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Abstract

With the increasing popularity of wearable devices, lightweight electronic skin (e-skin) has attracted significant
attention. However, current fabrication technologies make it difficult to directly fabricate sensing materials on
flexible substrates at low temperatures. Hence, we propose a flexible graphene nanosheet-embedded carbon
(F-GNEC) film, which is directly grown on a flexible substrate using an electron cyclotron resonance low-
temperature sputtering system. The direct batch manufacturing of e-skin is obtained by the unique plasma
generation mode of electron cyclotron resonance and the polariton energy transfer mode between the plasma and
substrate surface. The F-GNEC film contains a large number of graphene nanosheets grown vertically and the
graphene edges can serve as electron capture centers, thereby enabling the multi-response properties. We achieve
a high gauge factor of 14,699 under a tensile strain of ¢ = 0.5% and the changing rate of the resistance reaches to
113.2% when the e-skin is bent to 120°. Furthermore, the e-skin achieves a photocurrent of 1.2 pA under 532 nm
laser illumination. The F-GNEC film exhibits a sensitive temperature response and achieves a coefficient of -
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0.58%,/°C in a wide temperature range (30-100 °C). The directly fabricated F-GNEC film-based e-skin is stable
and firm and exhibits multi-response detection capabilities, which enable its potential application in virtual reality
technology and flexible robots.

Keywords: Electronic skin, direct fabrication, graphene-embedded carbon film, multi-response detection

INTRODUCTION

In recent years, wearable electronic device technology has been used in a wide range of applications in
motion detection*, medical monitoring'™” and virtual reality (VR)""?. In particular, electronic skin
(e-skin) has gradually attracted attention"*"?, since it has outstanding flexibility'>'**"), enabling it to fit the
complex surface of the human body and various detection capabilities”*), such as piezoelectric®**,
piezoresistive™*” and photoelectric sensors. Although e-skin has promising development prospects, it is
still plagued by problems, such as the instability caused by the peeling-transferring preparation process”**"..

)?>**hand graphene™, are widely used in flexible
sensors due to their exotic properties. For example, Zhao et al. prepared a flexible sensor based on multi-
walled CNTs and polyaniline, which could detect body movement through triboelectricity”. Qiao et al.
used silver nanowires to bridge and laser scribe graphene oxide to obtain a new type of e-skin that could
detect small movements, such as the human pulse and respiration”. Zhu et al. used a mixture of graphene
and Ag powder with organic glue as a functional material to fabricate a multi-field sensing grab manipulator

Carbon-based materials, such as carbon nanotubes (CNT's

using mask printing”". Moreover, to improve the sensitivity of carbon-based e-skin to construct
microstructures, researchers proposed a lot of methods such as serpentine™, sponge**! and wave
structures">”. At present, large single-crystal graphene or high-quality CNTs are usually prepared by
chemical vapor deposition (CVD) at high temperatures. For example, Pan et al. proposed high-sensitivity
strain sensors based on a three-dimensional (3D) graphene film, firstly grown by CVD at 1000 °C, on
polydimethylsiloxane!*”. Hence, current technologies generally adopt the multi-step method of first
preparing, then peeling off and finally transferring the sensing material to the flexible substrate. Previous
direct fabrication methods have mostly focused on nanodroplet or laser printing which have achieved
considerable success in flexible printing devices. Although expensive for single fabrications, vacuum
fabrication is widely adopted in industry due to its advantage in batch fabrications. Current vacuum batch
fabrication technologies cannot be easily used to obtain wafer-level detectors by directly fabricating the
sensing materials on flexible substrates at low temperatures.

On this basis, we propose an electron cyclotron resonance (ECR) low-temperature-sputtering system
(125-175 °C) to prepare an edge-rich carbon-based flexible multi-response device, i.e., flexible graphene
nanosheet-embedded carbon (F-GNEC) film-based e-skin. GNs embedded in a carbon film on rigid
substrates have been proven to have excellent detection capabilities for physical and chemical signals*.
Since the ECR technique uses microwaves to generate plasma, which is independent of the bias voltages of
the substrate and the target, the temperature during fabrication can be controlled precisely“. Under the
energy transfer of the low-energy electron excitation effect instead of the thermal effect, a large amount of
“standing” GNs grown vertically on the substrate and the nanostructure of the carbon film can be controlled
at low temperatures, leading to excellent performance”*. The F-GNEC film contains high-density GNs,
which act as electron capture centers for photodetection and thermal excitation*>*. We achieve a high
gauge factor of 14,699 of this e-skin under tensile strain, a high photocurrent of 1.2 pA and a temperature
coefficient of -0.58%/°C. The directly-fabricated F-GNEC film-based e-skin is stable and firm and has multi-
response detection capabilities, thereby enriching the application scenarios of intelligent sensing, VR
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technology, medical detection and flexible robots.

