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Abstract The integration of multiple functional devices to achieve complex functions has become an essential requirement for future wearable biomedical electronic devices and systems. In this paper, we present a
flexible multi-functional device composed of a biocompatible organic polymer resistive random-access memory (RRAM) and a photoresistor for wearable image sensing application. The resistive layer of organic
polymer RRAM is composed by polychloro-para-xylylene (parylene-C), which is a flexible, transparent, biocompatibility and chemical stability polymer material. What is more, parylene-C is quite safe to be used
within human body as it is a Food and Drug Administration (FDA)-approved material. This organic RRAM
shows stable switching characteristics, low operation voltages (3.25 V for set voltage and −0.55 V for reset voltage), low static power consumption, high storage window and good retention properties (>104 s).
A multi-functional device that can detect the light intensity of incident light and simultaneously store the
information in the memory devices for wearable image sensing application was proposed and fabricated by
integrating the organic resistive memory and a photoresistor. The threshold of incident light intensity can
be easily adjust by changing the external voltage. This device is promising for building wearable electronic
systems with various multiple functionalities.
Keywords wearable device, image sensor, flexible, biocompatible, resistive random-access memory
(RRAM), photoresistor
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1

Introduction

In recent years, wearable biomedical electronic devices and systems have attract a lot of attention for
their potential in modern medicine [1–3]. There are many types of electronic devices for wearable devices
such as sensor, memory, transistor and battery [4–7]. And each device has its unique and irreplaceable
function, but only one device is not enough for the biomedical electronic application, which usually need
some more complex functions. As a result, it is necessary to integrate a biomedical electronic devices
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system that contains many type of electronic devices on only one module [8–10]. Such a system can detect
signal, process signal, store information and display the results only on an integrated system without any
other help. What is more, safety is extremely important when these biomedical electronic devices and
systems are implanted into the body, so the materials should be biocompatible to ensure these devices
will not hurt the health of human.
Memory is an important component in the wearable biomedical electronic devices system to store the
information detected by sensors. As an emerging non-volatile memory, resistive random-access memory
(RRAM) has the advantages of low power consumption, simple structure, high switching speed and high
intensity, and it is easy to integrate with other devices [11–18]. So RRAM is an appropriate memory
for the wearable biomedical electronic devices and systems. Obviously, flexible memory is necessary for
wearable electronics, but the traditional RRAM are made by metal oxide and they are all rigid and
cannot work when the device is bent. In order to make the device flexible, 2D materials and organic
polymer materials have often been used as active layer’s material owing to their flexible structure [19–25].
Comparing with 2D materials, organic polymer materials are easier to fabricate and much cheaper, so
organic RRAM is suitable for wearable devices and has been investigate widely. Polychloro-para-xylylene
(parylene-C), as an organic polymer material, is quite flexible and transparent, which makes it becomes
a suitable material for flexible RRAM. And parylene-C also has great chemical stability which ensure the
parylene-C based RRAM can work stable in hard conditions. What is more, parylene-C is a Food and
Drug Administration (FDA)-approved material, it means that parylene-C is a safe material to be used
within human body.
Recently, the wearable image sensors have been widely investigated for their potential applications in
machine vision systems and X-ray based biomedical imaging application [26–30]. As we know, an image
sensor usually consists of a photosensitive element and a signal processing or storage element. Photoresistor, a light dependent resistor, exhibits obvious photoconductivity, which means that its resistance will
decrease with increasing incident light intensity. So, photoresistor can be used as photosensitive element
of image sensors. Nowadays, the signal processing or storage element of image sensors are mainly based
on complementary metal-oxide-semiconductor (CMOS) or charge-coupled devices (CCD) [31–38]. However, both of them are difficult to be used in wearable and flexible devices due to their rigid Si-technology,
so it is necessary to find a new device as wearable image sensor’s signal processing or storage element.
From the previous paragraph we can know, organic RRAM based on parylene-C is a suitable device for
wearable and flexible devices. And, through the integration of photoresistor and RRAM, RRAM can direct store the signal detected by photoresistor. So, it is an adoptable method to integrate the parylene-C
based RRAM and photoresistor as an image sensors system.
In this paper, we demonstrate a flexible multi-functional device composed of a biocompatible organic
polymer resistive random-access memory and a photoresistor for image sensing application. The structure
of our organic RRAM is Al/parylene-C/W on parylene-C substrate. Parylene-C is deposited by polymer
chemical vapor deposition (CVD) at room temperature. Our device shows very good storage performance
with stable switching characteristics, low switching voltage (3.25 V for set voltage and −0.55 V for reset
voltage), remarkable storage window and good retention properties (>104 s). The high resistance of
our RRAM is quite high (>10 MΩ), resulting in an extremely low static power consumption. What is
more, parylene-C is quite flexible and biocompatible, implying that this device is a suitable device to be
integrated into the wearable biomedical electronic devices and systems. Then, we integrate our organic
resistive memory with a photoresistor to fabricate a multi-functional device. When the multi-functional
device is illuminated by an external light source, the RRAM will switch to low resistance state if the
incident light intensity exceed the threshold. It means that the information of the incident light intensity
can be direct stored in RRAM. Besides, we can easily adjust the threshold of incident light intensity
by changing the external voltage applied on the device. The device also can be easily read and erased.
These results are valuable for the integrated of multiple devices into a single module and also provide
new opportunities for future biomedical electronic devices and systems.
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Figure 1 (Color online) The schematic of our flexible multi-functional device which integrates a parylene-C based resistive
memory and a photoresistor. The illustration in the upper right indicates that our flexible organic RRAM can be easily
torn off the silicon wafer.

