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Abstract

Stretchable memristors are promising electrical components that can improve the
mechanical robustness of neuromorphic devices. By the enhancement of
mechanical robustness, they can be applied to wearable devices and soft robotics.
Herein, a flexible and stretchable memristor based on nanowire networks is
reported. The memristor mainly consists of Ag@Cu,O core-shell nanowires that
are synthesized through a modified polyol process. The relative shell thickness was
controlled in the synthesis process to achieve high stability and low energy
consumption. The fabricated memristor shows memristive switching ratio over 10,
with HRS resistance of ~100MQ and LRS resistance of ~7k€. It operated stably
with retention time of 25000s and went through more than 200 switching cycles
without significant resistance change. Furthermore, it well operated in harsh
mechanical environments up to 9% strain and 30°C heating. The experimental
results and the theoretical modelling of the core-shell NWs network based
memristor was verified through simulation results, based on an implicit

computational model.

Keyword : Stretchable memristors, Ag@Cu.O core-shell nanowires, Nanowire
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Chapter 1. Introduction

1.1. Backgrounds and previous studies

Neuromorphic engineering attempts to mimic the neuro-biological structure of
the nervous system. The mimicked nervous system increases the operation speed of
a hardware and decreases memory usage. In addition, it can solve the bottleneck
effect which is a critical problem in conventional Von Neumann architecture. To
successfully mimic the nervous system of human, the system requires an electrical
component called a “memristor”, which works both as a calculator and a memory.
Therefore, recent studies have been dedicated to manufacture memristors with
higher similarity with the human nervous system(1-4).

Flexibility and stretchability need to be achieved for memristors to be applied
in wearable devices and soft robotics. However, less attempt has been made to
manufacture stretchable memristors. This is because it is difficult to achieve
flexibility and stretchability since memristors are usually made of rigid materials
such as metal and metal-oxide(5).

As one of the methods to manufacture stretchable memristors, structural
designs to endure mechanical damages were introduced. Discrete structure designs
that distributed separated small subunits of memristors on stretchable spaces made
the memristor unit to overcome mechanical deformations. Particularly, in the study
by Yang et al(6), Au/AgNPs/Au memristors on polydimethylsiloxane (PDMS)
substrate which operated well in 60% strain were introduced. Wang et al(7)
demonstrated Ag/HfO./Au memristors on Styrene-ethylene-butylene-styrene
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(SEBS) substrate that can endure 40% strain.

Previous studies mainly focused on structural approaches, not material
approaches. These approaches may obtain stretchability on blank spaces of the
substrate, but the region where memristor units lay still remain brittle. For
complete stretchability and flexibility, the materials that compose the memristor

should also endure mechanical stress.

1.2. Purpose of Research

Herein, stretchable memristors based on Ag@Cu.O core-shell nanowire
networks are introduced. Because of the distinguishable electric properties of
metallic Ag and semi-conductive Cu,O, the total resistance of the NWs network
transits from high resistance state (HRS) to low resistance state (LRS) or the
opposite. Thus, the NWs network operates as a nonvolatile memristor. In this study,
we optimized the synthesis process of Ag@Cu,O core-shell NWs to fabricate a
memristor that assures high stability and low energy consumption while going
through multiple switching cycles.

The flexibility and stretchability of the memristor is obtained by modifying
both its composing material’s property and its structure. First, to modify the
material property of the main composing material, we synthesized the
metal/semiconductor composite as nanowires. This is because 2-dimensional
nanowires show higher flexibility and stretchability compared to 3-dimensional
bulk metal or semiconductor. Second, we deposited the nanowires to a flexible

polymer substrate in a random network form. The random network structure of the



nanowires shows high flexibility and stretchability compared to orderly distributed
nanowires. With these material and structural enhancements, memristors based on

Ag@Cu,0 core-shell nanowire networks can operate in harsh strain conditions.



Chapter 2. Materials and Method

2.1. Materials

AgNWs of average 30nm thickness and 30pm length were used for both the
electrode and core of the core-shell NWs. They were synthesized via a modified
polyol method. Copper(Il) chloride dihydrate (CuCly) (>99.95%), sodium dodecyl
sulfate (SDS) (=98.5%), sodium hydroxide (NaOH) (>98%, pellets), and
hydroxylamine hydrochloride (NH,OH-HCI) (99%) were purchased from Sigma

Aldrich. These materials were used when synthesizing Ag@Cu,O core-shell NWs.