EXPERIMENTAL

Direct preparation of F-GNEC film and e-skin structure

The F-GNEC film in this study is directly prepared using an ECR low-temperature sputtering system'*>*')
[Figure 1A and Supplementary Figure 1].

ECR low-temperature sputtering systems can directly fabricate devices on flexible substrates at low
temperatures based on the unique plasma generation and polariton energy transfer modes of ECR. The ECR
system uses microwaves to induce stable plasma and magnetic coils to accelerate the electrons and ions to
sputter the target atoms. By applying a positive bias to the substrate, electrons are accelerated and collide
with free carbon atoms. Therefore, the carbon atoms tend to bond as sp* and the GNs grow vertically from
the substrate. Hence, the generation of plasma and the sputtering process are independent in the ECR
system, which is different from common sputtering systems where the generation of plasma is dependent
on substrate bias. Based on this, the distance and heat transfer between the plasma and substrate can be
modulated and controlled. The power of ECR plasma can be described as follows:

o == () P+ (5 1 o

where ¢ is the power coefficient, r is the plasma distance and B is the magnetic strength of the magnetic
coils. Furthermore, the energy transfer mode between the plasma and substrate surface is not purely a
thermal effect but a “low-temperature polariton” energy transfer mode [Supplementary Figure 2]. In short,
the low-energy electrons in the ECR plasma interact with the lattice of the substrate surface to form
polaritons. The polaritons repair the neighbor lattices to form sp* bonds and release energy. This process
can be described by the following Hamiltonians:

Higee= SZ(unH —u,)? (Lattice Hamiltonian)

e, =DV Cy 1) (External field Hamiltonian) 2
H, ==Yt (CtCypyq +H.C.) (Electron Hamiltonian)

where U, is the coordinate of the atom core in the lattice, k is the Hamonic oscillation strength, V, is the
strength of the external field of the plasma and ¢, is the overlap integral of the electron clouds. Therefore,
the internal temperature of the chamber is lower (125-175 °C), as measured by a vacuum infrared
thermometer [Supplementary Figure 3].

By adjusting parameters, such as the gas flux, microwave power, substrate bias and deposition time during
the film growth process, carbon films with different GN nanostructures can be prepared. Since the density
of the GNis is related to the performance of the GNEC film, we can adjust the sensitivity or detection range
depending on the requirements. The ECR system can also deposit up to three different substances in situ,
which provides a convenient method for the synchronous manufacturing of electrodes and sensing
structures. The maximum fabrication area is an 8-inch wafer, which allows for large-scale physical
deposition.

A schematic diagram of e-skin based on the F-GNEC film is shown on the left side of Figure 1B. The e-skin
is fixed on fingers to detect finger movement and temperature and optical signals. From bottom to top,
there are the polyimide (PI) substrate, Au electrodes, F-GNEC film (with a thickness of ~100 nm) and a
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Figure 1. ECR system and overall manufacturing process of F-GNEC film sensor. (A) Schematic diagram of F-GNEC film prepared by
ECR sputtering system, where the purple, gray and blue dots represent argon ions, carbon atoms and electrons, respectively. (B)
Schematic diagram of F-GNEC-based e-skin and the specific structure design with the detection area divided as the finger structure so
that the e-skin can realize multi-response detection and avoid interference. (C) Fabrication process of F-GNEC film-based e-skin, where
the direct film preparation can effectively reduce defects and the simple and reliable preparation process is convenient for batch
fabrication.

transparent resin encapsulation layer. The partial dimensions of the sensor are shown on the right side of
Figure 1B. In order to avoid the interference of different signals, the sensor is designed as two independent
parts, with an optical sensor at the fingertip and a bending sensor in the middle of the finger. To adapt to
the different finger lengths of different users, the bending sensing part is designed as a long rectangular area
and covered with a interdigital electrode to capture bending signals. Flexible PI films have reasonable
flexibility and excellent thermal stability, thereby providing reliable substrates for F-GNEC films. To
improve the efficiency of capturing signal current carriers, Au electrodes were devised with interdigital
patterns with a 1 mm spacing at the joint area and a 0.5 mm spacing at the fingertip area. The F-GNEC
films were designed as two separate rectangular areas to eliminate the disturbance among different signals,
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namely, a joint area of 20 mm® x 6 mm’ and a fingertip area of 8 mm* x 6 mm’. The joint area aims to
measure the bending angle, while the fingertip area is used to measure temperature and optical signals.
Using a transparent resin not only protects the F-GNEC film and electrodes but also avoids hindering the
transmission of light, thereby ensuring the accuracy of photodetection.

