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With the advent of smart flexible electronic devices, new research directions have
emerged. Among them, the resistive switching (RS) sensor has attracted much attention.
The RS sensor converts the change of voltage signals into the change of resistance
values. In this work, a planar flexible RS structure based on one-step printable silver
electrodes was designed and fabricated to simplify device fabrication. The study is a
starting point that paves the way for the development of all-in-one printable and flexible
sensors in the future.
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INTRODUCTION

Recent years have seen the emergence of flexible electronic devices and applications such as the
Internet of Things (Ko et al., 2008; Kim et al., 2018; Luo et al., 2019; Wu et al., 2019; Xu et al., 2019;
Zhang et al., 2019). The flexible resistive switching (RS) device has a sandwich structure in which
the top electrode, the active layer, and the bottom electrode are sequentially stacked. The fabrication
process of the flexible RS device is usually bottom-up (Han and Lee, 2016). First, a bottom electrode
is grown on a flexible substrate, after which a resistive layer material is deposited on the bottom
electrode, and finally, a top electrode is deposited on the resistive layer. The electrodes of the
RS device use metal materials such as copper (Zou et al., 2013), silver (Lee et al., 2019), and
platinum (Tan et al., 2014), etc. and conductive oxide materials such as ITO (Midya et al., 2015)
and FTO(Pham et al., 2018), etc. The fabrication processes of growing the electrode are usually
performed by evaporation (Sun et al., 2016) or chemical vapor deposition (Giulia et al., 2019),
which can be time-consuming, have a high thermal budget and consume a large amount of energy.
The three-layer material of the sandwich structure is also prone to fracture during bending due
to stress mismatch. Due to the fact that these sandwich-structure RS devices show high power
consumption, complex fabrication processes, and limited applications, it is important to develop
low-cost and simple-fabricated planar RS devices.

With the development of architecture, the planar RS devices with horizontal conductive paths
have gradually exhibited advantages, such as the anti-crosstalk current between adjacent cells
and the low-cost manufacturing process (Zhang et al., 2018). With horizontal grown conductive
filament, a TiN/HfOx/Ti/HfOx/TiN-based RS device is fabricated by the nanodamascene process
and shows the ability to avoid sneak current flow through neighboring cells (Labalette et al., 2017).
For vertical devices, the leakage current path exists in an RS device with a low resistance state
(LRS) (Linn et al., 2010). The series connection of two planar complementary-RS (CRS) devices
A and B provide the solution. The CRS state shows “0” with a high resistance state (HRS)-A and
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LRS-B and the CRS state shows “1” with HRS-B and LRS-A.
Regardless of the state, the total resistance of the planar CRS
device is HRS, enabling it to avoid sneak current flowing. Flexible
electronic printing technology is used to fabricate planar RS
devices. Printable electronics are a promising manufacturing
technology in the potential fabrication of flexible electronic
devices such as flexible sensors (Lin et al., 2019), superconductors
(Li et al., 2020), and thin-film transistors (Scholz et al., 2020),
as result of the potential large-scale integration, low cost, and
the fact that the technology is easy to operate (Li et al., 2019;
Zhuldybina et al., 2020). An all-printed, flexible, and rewritable
RS device was reported by Rehman et al. (2017). The silver
electrodes were patterned by the reverse offset printing system
and sprayed with graphene quantum dots (GQD) combined
with white graphene (hBN). Fabricated by printed hBN flakes,
embedded with GQD as the functional layer, the planar RS device
shows stress match, large electrical endurance (1,000 cycles), and
enhanced lifetime (10° s).

This study reports a printable and flexible silver-based planar
RS sensory device array in which the metal electrodes are
in firm contact with the substrate, without stress mismatch,
and the process does not require high-temperature heating.
Figure 1 is the schematic of the planar RS device in electrical
performance, optical photograph, array integration, and
outlook in artificial intelligence. This planar RS device

demonstrates a more economical fabrication process and
resistive switching performance.

MATERIALS AND METHODS

Materials

The materials used to fabricate the RS device include polyimide
(PI) film (thickness: 100 pm), potassium hydroxide (AR, 85%),
silver nitrate (AR, 98%), ammonia (AR, 25-28%), sodium
borohydride (AR, 98%), hydrogen peroxide (AR, 30%), and
chloroplatinic acid (AR, Pt > 37.5%). The etch tool and the
mask are made of blade (width: 0.2 mm) and tape, respectively.
The PI film was purchased from Qian Feng Insulating
Material Company. Potassium hydroxide, silver nitrate, sodium
borohydride, chloroplatinic acid, and hydrogen peroxide were
purchased from the Aladdin Industrial Corporation. Ammonia
was purchased from the Enox Company. The blade and the tape
were obtained from the Flying Eagle Brand and Deli, respectively.

