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Summary of main observation and conclusion Here we report the design and fabrication of high-performance pressure sensors based on three-
dimensional (3D) graphene foam filled polydimethylsiloxane (GF@PDMS) composite with a broad sensing range spaning from 0.05 kPa to 130 kPa. The
interpretation of device functioning mechanism can be classified into low and high pressure sensing regions. In the low pressure region (<15 kPa), the
pressure loading leads to the temporal connection of micro-cracks in GF scaffold and forming conductive channels. In the high pressure region (15 kPa to
130 kPa), the pressure induced deformation of GF results in the better connections among micro-cracks and the shortening of conductive pathway to
further decrease the electrical resistance. The GF@PDMS sensors exhibited accuracy, sensibility and reproducibility to detect pressure signals with re-
markable stability for over 16 000 loading-unloading cycles, indicating its great potential for practical applications. Moreover, the GF@PDMS sensors also
showed high performances in the detection of dynamic pressures, such as subtle mechanical vibration signals, as well as physiology vibrational signals
generated by human throats. We expect this technology could be integrated into different sensing systems for the applications in wearable smart elec-

tronics and human-machine communications.

Background and Originality Content

Flexible, sensitive, and cost-efficient pressure sensors with
broad sensing range are highly desirable for the fabrication of
next-generation portable devices. Most researches on pressure
sensors are based on expensive thin film deposition, micro-fabri-
cation and lithography techniques.[ml However, the large-scale
fabrication of pressure sensors with these semiconductor tech-
niques is expensive and complicated, especially in the case of
broad-range deformation detection. To conquer these limitations,
several high efficiency and scalability methods are developed,
such as, laser micro—engineering,[4'6] UV interface processing,7
template—duplication,[8] 3D printing.[gl Besides these newly de-
veloped techniques, flexible and malleable pressure sensors with
non-fragile materials also hold great promise to overcome these
problems.[lo’n] For instance, two-dimensional (2D) graphene
sheets with remarkable electrical and mechanical propertiesm]
were integrated into macroscopic structures for the fabrication of
novel pressure sensors. > However, there are still some re-
maining challenges to design high-performance flexible pressure
sensors based on conductive nanocarbon fillers and elastic poly-
mer matrix.!*%#! Especially, the pressure sensing range, the
device durability during loading-unloading cycles, and the dynam-
ic pressure (vibration) sensibility of state-of-the-art flexible pres-
sure sensors are still not fully satisfying. Furthermore, many re-
search works are focused on the fabrication of pressure sensors,
while the functioning mechanism and relationship between the
composite structure and sensing performance are still not well
understood.

Herein, we report a procedure for the construction of high-
performance pressure sensors based on three-dimensional (3D)
graphene foam filled polydimethylsiloxane (GF@PDMS) compo-
site. The GF@PDMS sensors can detect broad-range pressures,
such as low-pressure physiology vibrational signals and high-
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pressure mechanical deformation zones."*" The pressure sens-

ing properties in z-direction and the functional mechanism of
these pressure sensors were systematically investigated. The ex-
cellent sensing capability of the GF@PDMS sensor at low pressure
is attributed to the formation and disconnection of the conduc-
tive channels between the micro-cracks in GF@PDMS composite
during loading-unloading cycles. Moreover, the good elasticity of
PDMS matrix provides remarkable reproducibility for the detec-
tion of high pressure, and also contributes to the great device
durability with almost no performance degradation upon 16000
loading-unloading cycles of aging test. The GF@PDMS pressure
sensors have the advantages of high accuracy, fast response, ex-
cellent stability and cost efficiency. Furthermore, the GF@PDMS
sensors can be used to precisely detect dynamic pressure (vibra-
tion), such as the vibrational signals of motors and the physiolog-
ical vibration signals of human throats.