The fabrication process is shown in Figure 1C, mainly consisting of two steps of physical deposition, both
using a metal mask to form the required patterns. First, in the ECR sputtering system, Au atoms were
deposited on the PI substrate. Subsequently, the F-GNEC film was grown directly on the PI substrate and
Au electrodes. According to previous research, the pre-stretching of flexible substrates contributes to the
density and size of the GNs, while a higher density of GNs leads to overall better performance of the
F-GNEC films"**!. Therefore, the F-GNEC film in this research is prepared under pre-stretching
conditions. With the direct deposition craft, the film transfer process is not required, thereby greatly
reducing the probability of defects. Here, the fabrication process of the F-GNEC film-based e-skin is
convenient and reliable, which is conducive to batch manufacturing. Elastic silicone rubber was used to fix
the sensor to the surface of the fabric glove, which does not affect the denaturation ability of the sensor and
has good robustness.

F-GNEC film preparation

In this work, the F-GNEC film is directly grown on the substrate and electrodes through the ECR system. A
high-vacuum and clean environment is provided inside the system and the high-power microwaves can be
used to excite argon to generate plasma (the purple part in Figure 1A). Under the induction of the magnetic
coil, the movement of plasma and electrons is constrained. Under the attraction of a 500 V target bias
voltage, electrons bombard the annular carbon or Au target, which sputter out the corresponding atoms.
The carbon atoms gradually deposit on the flexible PI substrate and form the uniform amorphous carbon
film, while the Au thin films can be used as electrodes. To fabricate the patterned film, the corresponding
patterned mask is cleaned with acetone and attached to the substrate. The substrate and mask are then sent
into the high-vacuum chamber of the ECR system. Under a vacuum of 2 x 10 Pa, high-flux argon gas is
passed into the chamber and argon plasma is generated under the induction of a 300 mW microwave.
Argon ions are used to bombard the surface of the coating for 3 min, which can effectively remove any
residuals. The deposition time is controlled at 30 min to ensure that the thickness of the deposited flexible
carbon film is consistent. During the deposition process, applying a 40 V positive bias to the substrate can
attract electrons to bombard the carbon film and induce vertical growth of GNs inside the carbon film. By
adjusting the substrate bias and other parameters, the density of the GNs inside the carbon film can be
adjusted, thereby adjusting the performance of the F-GNEC film. After the deposition, the sample is
naturally cooled in the chamber for 2 h and the F-GNEC film with multiple stimulus responses is obtained.

E-skin fabrication

Considering that a bent finger joint is more obvious and the fingertip is less deformed, the e-skin is divided
into the bending sensing area at the joints and the light and temperature detection area at the fingertips. For
the electrode preparation, the interdigital electrode mask was placed directly on the substrate and then put
into the ECR system. A 100 nm Au layer is deposited on the substrate as electrodes. The F-GNEC film is
then prepared on the substrate and the electrodes. After that, a protective layer needs to be prepared to
encapsulate the F-GNEC film sensor, with a 6102 transparent resin, exhibiting both flexibility and
mechanical strength, used as the protection layer. The 6102 resin and its curing agent are mixed in a ratio of
1:1.1 by weight and the mixture is fully stirred in a planetary mixer for 5 min. The mixture is then placed in
a vacuum box for 20 min to remove bubbles. Finally, the mixture is coated on the surface of the F-GNEC
film sensor, which is then placed in a vacuum heating box and kept at 100 °C for 1 h to obtain a dense
transparent protective layer.
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Figure 2. Characterization of F-GNEC films. (A) TEM images of standard and pre-stretching F-GNEC films. Insets show the FFT images
of GNs. (B) Comparison of EELS spectra of standard and pre-stretching F-GNEC films. (C) AFM images of standard and pre-stretching
F-GNEC films. (D) Comparison of Raman spectra of standard and pre-stretching F-GNEC films.