2

Materials and methods

Figure 1 shows a schematic image of the multi-functional device, which consists of a flexible resistive
memory and a photoresistor. The structure of our organic polymer RRAM, which is fabricated on
parylene-C substrate, is Al/parylene-C/W. And the fabrication process of RRAM are as follows. At
first, parylene-C substrate with a thickness of 5 µm was deposited on the silicon wafer with polymer
CVD at room temperature by using specialty coating systems PDS2010. Then, 200 nm tungsten (W)
was sputtered upon parylene-C substrate and followed by a lift-off process as bottom electrodes (BE).
After that, parylene-C with a thickness of 40 nm was deposited by polymer CVD as active layer at room
temperature. Then, the BE via were pattern by lithography and reactive ion etching. Finally, 200 nm
aluminum (Al) was sputtered upon it and followed by a lift-off process as top electrodes (TE). Figure 2
shows the schematic of the polymer CVD process of the parylene-C thin film. The special coating systems
PDS2010 mainly consists of the vaporizer part, the pyrolysis zone and the deposition chamber. At first,
the solid dimer is heated and slowly vaporizes at about 175◦ C in the vaporizer part. Then, the dimer gas
will be cleaved into the monomer gas when it flows into the pyrolysis part, which is about 690◦ C. Finally,
the monomer will polymerize in the deposition chamber at room temperature. It is worth noting that
our device can be removed from the wafer directly without any other process, as shown in the illustration
in the upper right of Figure 1. And the size of the device is 5 µm×5 µm in our experiment.
Then, we integrate our flexible parylene-C based RRAM with the photoresistor to fabricate the multifunctional device, as shown in Figure 1. It is worth mentioning that there is a fixed value resistor (R// )
in parallel with the RRAM in this experiment. An external voltage (Vtotal ) is applied on the multifunctional device when it works in writing mode. The resistance of this fixed value resistor is 110 kΩ,
which is between the bright resistance (>5 kΩ) and the dark resistance (∼1 GΩ) of photoresistor. The
function of the parallel fixed value resistor is to ensure the change of resistance of photoresistor can
effectively influence the voltage applied on the RRAM. And when this multi-functional device works in
reading mode or erasing mode, the voltages are applied on the RRAM directly. The integration of RRAM
and photoresistor enable them to achieve complex functions.
All of the electrical characteristics of our devices were measured by Agilent B1500A (Keysight Technologies, Santa Rosa, California, CA, USA) in an ambient air environment. During the measurements of
RRAM, the top Al electrode was applied with a voltage bias and the bottom W electrode was grounded.
What is more, a compliance current was set to 1 mA to avoid a hard dielectric breakdown in the set process. Parylene-C was purchased from SCS, Indianapolis, Indiana, IN, USA, and the photoresistor (GM
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(Color online) The schematic of the polymer CVD process of the parylene-C thin film.

Figure 3

(Color online) The test system in this experiment.

5549) were purchased for TaoTimeClub, Shenzhen, China. The incident light is the visible light, and
it was provided by a commercial lamp which can adjust the brightness slightly. And the light intensity
is expressed as the brightness percentage of lamp in this paper. The test system in this experiment is
shown in Figure 3.

3
3.1

Discussion and conclusion
Resistive switching characteristics

Figure 4 shows the typical switching characteristics of our Al/parylene-C/W device. Initially, the resistance state of our devices are in high resistance state (HRS), and it is worth mentioning that our devices
are all forming-free. And the device shows a bipolar resistance characteristics. So, when the voltage
applied upon top electrode is larger than the set voltage (Vset =3.25 V), the resistance will switch from
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Figure 4 (Color online) (Red) Measured typical I-V curve
of our Al/parylene-C/W device. Arrows show the voltage
sweep direction and the extracted set and reset voltage are
3.25 V and −0.55 V, respectively. The resistance window is
quite high, and the set compliance current is 1 mA. (Blue)
Typical I-V curve after the bended device was torn off from
the silicon wafer.
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Figure 5 (Color online) The retention behavior of our
parylene-C based device measured by applying a 0.1 V read
voltage at room temperature. There is no apparent degradation after 104 s for both LRS and HRS.