Results and Discussion

The fabrication process of GF@PDMS based pressure sensors
is shown in Figure 1a. Firstly, few-layer graphene was grown on
pre-cleaned Ni foam by chemical vapor deposition (CVD) method
(Figures 1b and lc).[7’13] The GF covered Ni foam (Ni@GF) was
etched in a mixed aqueous solution of Fe(NO3), and HCl for 3 h
and washed by deionized water to obtain free-standing GF (Figure
1d). The GF was sandwiched between two Japanese Toray carbon
paper (CP) electrodes, and viscous PDMS monomer was filled into
GF framework and then solidified at 90 °C for 20 min to obtain
GF@PDMS based pressure sensor. Figure 1e shows the scanning
electron microscopy (SEM) image of the cross-section of GF@
PDMS composite, revealing the integration of conductive GF
framework and elastic PDMS matrix. Figures 1f and 1g present the
device structure of GD@PDMS pressure sensor connected with
two flexible and conductive CP electrodes. Raman spectroscopy
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characterizations were performed on the samples of pristine Ni
foam, pristine PDMS, Ni@GF and freestanding GF. The Raman
spectrum of Ni@GF (brown curve in Figure 1h) shows no D band,
indicating the high quality of GF framework. However, a small D
band appears in the Raman spectrum of free-standing GF after
the etching of Ni foam, probably owing to the formation of trace
defects during the etching process.
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Figure 1 The fabrication of GF@PDMS based pressure sensors. (a)
Schematic fabrication process of GF@PDMS pressure sensors. (b—e) SEM
images of (b) pristine Ni foam, (c) Ni@GF, (d) free-standing GF after the
etching of Ni foam, and (e) the cross-section of as-prepared GF@PDMS
composite. Scale bars: 100 um. (f) Photographs of a flexible carbon paper
electrode (left top), cross-section of GF@PDMS material (left bottom) and
the as prepared GF@PDMS pressure sensor (Right). (g) Schematic 3D
stereostructure of GF@PDMS pressure sensor. (h) Raman spectra of
pristine Ni foam, pristine PDMS, Ni@GF and freestanding GF after the
etching of Ni foam.

To study the pressure detection properties, the GF@PDMS
sensor was mechanically pressed by a step motor equipped with a
force gauge (Figure 2a) and controlled by a computer-pro-
grammed motor controller. The schematic illustration of this set-
up is shown in Figure 2b. In this work, all the device electrical
properties were monitored with an electrical source meter at a
fixed applied voltage 0.1 V. To make the pressure sensor suitable
for practical applications, it is necessary to ensure good material
durability and high device stability. Therefore, a device aging
process of 16000 loading-unloading cycles was performed at a
pressure of 30 kPa (Figure 2c). Some typical loading-unloading
cycles were magnified and shown in the inset of Figure 2c. It was
found that the sensor exhibited excellent durability toward aging,
which could be attributed to the good flexibility and stability of
PDMS. There are two purposes for this aging process: (i) to intro-
duce more micro-cracks in the carbon scaffold of GF to achieve
better sensibility for detecting low dynamic pressure signals, such
as mechanical vibration and acoustic vibration;ls] (i) to ensure the
long-term durability and signal repeatability of the conductive
network in the GF@PDMS composite.

To characterize the compressing and recovery behaviors of
the sensor, the device current was monitored at different step
motor moving distances from 0, 25, 50, 75 to 100 um (each step
was held for 10 s) with the corresponding applied pressure in-
creased from 0, 0.9, 3.0, 7.9 to 19 kPa, respectively (Figure 2c).
Then, the compression was gradually recovered from 100 to O um,
with the corresponding pressure decreased from 19, 7.7, 2.8, 0.8
to 0 kPa, as illustrated in Figure 2c. The relationship between the
step motor moving distance and the applied pressure is depicted
in Figure 2d, indicating the good reversibility of GF@PDMS based
sensor.

The response time is one of the most important parameters
for pressure sensors, which can be defined as the time required
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for the output signal increasing from 10% to 90% of the peak
output value, or vice versa.!1#152021 Tpq GF@PDMS based sensor
showed a relatively fast response time towards the variation of
pressure. Considering the repeatable experimental results, one
typical loading-unloading cycle in Figure 2b was picked out for
interpreting the relationship between the applied pressure and
device current response. Upon loading, the device current will
increase rapidly to 90% of the peak current value in 0.8 s (Figure
2e). After holding the pressure for 10 s and then releasing, the
current will drop rapidly (in 0.2 s) towards a low current level.
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Figure 2 Force sensing properties of GF@PDMS based pressure sensor.
(a) Schematic illustration of GF@PDMS based pressure sensor in loading
and unloading states. do, represents the original thickness of the
GF@PDMS sensor in unloading state, d; stands for the sensor thickness in
loading states, Ad is the sensor thickness deformation value between
unloading and loading states. (b) Aging experiments of GF@PDMS based
pressure sensor at an applied pressure of 30 kPa for 16000 cycles. The
inset shows typical loading-unloading cycles of the sensor. (c) Device
current as the function of stepwise changed loading force on the sensor.
The inset shows apparatus setup. (d) Pressure applied on the sensor as
the function of device deformation in loading and unloading states. (e)
Device response times during the loading (0.8 s) and unloading (0.2 s)
processes. (f) Specific value of device current in load and unload states
(I/1y) at different thickness deformation value (from 50—350 um) of the
sensor compressed by force gauge. I, represents the real-time device
current in loading state, and Iy is the device current in unloading state. (g)
The relationships of loading pressure vs. I/, ratio (experimental results:
black square dots; fitted data: red curve) and loading pressure vs. step
motor moving distance (blue triangle line). The red and yellow regions
represent low and high pressure sensing zones, respectively.