Characterization of F-GNEC film-based e-skin

Transmission electron microscopy (TEM), atomic force microscopy (AFM) and Raman spectroscopy are
used to analyze the size and distribution of the GNs and verify the preparation quality of the F-GNEC film.
Figure 2A presents the TEM images of the standard F-GNEC and pre-stretching films under the same
manufacturing parameters and the GNs are marked with white circles. It can be seen that the GNs are
randomly distributed in the carbon film and form the conductive net. The inset presents the FFT image of
the marked area and it can be seen that two clear Laue points appear. The reciprocal lattice distance
d x (0001) =5.51/2nm™ =2.755 nm™” and the interplanar distance d = 1/2.755 nm = 0.363 nm,
corresponding to the (0001) facet distance of multilayer graphene™** [Supplementary Figure 4]. For the
pre-stretching film, the size of the GNs is slightly larger than that of the standard film, but the GN density is
prominently higher. This is because the pre-stretching process eliminates the inner stress-induced defects of
the substrate, which enhances the surface homogeneity and eventually increases the probability of the
formation of the sp* bond. Figure 2B shows the EELS spectra of both F-GNEC films. Herein, the low-energy
region shows the n* peaks at 285 eV, indicating the presence of sp* bonds. Additionally, the high-energy

55-57]

region shows the o* peak at 292 eV, indicating the presence of a crystal structure™ "),

The surface morphologies of the F-GNEC films are shown in the AFM images in Figure 2C. Both the F-
GNEC films show smooth surfaces with few scratches and cracks, which are conducive to the construction
of a stable conductive network of GNs. It is obvious that the roughness of the pre-stretching F-GNEC film is
much lower than the standard F-GNEC film. The Ra roughnesses are 24.3 and 35.4 nm, respectively,
meaning that the pre-stretching process is beneficial for achieving lower roughness in the F-GNEC films.
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Raman spectroscopy is essential for analyzing the bonding structure of the GNEC films. Since it is difficult
to distinguish the Raman spectra of carbon films with the hinderance of the PI substrate, the F-GNEC films
were scraped onto a SiO, substrate. Figure 2D shows the Raman spectra of the standard and pre-stretching
F-GNEC films ranging from 1100 to 2000 cm™. It can be seen that each of the spectra shows a D peak near
1340 cm™ and a G peak near 1590 cm’, indicating ordered nanocrystalline structures. Unlike ideal graphene,
the intensity of the D peak of the F-GNEC film is proportional to the probability of the formation of a
carbon hexagonal ring, while the G peak arises due to the presence of sp* carbon atoms in both the rings and
chains. Hence, the high ratio of the D and G peaks (I,/1;) represents an sp*-hybridized long-range ordered
structure, thereby proving the existence of GNs. Compared with the standard film, the pre-stretching film
exhibits a higher I,,/I, indicating that it has a higher GN density.

Bending detection performance of F-GNEC film-based e-skin

The hand is one of the most important parts of the human body as it enables us to perform various
complicated and subtle operations. Therefore, it is very important for e-skin to accurately and rapidly
recognize its posture. Here, the F-GNEC film is attached to the finger joints and the bending of the finger
joints produces tensile deformations in the F-GNEC film, causing a significant response
[Supplementary Figure 5]. The principle of measuring the tensile and bending deformation of the F-GNEC
film is shown in Figure 3A, in which the black stripes are the randomly distributed GNs. Due to the high
carrier mobility of the GNs, an excellent conductive network can be formed in the F-GNEC film"". In
addition, the edge quantum wells of these GN's can also capture electrons, which restrict the free movement
of electrons. In the original state, most of the electrons are concentrated at the edges of the GNs when the
external voltage is low, resulting in higher resistance. When the tensile stress starts to increase, the electron
transmission distance increases as the GNs start to separate, meaning the resistance of the F-GNEC film
gradually rises with increasing stretching distance. As the tensile stress increases to a certain range, the
spacing of the GNs inside it increases significantly and some cracks appear, which prominently inhibit the
mobility of carriers.

As shown in Figure 3B, the relative-resistance-change rate (AR/R,)-tensile strain (g) curves of the standard
and pre-stretching films are compared. When the tensile strain begins to increase, the AR/R, of the standard
F-GNEC film increases rapidly. When the ¢ increases to 30%, the AR/R, reaches ~4 x 10°% and remains
stable, meaning that the standard F-GNEC film is a completely open circuit. Additionally, the standard F-
GNEC film has fewer GN edge wells and its resistance is smaller, resulting in a higher AR/R, value in the
open circuit. Since the pre-stretching F-GNEC film has a higher GN density, the conductive network is
more stable. Although the AR/R, of the pre-stretching F-GNEC film is lower, it has a wider measurement
range, which can avoid the premature failure of the detector. The specific AR/R,-¢ curve of the pre-
stretching F-GNEC film is shown in Figure 3C, where the green and red curves represent the fitting lines of
the low- and high-strain ranges, respectively. Here, the gauge factor (GF) is used to consider the sensitivity
of the F-GNEC film and is defined as*