2.2. Fabrication of AgNWs electrode

Firstly, PDMS were coated on 1mm glass, in order to be used as the substrate
for electrodes. Spin coating method (300rpm, 30s) was used for this process. The
thickness of the substrate was carefully controlled. If the substrate is too thick, less
stretchability is achieved and can be torn when stretching. On the other hand, if the
substrate is too thin, it is hard to control. The optimized spin coated PDMS
substrate had a thickness of 0.15~0.2mm. Afterwards, 1mL of AgNWs were
transferred to the PDMS substrate by vacuum filtration method. The transferred
AgNWSs showed resistance under 20Q. Ag NWs were patterned into rectangular-
shaped electrode structures with ~60um electrode spacing, through 355nm

wavelength laser ablation.



2.3. Synthesis of Ag@Cu20 Core-Shell NWs

—1 —1 L1 — |
+Ag NWs +CuCl2(0.01M) +SDS (150g/L) +NaOH (1M)
(0.3g/50ml) iml 0.8ml 0.6ml
—oml_, E— — E—
DI water 28.7ml j —
+NH20H- HCI (0.2M)
1.5ml « Cleaning in acetone by centrifugation

(2000rpm, 10min)
« Purification with ethanol
(2000rpm, 10min)

_— _—

Stirring for 10min

Figure 1. The schematic diagram of the fabrication process of core-shell NWs.

Ag@Cu0 core-shell NWs were synthesized via a modified Au@ Cu,O core-
shell NPs synthesis process reported by Zhu et al(8) and Yuan et al(9). 2.7mL of
AgNWs, 1mL of 0.01M CuCl; solution, 0.8mL of SDS aqueous solution(150g/L),
and 0.6mL of 1M NaOH solution were put into 28.7mL of DI water in succession.
After 3 min of stirring at 200rpm, 1.5mL of 0.2M NHOH-HCI solution was put in
and 10 minutes of additional stirring was progressed. The core-shell NWs were
cleaned with acetone using centrifugation (2000rpm, 10mins). Then, they were
redispersed in ethanol and cleaned again by the same method of centrifugation.

AgNWs and CuCl; solution are the main ingredient that composes the
Au@Cu,0 NWs. SDS solution is added to work as a dispersant and NaOH solution
are added to control the pH of the whole solution during the synthesis process.
Finally, NH,OH -HCI solution works as a reducing agent to reduce the Cu?* of the
CuCl; solution to Cu* of Cu,O. The Cu?* ions are first randomly dispersed in the
solution and then attaches around the AgNWs as the NH,OH -HCI solution is added.
In this study, we successfully modified the study by Zhu et al, by changing the

main matieral form AgNPs to AgNWSs. Compared to the previous study by Zhu et
7 A =-TH



al, the synthesis time (excluding the cleaning process) was remarkably reduced
from more than 1 hour to 15 minutes. The optic images of the AgNWSs aqueous

solution and Au@Cu,O NWs dispersed in ethanol are shown in Figure 2a.

S————
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Figure 2. (a) Optic images of AgNWs aqueous solution and Au@Cu,O NWs
dispersed in ethanol and (b) X-ray diffraction of the synthesized core-shell
NWs.

Figure 3. EDS elemental maps of the synthesized core-shell NWs.

Ag cores and CuyO shells of the NWs were identified by XRD pattern
analysis (Figure 2) and EDS elemental maps (Figure 3). Ag peak and Cu,O peak
appeared in the XRD pattern. The known main peak of Ag (JCPDS: 04-0783) is 38
degrees, and the main peak of Cu.O (JCPDS: 05-0667) is 36 degrees according to

JCPDS. Likewise, Ag cores and Cu shells were observed in EDS elemental maps.



Therefore, we could conclude that the Ag@Cu.O core-shell NWSs were

successfully synthesized.

2.4. Fabrication of the Memristor

a b

AgNWs electrode
Ag-Cu,0 coreshell NWs

\\\ \
N

Figure 4. (a) Schematic of the fabricated memristor and (b) an optic image of the
memristor on a finger.

Synthesized core-shell NWs were deposited onto the AgNWs electrode by
vacuum filtration method. 6.5mL of Ag@Cu,0O core-shell NWs solution were used
per sample. In order to enhance the stretchability of the memristor, we used a pre-
strain method. Before transferring the core-shell NWs, the PDMS substrate was
stretched 20%. Then, the NWSs were transferred to the stretched PDMS, and the
pre-strain was carefully released afterwards. This method significantly enhanced
the stretchability of the memristor

Eventually, a random percolation network of core-shell NWs was formed in
the 60um spacing between two AgNWs electrodes. Figure 4b shows the optic
image of the memristor on a finger. As shown, they are flexible and small enough

to be applied to wearable devices.