RS Device Fabrication

Figure 2 shows the schematic of the planar RS device fabrication
procedure (Yu et al, 2015). First, the polyimide (PI) was
successively immersed in 4 mol/L potassium hydroxide aqueous
solution and 0.02 mol/L silver ammonia reagent. The surface of
the PI film with dangling silver ions is shown in Figure 2A. Then,

controlled

FIGURE 1 | Schematic of the flexible planar RS device in electrical performance, optical photograph, array integration, and the outlook in artificial intelligence.
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FIGURE 2 | Schematic of the fabrication process of the planar RS device. (A) The fabrication process of growing silver by reducing the Ag+ in the modified polyimide
with hydrogen peroxide. (B) Schematic of silver grown in Pl substrate. (C) Channels made by mechanical blade-cutting. (D) Schematic of Ag-Ag planar RS device

Schematic of Pt-Ag planar RS, based on mechanical cutting manufacturing.

based on mechanical cutting manufacturing. (E,F) The fabrication process of growing platinum on silver. (G) Channels made by mechanical blade-cutting. (H)

we used printed ink as a mask and dripped 0.02 mol/L hydrogen
peroxide solution on the PI film to reduce the patterned silver
as illustrated in Figure 2B. The low-hardness silver was easily
removed by mechanical etching. As is shown in Figure 2C, the
silver surface was etched with a sharp blade. The fine channels on
the surface of the silver were obtained by mechanical etching, as
shown in Figure 2D. As demonstrated in Figure 2E, we used the
tape as the mask to protect a portion of the silver on the polyimide
from reacting with the platinum ion. The chloroplatinic acid
solution (mass fraction: 1%) was then dropped to the unprotected
silver to complete the replacement reaction. The sample was
next placed on a heating platform at 60°C for drying, as shown
in Figure 2F. The platinum was reduced by soaking it in a 10
mmol/L sodium borohydride solution for 30 min. The bright part
was silver, and the dark gray part was the reduced metal platinum.
As demonstrated in Figure 2G, as in the mechanical etching
of silver, the sharp blade was used for etching at the interface
between the platinum and silver. The obtained fine channel is
shown in Figure 2H. As shown in the enlarged section below,
silver and platinum were on either side of the channel.

Measurement Setup

The X-ray energy spectrum (EDS) and scanning electron
microscope (SEM) were completed using the FEI XL30 FEG.
Electrical experiments were completed by the electrochemical
workstation (CHI660E). When testing the silver-silver (Ag-
Ag) RS device, the two electrodes separated by the channel
were connected to the working electrode and the reference
electrode of the electrochemical workstation randomly. The
Ag electrode was connected to the working electrode and
the Pt electrode was connected to the reference electrode
with silver-platinum (Ag-Pt) RS device measurement. The
electrochemical workstation was used to apply voltage to the
RS device and record the real-time current passing through the
RS device.

FIGURE 3 | Characterization of planar silver electrodes-based RS device. (A)
The SEM image of the high resistance state (HRS). (B) The SEM image of the
low resistance state (LRS). The inset shows the EDS image of the LRS about
Ag with a scale of 125 um.

RESULTS

Characterization

The composition and microstructure of the silver surface after
mechanical etching, the X-ray energy spectrum (EDS), and
scanning electron microscope (SEM) images are shown in
Figure 3. Figure 3A shows the microstructure of the channel
in HRS at a 50pum scale. The area with deep contrast
shows high conductivity (Moncrieff et al., 1978; Wang et al,
2012), which is related to the conductivity of silver. At the
mechanically etched channels, the distribution of silver was
reduced. The blade removes part of the silver and exposes
the PI substrate which contains carbon and oxygen. The areas
with shallow contrast show poor conductivity, which is related
to the exposed PI. Figure 3B shows the SEM image of the
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FIGURE 4 | The electrical test of the Ag-Ag planar RS device. (A) Current-voltage characteristics of the planar RS device. (B) Repeatability and reset test of the planar
RS device. (C) The current-voltage test of the explanted planar RS device. (D) The current-voltage test of the curving planar RS device.

planar RS device in LRS at a 50 um scale. The silver and
polyimide were interlaced. The inset of Figure 3B shows the
silver element distribution EDS image of the Ag-Ag planar
RS device.