GF = (AR/Ro)/e 3

In the range of 0%-4.32%, the tensile strain increases, the AR/R, rapidly increases with the tensile strain and
the GF value reaches the maximum value of 14,699 at & = 0.5%. With a further increase in tensile strain, the
pre-stretching F-GNEC film begins to stretch violently and its AR/R, gradually increases. Owing to the local
open circuit of the conductive network, the sensitivity of the F-GNEC film decreases. When ¢ = 100%, the
AR/R, reaches 343% and the GF value decreases to 817. Based on the sensitivity, the pre-stretching F-GNEC
film e-skin can accurately measure the movement posture of the finger.
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Figure 3. Stretching and bending test on F-GNEC film sensor. (A) Schematic diagram of the principle of tensile and bending detection of
F-GNEC film. (B) Comparison of AR/R, versus external tensile strains between the standard and pre-stretching films. (C) Specific
AR/R, versus external tensile strains and gauge factor of pre-stretching F-GNEC film. (D) Comparison of AR/R, versus bending angles
between the standard and pre-stretching film-based e-skin. (E) Multicycle bending of the pre-stretching F-GNEC film-based e-skin
when bending at 30°, 60°, 90° and 120°. The inset depicts the response and recovery times under bending at 90°. (F) Multicycle
bending of the pre-stretching F-GNEC film-based e-skin when bending at 90° with a frequency of 2, 1, 0.5 and 0.25Hz. (G) Stability and
reliability test of pre-stretching F-GNEC film-based e-skin for 1000 bending 90° recovery cycles.

Figure 3D shows the AR/R -bending angle (6) curves of the pre-stretching F-GNEC film-based e-skin (red
curve) and the standard F-GNEC film-based e-skin (black curve). It can be seen that when 6 gradually
increases from 0° to 90°, the AR/R, of the pre-stretching F-GNEC film-based e-skin and the standard
F-GNEC film-based e-skin are 45.3% and 35.7%, respectively. As 0 increases to 120°, the response of the pre-
stretching F-GNEC film begins to increase rapidly and the AR/R, reaches a maximum of 113.2% but only
45.1% for the standard F-GNEC film. This result shows that the pre-stretching F-GNEC film has
outstanding sensitivity to the change in bending angles. Subsequently, the stability and reliability of the pre-
stretching F-GNEC film to measure 0 were also measured. As shown in Figure 3E, the pre-stretching F-
GNEC film was bent 20 times at 30°, 60°, 90° and 120° at a frequency of 0.5 Hz. It can be seen that the pre-
stretching F-GNEC film exhibits not only outstanding accuracy but also good stability. The inset in
Figure 3E shows the bending recovery response of the pre-stretching F-GNEC film-based e-skin. It can be
seen that the 40 V F-GNEC shows a response time of 394 ms and a recovery time of 420 ms, which are faster
than the standard F-GNEC film [Supplementary Figure 2]. Due to its excellent mechanical strength and
toughness, the conductive network of GNs does not delay under tensile strain and rapid response.
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Figure 3F shows the AR/R, curves of the pre-stretching F-GNEC film-based e-skin when bent at 90° at
frequencies of 2, 1, 0.5 and 0.25 Hz. It can be seen that the pre-stretching F-GNEC film-based e-skin can
well capture high-frequency signals and the AR/R; at each frequency remains stable. For wearable
electronics, life span is also an important performance. As shown in Figure 3G, the pre-stretching F-GNEC
film-based e-skin is bent at 90° 1000 times. The inset shows the AR/R, curve of the first and last 50 bendings.
After bending 1000 times, the AR/R, of the F-GNEC film-based e-skin slightly reduced from 44.1% to 39.4%,
showing outstanding stability and a long lifetime. Simultaneously, the AR/R, of the standard F-GNEC film
decreased from 32.8% to 26.8% [Supplementary Figure 3], indicating that the conductive network formed by
high-density GNs is more stable. With the higher GN density, the pre-stretching F-GNEC film-based e-skin
exhibits the advantages of excellent sensitivity, response speed and stability, thereby showing significant
potential in VR and flexible robot applications.