Chapter 3. Memristor Characterization

3.1. Operation Mechanism

B Cu,0 shell(High resistance)
@ Ag core (Low resistance)

Figure 5. The schematic diagram of the set process.

HRS (High Resistance State) LRS (Low Resistance State

S~

Figure 6. The schematic diagram of the switching process between the HRS and
the LRS.

The fabricated Ag@Cu,O core-shell NWs network memristor reversibly

transits from the HRS (high resistance state) and LRS (low resistance state) or the
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opposite way, reflecting the electrical material characteristics of Ag and Cu,0. As a
conductive material, Ag shows relatively low resistance. On the other hand, Cu.O
is a semiconductor material which shows relatively high resistance. The resistance
of the memristor is controlled by the formation and destruction of a conductive
filament that passes through the Cu,O shells (Figure 5).

Originally, conductive paths form through the Cu,O shells of the NWs
network (Figure 6). Therefore, the high resistance of Cu,O dominantly affects the
resultant resistance between the electrodes. This is the HRS for which the
resistance is ~100MQ.

When voltage is applied with appropriate compliance current (the compliance
current was chosen as 0.1mA in this study), each nanowire obtains different
electrical potential. Therefore, electrical potential gradient is formed between
adjacent nanowires. Due to the potential gradient, oxygen vacancies migrate in
specific direction and align through the Cu,O shell. This “filament” consisting of
oxygen vacancies is conductive, connecting some of the conductive Ag cores of the
NWs network. As the low resistance of Ag cores affect the resultant resistance
between electrodes (Figure 6), the memristor switches to the LRS with resistance
of ~7kQ. When voltage is applied between the electrodes, current will mostly flow
through the nanowires that are connected through the conductive filament and Ag
cores. This is because the resistances of the conductive filament and Ag cores are
significantly lower than the Cu,O shell. Therefore, the LRS resistance will rely on
the length of the “conductive path” formed by the conductive filament and Ag
cores.

The memristor can switch again to the HRS by destroying the conductive

filaments. This can be done by applying voltage without setting any compliance
11 H 2-TH
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current. As high current flows through the conductive filaments, rupture forms
because of the heat generated by Joule heating(10, 11). Using an IR camera, we
observed instantaneous sparks in some of the junctions during the switching
process from LRS to HRS. This means that the temperature of some junctions in
the NWs networks rises instantaneously, which implies that the conductive

filament is destroyed due to Joule heating.
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Figure 7. (a) The I-V curve of the memristor and (b) the set/reset voltage of 59
memristor samples.

Figure 7a displays the 1-V curve of the memristor. The y-axis is in log scale,
and the inset shows the y-axis in linear scale. The “set process” is when the
conductive filament forms and the resistance switches from HRS to LRS. We set
the compliance current of 0.1mA during the set process, to prevent the rupture of
the conductive filament. The switching occurs when ~6V is applied, and this
voltage is called the “set voltage”. Oppositely, the “reset process” is when the
conductive filament is ruptured and the resistance switches from LRS to HRS. In

this case, we did not set the compliance current so that the filament could be
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destroyed by Joule heating. This switching occurs when ~4V is applied, and this
voltage is called the “reset voltage”.

Because the electric properties of HRS and LRS relies on the resistance of the
random network of NWs, it needs to be proved that all the fabricated memristors
shows similar set voltage and reset voltage.

To confirm the consistency of the memristor fabrication process, we fabricated
59 samples to investigate the set and reset voltage. Both could be fitted into normal
distribution curves with average 3.80V and 6.00V, respectively. Therefore, it can be

concluded that the fabricated memristors show reasonable consistency.

3.2. Shell Thickness Optimization

®
&

Increasing Relative Shell Thickness

v

Figure 8. The schematic diagram of the Cu,O shell as the RST increases.

We discovered that the thickness of the Cu.O shell is a key factor which
determines the performance of the memristor, especially its stability and set/reset

voltage. If the shell is too thin, poorly coated defects exist and the Ag core is
¥ % .
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exposed. This can result in unstable operation performance of the memristor. On
the other hand, if the shell is too thick, it is hard for the oxygen vacancy filament to
fully penetrate through the Cu,O shell. Then, the voltage required for switching
between HRS/LRS states gets higher. This implies that the memristor require more
energy for operation, which is clearly a disadvantage. Also, because high voltage is
applied, the NWs can be damaged even before reaching the targeted voltage. More
importantly, if the thickness exceeds a critical point, the memristor does not switch
to the LRS, which means that it no longer functions as a memristor. Therefore,
finding the appropriate shell thickness that assures high stability and low energy
consumption is important.