high resistance state to low resistance state (LRS) abruptly. Then, it will switch back to high resistance
state abruptly when the applied voltage is lower than the reset voltage (Vreset =−0.55 V). The set voltage
and reset voltage are both low and hence suitable for the low power wearable devices application. In
addition, a high resistance window has been achieved, and the high resistance is higher than 10 MΩ. As
a result, the static power consumption is extremely low (<10−4 mW @ 1 V), which are quite valuable for
low power wearable devices. The typical switching characteristics of the bended device which was torn
off from the silicon wafer has also been shown in the blue curve of Figure 4. It is worth noting that the
bended device also shows good storage performance, indicating the potential for the wearable device. The
retention characteristic of our device has also been measured at room temperature, as shown in Figure 5.
There is no apparent degradation for both high resistance state and low resistance state after 104 s, which
means a good retention properties for organic resistive memory. These results indicate that our devices
are a nice choice for wearable devices.
3.2

Multi-functional device for image sensing application

The information storage and light sensing functions have been carried out on our multi-functional device.
At first, the typical I-V curve of the multi-functional device at bright environment has been measured to
prove that the RRAM can work normally when it is integrated with a photoresistor, as shown in Figure 6.
Here, the bright resistance of photoresistor (RBright ) is about 30 kΩ, so the total resistance of the device
is about 140 kΩ (≈RBright +R// ) before RRAM is switched to low resistance state. Then, when the
external voltage applied on the device is large enough, the total resistance of the device will be reduced
to about 30 kΩ, which is equal to the bright resistance of photoresistor approximately. It is because that
the voltage applied on RRAM device will get larger than its set voltage as the external voltage increases,
as a result, the RRAM will be switched to low resistance state. After RRAM is switched to low resistance
state, the total resistance will approximate equal to the bright resistance of the photoresistor because the
low resistance of RRAM is much lower than that of photoresistor, as shown in the red line of Figure 6.
These results indicate that the RRAM can work normally when we integrate it with a photoresistor.
Figure 7 shows the writing process of our multi-functional device. Initially, the multi-functional device
is in a dark environment (RDark ≈1 GΩ) and the RRAM is in its high resistance state. An external
voltage is applied on this device, but the voltage will mainly drops on the photoresistor because the
dark resistance of photoresistor (≈1 GΩ) is much larger than the parallel resistance of RRAM and fixed
value resistor (≈110 kΩ). Then, when the light is on at about 10 s, the resistance of photoresistor will
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Figure 6 (Color online) The typical I-V curve of the writing process of our multi-functional device at bright environment.
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Figure 7 (Color online) The writing process of our multifunctional device. At about 10 s, the light is on, which
resulted in the switching of RRAM.
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Figure 8 (Color online) The relationship between the total voltages applied on the multi-functional device and the
threshold of light intensity of the incident light that just can switch the RRAM. Here, the light intensity of the incident
light is expressed as the brightness percentage of the lamp. The threshold of light intensity will decrease when the total
voltages increase.

drops down to approximately 30 kΩ immediately. As a result, most of the voltage will drops on RRAM,
indicating that RRAM will be switched to low resistance state. As a result, the information of incident
light has been stored in RRAM successfully. What is more, if we want to erase the information stored in
RRAM, we can direct applied a negative reset voltage on RRAM. And the reading operation is similar to
the erasing process. The above results show that the incident light can be sensed by our multi-functional
device when its light incident exceed the threshold, and the information of incident light can be directly
stored in RRAM simultaneously.
It will be useful to enable the device to modify the sensing threshold of light intensity in real application.
Measurement shows that the threshold of light intensity to switch the RRAM is dependent on the given
external voltage. In measurement we investigate the relationship between the total voltages applied on
the multi-functional device and the threshold of light intensity of the incident light, the results are shown
in Figure 8. Here, the light intensity of the incident light is expressed as the brightness percentage of
the lamp. From Figure 8 we can know, the threshold of light intensity of the incident light will decrease
if the external voltage applied on the device increases. This is because that the RRAM is in series with
the photoresistor, as shown in Figure 1. So the percentage of the separate voltage applied on RRAM
will increase when the incident light become brighter, which causes the reduction of the resistance of
photoresistor. As a result, the RRAM will be switched to low resistance state if its separate voltage is
larger than its set voltage. For the RRAM which has a larger external voltage, it just need a smaller
percentage of separate voltage on RRAM to reach its set voltage. So, the threshold of light intensity of
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the incident light will decrease when the external voltage applied on the multi-functional device become
lager. In other words, there is a unique threshold of light intensity for a given external voltage, and we
can easily adjust the threshold of incident light intensity by changing the external voltage applied on the
device.
3.3

Conclusion

In summary, we have successfully fabricated a flexible multi-functional device integrated with a biocompatible parylene-C based RRAM and a photoresistor for image sensing application. Our organic RRAM
shows quite superb storage property and the retention characteristic of RRAM is also good enough for
wearable devices. What is more, it shows great biocompatibility, which make it harmless to human body
and becomes a quite suitable device for biomedical electronic device. After integrated with photoresistor,
the RRAM can also be written and read normally. The multi-functional device can detect the light
intensity of incident light and simultaneously store the information in the memory devices for wearable
image sensing application. Besides, the threshold of incident light intensity can be adjust by changing
the external voltage applied on the multi-functional device. This device is promising for application of
wearable biomedical electronic systems with multi-functions.
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