Photodetection performance of F-GNEC film-based e-skin

The GNs in the GNEC film can be used as electron capture centers and play an important role in improving
the photoelectric response. The principle of the F-GENC film-based e-skin to measure the optical signal is
shown in Figure 4A, where the black hexagons and the blue dot represent GNs and electrons, respectively,
while the yellow part represents the source and drain. In a dark environment, under the external bias
voltage (V,), electrons will be separated from the edges of the GNs and attracted to the external circuit. Due
to the edge quantum well of the GNs, the movement of electrons in the pre-stretched F-GNEC film is more
difficult, so the dark current (I,,) is lower. Under laser irradiation, the electrons are excited from the
valence band to the conduction band by the photons. Under the V, the photogenerated electrons and holes
are accelerated to separate, forming an outstanding photocurrent. Furthermore, the edges of the GNs
capture a large number of photogenerated electrons and allow them to transport inside the GNs. The
electrons in the F-GNEC film-based e-skin circulate continuously in capture and release so that the carrier
life is improved. Therefore, the recombination rate of electron-hole pairs is greatly reduced, which
effectively improves the photoelectric response and response speed of the F-GNEC film"**.

We first studied the relationship between the V, and the photocurrent (I,,,) of the pre-stretching F-GNEC
film. Here, 532 nm and 785 nm lasers are used as light sources and the measurement results are shown in
Figure 4B and C, respectively. The laser power ranges from 0.1 to 50 mW and the photocurrent is measured
under V, from -5 to 5 V with an interval of 0.1 V. As shown in Figure 4B, when V, = 5V, as the laser
power increases from 0.1 to 1 mW, the I, gradually increases from 58.9 to 68.7 nA because the increase in
laser power increases the number of photogenerated electrons. When the laser power is 50 mW, as the V,
increases from 0 to 5 V, the I significantly increases from 0.9 to 1.2 pA, which is an increase of about 30
times. This is because the increase in the V, accelerates the separation of electron-hole pairs, which reduces
the recombination rate and enables the F-GNEC film to perform with a good photoelectric conversion
ability. As shown in Figure 4C, under 785 nm laser irradiation, the I, of the F-GNEC film-based e-skin
shows a similar response. Compared with the lower photocurrent of the 20 V F-GNEC film, the 40 V
F-GNEC film has a higher density of GNs and electron capture centers to increase the carrier concentration,
leading to a stronger response.

Furthermore, the response speed and stability of the photodetection of the F-GNEC film-based e-skin need
to be measured. A signal generator is used to provide the continuous square wave laser signal with different
frequencies. Figure 4D shows the photoresponse of the F-GNEC film-based e-skin under 532 nm laser
irradiation at 0.1 and 0.05 Hz. It can be seen that the photoresponse remains stable under each frequency
and when the laser frequency is 0.05 Hz, the I, of the F-GNEC film reaches saturation. A single response of
the pre-stretching F-GNEC film-based e-skin under the 0.1 Hz laser is shown in Figure 4E, where the purple
dots represent the I, value and the red and green parts are the fitting lines of the response and return edges,


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202210/5226-SupplementaryMaterials.zip

Page 10 of 17 Zhang et al. Soft Sci 2022;2:18 | https://dx.doi.org/10.20517/ss.2022.18

Encapsulation F’Eleclrons

recycle Laser
Edge Trap

Electrodes

Pl substrate

B 13 —oimw | 532nm Laser | © =
<10 —_— 0.3 mW A z1.0]
= s =
05 € 0.54
o 3
5 0.0 S 0.0
8 — 10mW e
E.o,s — 20mw E-O.S- e
— 30mwW
n--1 o _. — 40mW n--1_0.
— 50 mW — 50 mW
-1.5 r T -1.5 .
-5.0 -2.5 0.0 25 5.0 -5.0 2.5 0.0 5.0
Bias (V) Bias (V)
D‘_‘ 2.0]532 nm 50 mw E 4 6lRrise edge
g. 0.1 Hz 0.05 Hz g- 802 ms ﬁ
= 1.5 =12/
E ‘E ecover edgc;
5 1.0 £ 038/ 2043 ms @
% 0.5 g °
£ 50.4-
0.0- 0.04
0 50 100 150 200 38 40 42 44 46 48 50 52
Time (s) Times (s)

Figure 4. Photoelectric response of F-GNEC film sensor. (A) Schematic diagram of photodetection of F-GNEC film-based e-skin.
Photocurrent-voltage (I,-V,,) curves of F-GNEC film-based e-skin at bias from -5 to 5 V under (B) a 532 nm laser and (C) a 785 nm
laser with a laser power change from 0.1to 50 mW. (D) Multicycle of laser ON/OFF of F-GNEC film-based e-skin under the 532 nm

laser with frequencies of 0.1and 0.05 Hz. (E) A single photoresponse under a 0.1 Hz laser exhibiting a response time of 802 ms and a
recovery time of 2043 ms.

respectively. Here, the response time is defined as the time when the I, increases from 10% of the saturation
value to 90%. Correspondingly, the recovery time is defined as the time when I;, decreases from 90% of the
saturation value to 10%. Under 532 nm laser irradiation, the response and recovery times of the flexible
GNEC film are 802 and 2043 ms, respectively. Since the high-density GNs can build a fast transport channel
for photogenerated electrons, the response speed of the pre-stretching F-GNEC film is greatly improved,
while the standard F-GNEC film with low-density GNs retains a slow response. With the excellent

photoelectric conversion capability, the pre-stretching F-GNEC film-based e-skin allows users to perceive
the external environment in a non-contact manner.