The thickness of the Cu,O shell can be controlled in the synthesis step, by
adjusting the amount of 0.01M CuCl; solution. More precisely, the thickness of the
Cuz0 shell will depend on the AgNWs to CuCl, solution volume ratio. For
experimental convenience, we fixed the volume of AgNWs and controlled the
volume of 0.01M CuCl; solution for optimization. A total of 6 samples were made
for comparison and 0.1mL, 0.3mL, 0.5mL, 1mL, 2mL, and 3mL of CuCl; solution
were used for each sample.

Figure 9 shows SEM images of the Ag@Cu,O core-shell NWs when the
amount of 0.01M CucCl; solution is 0.1mL, 0.3mL, 0.5mL, 1mL, 2mL, and 3mL. It
can be easily observed that the thickness of the NWs increases significantly as the
amount of CuCl; solution increases. The thickness of the CuCl, can be estimated by
subtracting the AgNW core diameter from the total thickness, and dividing the

number by 2. The diameter of the AGQNW core was approximately 30nm in average.

14



Figure 9. SEM images of the core-shell NWs when the amount of 0.01M CuCl;
solution is 0.1mL, 0.3mL, 0.5mL, 1mL, 2mL, and 3mL. The scale bars are 100nm.
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Figure 10. (a) Shell thickness of the NWs versus the volume of CuClzand (b)
operation voltage margin versus relative shell thickness.
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For accurate analysis, the thicknesses of the NWs were measured and showed
in Figure 10 (a). For the cases of 0.1mL and 0.3mL of CuCl; solution, the Cu,O
shells were not uniformly coated onto the Ag cores and clusters were observed.
Therefore, their thickness was unable to be measured. For the 0.5mL case, we
could determine the average thickness of the shell. Still, poorly coated defects
existed. For the cases of 1mL, 2mL, and 3mL, the Cu2O shells were uniformly
coated and no defects were observed. As CuCl: solution volume increased, the
thickness of the shell increased. For the 3mL case, the memristor did not turn to the
LRS, not functioning as a memristor. It could be concluded that the cases of 0.5mL,
1mL, and 2mL of CuCl; solution were suitable for a well-operating memristor.

Operation voltage margin was investigated to examine the manipulability of
the memristor. Operation voltage margin is defined as the difference between set
and reset voltage. Big operation voltage margin indicates that the set voltage range
and reset voltage range is distinctively different, making it easy to switch between
LRS and HRS. This is because the voltage range needed for set switching and reset
switching can be clearly separated.

Relative shell thickness in Figure 10 is defined as RST=(Dw—D¢)/ Dw, where
Dw is the thickness of the entire wire and Dc is the thickness of its core. It is a
dimensionless number which stands for the ratio between core-shell NWs’ shell
and core thicknesses. When the CuCl, solution volume was 0.1mL, 0.3mL, 0.5mL,
ImL, 2mL, and 3mL, the RST was 0,0, 0.42, 0.6, 0.66, and 0.7, respectively.

The operation voltage margin was biggest at RST of 0.6 (Figure 10, b).
Accordingly, it was concluded that the optimum volume of CuCl; solution needed

in the synthesis process is 1mL and the optimum RST of the core-shell NWs is 0.6.
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Figure 11. The LRS resistance of the memristor versus the relative shell thickness.

The LRS resistances of the memristors with different RST were investigated.
The LRS resistance depends on quantity nanowire junctions that has a fully
conductive filament. If there are many junctions with conductive filament, the
conductive path crossing through the NWs network with be relatively short, and
the LRS resistance will be low. On the other hand, if there are less junctions with
conductive filament, the conductive path crossing through the NWs network will
be long, resulting in relatively high LRS resistance. In this way, the LRS resistance
may depend on the characteristic of the random NWs network. Therefore, it should
be assured that the LRS resistance does not fluctuate too much and remains
consistent despite the randomness of the network.

The optimal case we chose, which is when the RST is 0.66, shows the highest
consistency. The LRS resistance is between approximately 5kQ and 7kQ, which

may be seen as reasonable consistency.
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3.3. Reliability Test

To verify that the fabricated memristor shows high performance with reliable
stability, retention test and cycle test were conducted. In addition, since the
objective of this study is to make a stretchable memristor, it was proved that the

memristor operates in high strain conditions.
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Figure 12. (a) Retention test and (b) set/reset cycling test of the memristor.