Performance

To test the set voltage, the reset voltage, the ON/OFF ratio,
and the effect of bending of the Ag-Ag planar RS device, a
series of electrical experiments were carried out. As illustrated
in Figure 4A, a typical nonvolatile rewritable resistive switching
behavior was found from the resistive switching performance
plot of the planar RS device with the ON/OFF ratio of ~50. The
applied voltage sweeps follow the arrows (0V to +3V to 0V to
—3V to 0V). The planar RS device is in the HRS from 0V to the
operating voltage of ~2.5 V and the conductivity decreases when
the voltage increased to —2.9'V, which shows bipolar conversion
characteristics. The low operating voltage shows low operating
power consumption compared with the flexible RS devices (Kim
etal., 2019). Figure 4B shows the resistive switching performance
of another planar RS device with the same structure for four
cycles with an applied voltage of —0.8-3 V. The planar RS device
sets to the low resistance state between 0.75 and 1.75V. At
~0V, the planar RS device resets to a high resistance state,
which shows unipolar conversion characteristics. Commonly,
on-set potential is different in the different cycle tests of one RS
device (He et al., 2009). There are two possible reasons for the
different on-set potential of the silver electrodes-based RS device.
First, the interface of the channel is irregular as demonstrated
in Figure 3A, there may be multiple conduction paths, and

the conductive paths in different cycles are not unique. After
resetting it by applying voltage, the silver ions cannot completely
return to the same position as no voltage is applied. For the
conductive path, the initial position of the movable silver ion is
different (Liu et al., 2012). Figures 4C,D show the results of one
device placed flat and bent. The planar RS device has a flat placed
state and the curved state shows similar switching performances.

DISCUSSION

For RS devices, metal ion migration(Tian et al., 2014) and defect
vacancy migration (Pham et al., 2018) are common reasons for
resistance switching. With inactive electrodes, such as ITO and
platinum, etc., the defect vacancies in the active RS layer trap
carriers under the control of voltage, thereby forming conductive
paths and reducing the resistance of the RS layer (Tan et al., 2014).
With the active metal electrodes, such as silver, and copper, etc.,
the metal atoms are excited to ion state, and the ions migrate
and connect, controlled by electric potential, thereby forming
a conductive filament (Liu et al., 2012). To determine whether
the conducting filaments are formed from the silver atoms or
the defect vacancies, a series of comparative experiments and
discussions are given in Figure 5. Platinum is commonly used as
an inert electrode for RS devices. Figure 5A shows the resistive
switching performance plot of the Pt-Ag planar RS device. The
applied voltage sweeps, following as 0V to +3V to 0V to =3V
to 0V. The Pt-Ag planar has high resistance of ~1.18 x 107 £,
low resistance of ~9.5 x 10 £2, and the ON/OFF ratio of ~1.2
x 103, which shows better performance compared to the flexible
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FIGURE 5 | Mechanism analysis of the planar RS device. (A) The electrical reliability test of the Pt-Ag planar RS device. (B) The electrical reliability test of the Pt-Pt
planar structure. (C) Schematic of Ag-Ag planar RS device without voltage. (D) The schematic of Ag™ in Ag-Ag planar RS device with voltage.
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graphene-based RS device with an ON/OFF ratio of 3 (Midya
etal, 2015). Figure 5B shows the resistive switching performance
of the platinum-platinum (Pt-Pt) planar structure. The current
show nanoamps order without hysteresis during the entire
voltage switching test. Typical nonvolatile rewritable resistive
switching behavior cannot perform in the Pt-Pt planar structure.

In an active electrode, silver metal ions can migrate in the
resistive layer so that the resistance state of the RS device changes
(Hirose and Hirose, 1976), and platinum is an inert electrode that
only acts as an electrical conductor, which makes the Ag-Ag, Ag-
Pt, and Pt-Pt planar RS device structures show different resistive
switching performance. With the active electrode, the filament
growth is completed by the migration of metal ions (Yang and
Lu, 2016). With two inert electrodes, neither metal ion migration
nor oxygen vacancy migration occurred, which can cause RS
failure in Pt-Pt devices (Lanza et al., 2019). The schematic of the
mechanism of resistance change in the Ag-Ag planar RS device
is shown in Figures 5C,D (Peng et al., 2013; Fang et al., 2014).
The insulating PI separates the conductive silver in the initial
state with no voltage. The Ag-Ag planar RS device is in the high
resistance state. As the voltage increases, silver ions migrate in the
insulating polyimide and crosslink with the silver in other regions
to form current paths. The Ag-Ag planar RS device is in the low
resistance state.

CONCLUSION

Thus, study designed a planar silver-based RS device with an
economical fabrication process and good performance, which

provides a new perspective on the integration of smart printable
flexible devices. The planar silver-based RS device shows a low
operating voltage of 2.5V and a high ON/OFF ratio of 1.2 x 10°.
The RS performance is caused by the migration of silver ions.
This study paves the way for future all-in-one flexible computing
and memory integration systems.
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