Temperature detection performance of F-GNEC film-based e-skin

Temperature sensing is an important ability for skin as it protects the human body from cold, burns and
frostbite. Here, the temperature detection performance of the pre-stretching F-GNEC film-based e-skin and
its principle are analyzed. Figure 5A and B show schematic diagrams of temperature detection with the F-
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Figure 5. Temperature response of F-GNEC film. (A and B) Schematic diagram of temperature detection of F-GNEC film-based e-skin.
(C) Comparison of AR/R, versus external temperature between standard and pre-stretching film-based e-skin. (D) AR/R, curves
during heating and cooling process. (E) Multicycle of heating-cooling of the pre-stretching F-GNEC film. (F) Single temperature sensing
response of pre-stretching F-GNEC film-based e-skin when heating to 60 °C and cooling to 30 °C. (G) Real-time response of detecting
exhalation. (H) Stability and reliability test of pre-stretching F-GNEC film-based e-skin for five heating-cooling cycles under 40, 60, 80
and 100 °C.

GNEC film. Since the flexible PI substrate has excellent thermal stability, it can maintain its structure while
being heated. Therefore, the response of the temperature detection of the F-GNEC film-based e-skin is not
from the thermal expansion of the PI substrate but the NTC change of its resistance. At room temperature,
electrons can transfer between the GNs and amorphous carbon; therefore, the pre-stretching F-GNEC film
exhibits a larger resistance value. When the F-GNEC film is heated, the mobility of electrons and the
conductivity of graphene gradually increase with increasing temperature!*’. Therefore, the electron
transport between GNs becomes easier, resulting in an improvement of conductivity for the GN network.

The AR/R, of the F-GNEC film-based e-skin at different temperatures was measured. As shown in
Figure 5C, the AR/R, values of the standard and pre-stretching F-GNEC film-based e-skin are represented
by blue and red lines, respectively. For the standard F-GNEC film, when the temperature increases from 30
to 100 °C, the AR/R, increases from 0 to -21.6%. Furthermore, the response of the pre-stretching F-GNEC
film-based e-skin is -40.5% at 100 °C, which is about twice that of the standard F-GNEC film. Since its GN
density is larger, the pre-stretching F-GNEC film-based e-skin has a stronger NTC phenomenon and its TC
reaches -0.58%/°C, while the TC of the standard F-GNEC film only reaches -0.31%/°C. The 40 V F-GNEC
film-based e-skin not only has a wide temperature measurement range but also has high sensitivity in the
lower temperature range, indicating its potential for monitoring human body temperature.
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Figure 5D shows the response of the pre-stretching F-GNEC film during the heating-cooling cycles. It can
be seen that the pre-stretching F-GNEC film-based e-skin maintains a sensitive response during the heating
and cooling process, indicating the stability and accuracy of its temperature detection performance.
Subsequently, the response time of the temperature detection is measured. Figure 5E shows several heating-
cooling cycles of the pre-stretching F-GNEC film-based e-skin from 30 to 40 °C. The resistance of the pre-
stretching F-GNEC-based film can well follow the change in the ambient temperature. As shown in
Figure 5F, the AR/R, curve during a single heating and cooling process from 30 to 60 °C is shown. It can be
seen that when the temperature is increased to 60 °C, the response time is ~10.1 s. When the temperature is
maintained at 60 °C, the response of the e-skin remains stable. As the ambient temperature decreases to
30 °C, the e-skin exhibits a recovery time of 16.2 s.

Interestingly, the pre-stretching F-GNEC film was found to have the ability to detect the temperature of
human breath, with the measurement result shown in Figure 5G. It can be seen that when the subject slowly
exhaled, the AR/R, of the pre-stretching F-GNEC film-based e-skin dropped to ~-4.1% and then slowly
returned to 0%. When the subject quickly exhaled, the response then rose to 2.8%. Furthermore, the
temperature detection stability of the pre-stretching F-GNEC film-based e-skin is measured. Figure sH
shows the AR/R, value in heating-cooling cycles at 40, 60, 80 and 100 °C. It can be seen that after five
heating and cooling cycles at different temperatures, the pre-stretching F-GNEC film-based e-skin
maintains stable responses. These results reveal that the pre-stretching F-GNEC film-based e-skin has
excellent temperature detection performance and the wide detection range allows the human body to
perceive the external temperature. The outstanding sensitivity in the low-temperature range enables this e-
skin to be used in medical testing and body temperature monitoring.