One of the important indexes that shows the stability of the memristor is the
retention time. The retention time indicates how long the memristor can remain its
HRS and LRS resistance without significant change. Generally, the HRS resistance
decreases and LRS resistance increases as time passes. Therefore, it is necessary to
investigate the time which the difference between the HRS resistance and LRS
resistance remains constant. Retention test with a reading bias of V, = +1.0V was
conducted. The resistance has been recorded every 1s for both HRS and LRS.
Figure 12a shows that HRS resistance of ~100MQ and LRS resistance of ~7kQ

were maintained for 25000s, which is about 7 hours. The HRS/LRS resistance ratio

18 - 2-1H



remained bigger than 10* for the entire experiment time. A previous study by Kim
et al(12) demonstrated TiOx-based memristors with 10000s retention time and 10°
HRS/LRS resistance ratio. Xin et al(13) demonstrated a ITO/PFP/Al memristor
with 11000s retention time and 10> HRS/LRS resistance ratio. Compared to
previous studies, our memristor showed long retention time and big HRS/LRS
resistance ratio.

Another index that shows the stability of the memristor is the set/reset cycling
test. A set/reset cycling test of the memristor with a reading bias of V; = +1.0V was
conducted over 200 cycles. LRS resistance and HRS resistance was measured in
1.0V reading voltage bias alternatively as the memristor was continuously switched.
The reset voltage slightly decreased as the number of cycles increased, while the
set voltage showed no significant change. The HRS/LRS resistance ratio also
remained bigger than 10* over the entire cycles. Wang et al(14) demonstrated an
AU/Ti/MoS2/Ti/Au memristor with 160 switching cycles and 10~10* HRS/LRS
ratio. Qian et al(15) reported an Ag/h-BN/Cu memristor with 550 switching cycles
and 10?7 HRS/LRS resistance ratio. Compared to previous studies, our memristor
endures reasonably many switching cycles.

The retention test and set/ret cycling tests shows that the fabricated memristor
is suitable for usage. It operated normally through 25000s retention time and 200
switching cycles, which implies the memristor is stable compared to previously

reported memristors.
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Figure 13. IV-curves in various (a) strain conditions and (b) temperature
conditions.

Our memristor normally operated in both harsh strain and temperature
conditions. 0%, 3%, 6%, 9% strain were applied in the parallel direction with the
electrodes. The LRS resistance increased as strain increased. However, no tendency
was observed between the set/reset voltage versus strain. Overall, the I-V curves in
all strain conditions were distributed with minor fluctuations (Figure 13, a).

0°C, 10°C, 20°C, 30°C additional heating were applied to the memristor in
room temperature (25°C). Heating was applied by a Peltier effect module, and the
temperature was controlled by changing the current that flows through the module.
For accurate temperature control, temperature was continuously measured through
an IR camera. The LRS resistance increased merely as temperature increased.
Nevertheless, like the strain variation experiment, no tendency was observed
between the set and reset voltage versus temperature. It can be concluded that the I-
V curves in all temperature conditions were distributed within similar range
(Figure 13, b).

The results of these two experiments show that the memristor does not break
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down, and maintains proper operation in various strain and temperature conditions.
Furthermore, the result of the strain variation test verifies that the memristor is
stretchable. LRS resistance tendency, which increases as strain and temperature
increase, shows further application possibility of this Ag@Cu,O core-shell network

to be used as strain and temperature sensors.
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Chapter 4. Simulation

4.1. Single Junction Conductivity Modelling

Even though a single junction formed by two nanowires shows memristive
characteristics, it does not assure that a nanowire ‘“network” operates as a
memristor. Therefore, we conducted a simulation to support the theoretical
background of our study. This method also attributed to the visualization of the
resistance transition process of the core-shell NWs.

The simulation algorithm used in this study is a modified version of the
algorithm introduced in Manning et al(16), Hochstetter et al(17) and Panda et
al(18). The simulation algorithm in Manning et al modeled nanowire networks that
are plain nanowires, not core-shell nanowires. We modified it to be applied for

core-shell nanowires.
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Figure 14. (a) Single junction conductivity modelling and (b) simulation result.
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Assingle junction formed by two different nanowires was modeled (Figure 14,
a). To differentiate the electrical properties of the Ag core and Cu,O, we modeled
them as a resistance with different electrical properties. The Ag core electrical path
was assumed as a resistance with consistent conductivity. On the other hand, the
Cu20 shell electrical path was assumed as a resistance with variable conductivity
that switches between a low resistance value and a high resistance value. This is
because the resistance of the Cu,O shell changes as the conductive filament forms
and disappears. The conductivity of this variable junction resistance was modelled
to follow the equation dI'/dI=alf3, where I" is conductivity of each junction, I is the
current passing through the junction, and a, £ are random variables. We adjusted
the random variables « and 8 to match the experimental results.

