ag/i-car/Pt RRAM devices, the temperature-dependent
resistance measurement of LRS is shown in Fig. 6(c), the re-
sistance decreased linearly with the temperature, confirming
the formation of CFs after the set switching process. After
linearly fitting the data, it is found that the temperature coef-
ficient () is approximately equal to 4.7x 1073 K~!, close to
that of pure silver (3.8 x 1073 K1), [11:44]

1.34 (¢)
a=(R—Ry)/Ro(T—Typ)
1.24
&
&
1.14
A Slope~ 4.7x10%
1.04
290 310 330 350

Temperature (K)

Fig. 6. The local conductivity distribution of the Ag/t-car/Pt memory in (a) HRS, (b) LRS at CCs of 1 pA. (c) Temperature-dependent resistance

measurement of LRS.

Additionally, to evaluate the mechanical flexibility of the
device, we performed bending tests. As shown in Fig. 7(a),
we fabricated RRAM devices on a polyethylene terephthalate
(PET) substrate coated with ITO film (Ag/t-car/ITO/PET).
The 1-car memristor cells with the ITO electrode showed sim-
ilar RS characteristics (Fig. S3). As shown in Fig. 7(b), the
HRS/LRS and Vet /Vieser parameters were minimally affected
after bending with different radii, i.e., 10 mm, 15 mm, 20 mm
and 25 mm. In addition, the flexible RRAM devices also ex-
hibited good mechanical stability without significant degrada-
tion during repeated bending over 10° cycles at a bending ra-
dius of 20 mm (one bending cycle means that the device is
returned to the flat state after bending with a fixed curvature).
The maintenance of the performance is probably due to the
short vertical channel of nanometer scale and the ductility of

the materials, which suggests their reliable RRAM character-
istics and excellent mechanical properties.

The introduction of 1-car containing abundant hy-
drophilic functional groups into RRAM devices enables
The fabricated Ag/i-

car/ITO/PET memory devices were straightway immersed into

the transient behavior achievement.

DI water with a temperature of approximately 26 °C. Where-
after, the devices were transferred into another culture dish
full of DI water with temperature of 80 °C. For comparison,
we chose to heat the device uniformly with microwaves to
80 °C, observed for 10 min, and found that the thin film of
the device still existed (Fig. S4). Figures 8(a) and 8(b) show
the sequential images of the dissolution process of the Ag/i-
car/ITO/PET RRAM devices. We can find that the electrode

027301-5
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destroyed gradually and the 1-car film disappeared completely.
The clean ITO/PET substrate was only left in the culture dish
after 13 min. This indicates that the 1-car based RRAM de-

vices can effectively avoid the recycling costs of discarded
electronic waste, thereby facilitating the development of en-

vironmentally friendly electronics and data protection.

I I N [
2 s
*q:-; B Vser HRS Y B Vsgr HRS
g O VRESET LRS ﬁ: _0.51 O Veeser LRS
- n g —1.07
L o 2 3

-2 -1 0 1 2 10 15 20 25 10! 102 103
Voltage (V) Bending radius (mm) Bending numbers (#)
Fig. 7. (a) The I-V curves of memory devices at flat and high bending deformation states. Inset: The photograph of the device under bending

state. (b) Flexibility test results of Ag/t-car/ITO/PET RRAM devices for various bending radii under tensile strain. (c) Mechanical bending
endurance of Ag/1-car/ITO/PET memory devices at bending radius of 20 mm.
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Fig. 8. (a) Schematic illustrations (a) and the photographs (b) demonstrating disappearing process of the Ag/t-car/ITO/PET RRAM devices in

DI water.

4. Conclusion and perspectives

In summary, biodegradable 1-car based RRAM devices
with a cell structure of Ag/i-car/Pt were fabricated. Remark-
able RS characteristics, such as fast switching speed (~ 26 ns),
multilevel storage behaviors, and excellent bending perfor-
mance (~ 107 cycles) have been achieved for nonvolatile flex-
ible memory applications. Due to the complexation between
Ag metal ions and the oxygen-containing functional groups,
an ultralow power consumption of ~ 56 fJ was achieved,
which is much lower than that of most reported transient
RRAM devices. In addition, the devices can completely dis-
appear while immersed in DI water after 13 min, demonstrat-
ing the excellent transient characteristics. The demonstrated
Ag/1-car/Pt transient RRAM devices offer great potential for
flexible electronics and green electronics.

The transient electronic devices can be used to manufac-
ture transient environmental monitoring devices, which can
self-destroy after a certain period of time, reducing their im-
pact on the environment. This is very useful for long-term
monitoring and data collection in the environment. In future,
transient electronic devices can also be used for security and

privacy protection.
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