Decoupling of signals

The decoupling of the thermal and optical signals can be obtained by the response time. The optical
response is much faster than the thermal response. The optical response is at the scale of 100-1000 ms, while
the thermal response is in the range of 1-10 s. Hence, although there is a thermal drift of the carbon film
while measuring the optical signal, the low-frequency electric signal can be easily filtered by the controlling
circuit.

Application of F-GNEC film-based e-skin

In this study, the e-skin based on the pre-stretching F-GNEC film has not only the advantages of multi-
response detection ability and fast response speed but also excellent stability. Subsequently, we integrate five
F-GNEC film-based e-skin and fabricate the corresponding signal acquisition and processing circuits to
finally obtain a multi-response data glove. Figure 6A presents the photographs when using the data glove
for finger bending, temperature and photoelectric detection. It can be seen that the e-skin can fit the finger
joints well, which benefits accurate measurements. The corresponding response is shown in Figure 6B. In
mode 1, the user’s finger bends gradually while the data glove exhibits a stable response
[Supplementary Video 1]. In the repeat test, the data glove also can maintain a fast response speed.
Additionally, the data glove still maintains excellent performance in temperature and photoelectric
detection. When using a data glove to touch water cups with different temperatures, in turn, the response
time reached 11.5 s. When the fingertip area of the data glove is irradiated under a 532 nm laser, the
photocurrent of this device increases with increasing laser power.

Subsequently, a Bluetooth module is added to the control circuit and the signals detected from the hand
gestures are processed and transmitted to the machine hand. This allows the user to remotely control the
machine hand through the data glove [Supplementary Video 1]. Figure 6C shows four postures of the
machine hand using the F-GNEC film-based e-skin to control it. The corresponding response of each finger
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Figure 6. Comprehensive testing of F-GNEC film sensor gloves. (A) Photographs of bending, temperature and photodetection test while
using F-GNEC-based e-skin data glove. (B) Response of F-GNEC-based e-skin in bending, temperature and photoelectric detection. (C)
Photographs of four gestures when using F-GNEC-based e-skin data glove to control machine hand. (D) Corresponding real-time
response of F-GNEC-based e-skin on different fingers when making the four gestures.

is shown in Figure 6D. It can be seen that the F-GNEC film data glove can well capture the movement of the
hand and control the machine hand to make the corresponding posture. At present, the fields of VR
technology and medical monitoring need a high-sensitivity and fast-response detector and F-GNEC-based
e-skin could be a very promising candidate.

CONCLUSIONS

In summary, an ECR system was used to prepare a new F-GNEC film on a flexible PI substrate for the
fabrication of multi-response e-skin. In addition, the higher substrate bias was used to increase the GN
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density. The GNs could be used as electron capture centers and form a conductive net. When external stress
was applied, the spacing of the GNs increased and the conductivity of the conductive net changed. For
tensile strain, the pre-stretching F-GNEC film-based e-skin exhibited not only a GF of 14,699 at ¢ = 0.5 %
but also excellent stability. When measuring the bending angle, the AR/R, value was as high as 113.2% at
0 =120° and its response and recovery times also reached 394 and 420 ms, respectively. In addition, the
electron capture effect of the edges of GNs could reduce the electron-hole recombination rate, resulting in a
high photoelectric response. For photoelectric signals, the I of this e-skin reached 1.2 pA under the
irradiation of a 50 mW 532 nm laser and the response and recovery times reached 802 and 2043 ms,
respectively. Furthermore, this e-skin exhibited a large measurement range and outstanding stability during
the heating-cooling process and showed a TC of -0.58%/°C. In addition, its response and recovery times
reached 10.1 and 16.2 s, respectively. A data glove was fabricated using the F-GNEC film-based e-skin and it
realized not only bending, temperature and photoelectric detection but also the remote control of the
machine hand. The directly fabricated F-GNEC film-based e-skin avoids the material transfer process,
which can reduce the defects in the sensing material and the structural complexity. The mechanical strength
and detection sensitivity of the F-GNEC film is guaranteed and the multi-response detection ability of the
F-GNEC film-based e-skin shows excellent application potential in VR technology, medical monitoring and
flexible robots.
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