However, this exponential form of equation is incomplete, since it cannot
explain the “conductivity jump” that occurs at the instance when the filament is
fully connected. In reality, the conductivity of the shell does not increase
exponentially as the filament grows. Instead, it is clear that there will be a
conductivity jump at the instant when the final part of the filament is formed and
the Ag cores are fully connected with a conductive filament. Therefore, to
complement the weakness of the governing equation, we added an algorithm that
embodies the conductivity jump. From previous experiments, we observed that
most of the samples go through a conductivity jump when they reach a critical
conductivity point. To match with the experimental results, we set the conductivity
jump to occur when the conductivity gets 60 times bigger than the initial
conductivity. The simulation result of the single junction conductivity, reflecting
both the governing equation and conductivity jump algorithm, is shown in Figure

14b. :
23 '



4.2. Network Conductivity Modelling

Then, the simulation was extended to a network model. Nanowires (lines)
with random lengths were distributed in the given space. Then, a “adjacent matrix”
that displays whether the nanowires are connected or not was defined. If nanowires
were connected and formed a junction, variable junction resistances were added.
After modelling the NWs network with the governing equation and the
conductivity jump algorithm, we implicitly calculated the current flow and
conductance at each junction. Then, the resultant conductance of the whole
network was calculated. The implicit computational model is based on the
Kirchhoff's Current Law (KCL). First, initial conductance of the nanowires and
junctions was set. Second, an initial current I, was loaded on each side of the
electrodes. After setting the conductance and current, new conductance values were
calculated by applying the KCL on each junction. The current on the electrodes
was incremented and the conductance was repeatedly calculated until the total
voltage difference between two electrodes matched the desired output voltage

(Figure 15, a).

a b
Network conductivity Ry
% 3 10° »
modeling :
O
2 '
> ol
.‘3 10
=y 10¢
B0
c' Real data
8 1w} ¢ Simulaton data
A S etrod B T R B TR .
s Electrode
. Voltage (V)

Figure 15. (a) Network conductivity modeling and (b) simulation result.
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Figure 15b shows the computational results. After adjusting the random
variables a and B, the simulation results closely approached the real data obtained
from previous experiments. Therefore, in this part, we proved by a computational
method that not only single nanowire junctions, but also random nanowire

networks show memristive characteristics.
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Figure 16. Formation of conductive filaments on nanowire junctions as voltage is
incrementally applied between the electrodes.

Additionally, we conducted a simulation to visually show the formation of
conductive filaments on nanowire junctions as voltage is incrementally applied
between the two electrodes on each side (Figure 16). The location of the junctions
where conductive filaments formed appeared to be random, as expected. When
conductive filaments were plenty enough to form a complete path between the

electrodes, the whole network was switched on to the LRS.
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Chapter 5. Conclusion

In this paper, Ag@Cu,O core-shell nanowire networks are transferred on
stretchable PDMS substrate to fabricate a nonvolatile memristor that can be used
for neuromorphic engineering. Compared to previous studies that modified
structural designs to achieve high stretchability, nanowire networks were used to
obtain stretchability in material level. To achieve the goal of this study, first, we
modified the synthesis process of the core-shell NWs based on previous studies. As
a result, we could significantly reduce the synthesis time to approximately 15
minutes. The synthesis result was confirmed through EDS and XRD results.
Second, we achieved stable operation of the memristor through optimization of the
Cu20 shell thickness. The optimum RST value was 0.6, which is when 1ml of
0.01M CuCl; is added in the synthesis process. Third, we verified the reliability of
the manufacture memristor. The memristor maintained switching ratio over 10 for
25000s time and 200 switching cycles. Moreover, it could endure mechanical
damages up to 9% strain and 30°C additional heating in room temperature
condition. This Ag@Cu.O core-shell nanowire networks based stretchable
memristor is expected to dedicate to the development of neuromorphic devices that
are highly similar to neurons of human beings, by improving mechanical durability

and allowing applications in curved surfaces.
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