The interaction process of GF@PDMS based pressure sensor
can be divided into three working stages in a single loading-
unloading cycle: (i) Low pressure interacting stage (blue area in
Figure 2e). This stage would span from the initial contact between
the force gauge and the pressure sensor until the device current
increased to 90% of the peak output value. We suggest that the
pressure sensitivity of GF@PDMS based sensor at low pressure
region (<15 kPa) is determined by the conductivity variation of GF
scaffold with temporally-connected micro-cracks under compres-
sive stress, which is similar to a previous report.[8] (i) High pres-
sure interacting stage (red area in Figure 2e). This stage spans
from 90% to 100% of the peak current value. The relatively long
saturate time could be ascribed to the gradual formation of more
conductive channels in GF scaffold and the shortening of conduc-
tive pathway under pressing.[ls’m (iii) Pressure releasing stage
(green area in Figure 2e). When the pressure is released, the cur-
rent will drop rapidly in 0.2 s from 90% to 10% of the peak output
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value. This is understandable if considering the working frequency
(50 Hz) of step motor, which is adequate to move to the unload-
ing position without affecting the device response time. In this
process, the rapid drop of device current is due to the recovery of
micro-cracks and the disconnection of temporal conductive
channels after the release of elastic PDMS matrix from compress-
ing stress.

To verify the assumption that there are low-pressure and
high-pressure sensitive zones in this sensor, a series of device
thickness deformation values from 50—350 um, which results in a
series of pressure from low (3 kPa) to high (130 kPa), were em-
ployed to study the developing trend of sensor performance.m’B]
Detailed data was shown in Table 1. To study how the pressure
influences the device performance, the peak values of 1,/ as the
function of different loading pressures were depicted in Figure 2g
(black square dots). With the increase of loading pressure, the
peak value of /,/I, will also increase, but not always grow linearly.
The fitted data (red curve in Figure 2g) of the experimental results
can be expressed as an ambi exponent Equation (1):

y=—093exp (=) - 0.64exp (- =) + 2.52 (1)
where y represents the peak value of /,/ly, and x represents the
loading pressure. Moreover, the step motor moving distance also
exhibits a similar variation tendency related to the loading pres-
sure, as indicated by the blue triangle line in Figure 2g. The physi-
cal meaning of this ambi exponential growth phenomenon indi-
cates two kinds of sensing modes of the sensor: the low-pressure
sensing mode (red shaded part in Figure 2g) and the high-pres-
sure sensing mode (yellow shaded part in Figure 2g). It was found
that the peak value of /I, increased rapidly when pressure in-
creased from 0 to 15 kPa (low pressure zone). This could be as-
cribed to the formation of many temporal interlinks among the
micro-cracks in GF scaffold under low pressure to generate abun-
dant conductive channels.®***?! |n this sensing region, device
sensitivity is around 0.062 kPa™ (blue line in Figure 2g). While in
the high-pressure zone (15 to 130 kPa), the peak value of 1/l
gradually increased along the loading pressure and approached a
saturation value of about 2.52, as shown in Equation (2):

limy 0y = lim,pey (—0.93 exp (= 2) = 0.64 exp (- =) + 2.52) =
2.52 (2)

The gradual increase of the peak value of /I, in high pressure
zone should be attributed to the formation of better connections
among micro-cracks at high pressure and the shortening of cur-
rent transport distance under compression, which both further
decreased the device resistance. This analysis is in correspond-
ence with the above-mentioned assumption for interpreting the
three working stages in a single loading-unloading cycle. In this
sensing region, device sensitivity is around 0.0024 kPa~* (black line

Table 1 The functioning parameters of GF@PDMS pressure sensor
pressed by force gauge.

Ad/um Pressure/kPa Force/N On/Off ratio

1 50 3 1.6 14
2 100 6.75 3.6 1.67
3 150 11.32 6.0 1.9
4 200 25.45 13.5 2

5 250 53.29 28.3 2.16
6 300 88.37 46.9 2.26
7 350 130.3 69.2 2.35

Note: The “Ad” represents the thickness deformation value of the sensor,
“force” and “pressure” stand for the device sensed force and pressure
imposed by force gauge. On/Off ratio is the specific value of device current
in load and unload states. The radius of the sensor is around 13 mm.
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in Figure 2g).

Table 2 demonstrates the characteristics comparison of re-
cently reported pressure sensors and GF@PDMS based broad
range sensor. It was found that the sensor in this work exhibits the
broad range sensibility and high stability.

Table 2 The comparison of characteristics pressure sensors of recently
reported

DR/kPa s/kpa™ DL/kPa RT/s LTS/cycle  Ref.
1 0—10 -1.82 0.001 0.036 6000 [4]
2 0—1.4 -5.5 0.0015 0.0002 5000 [24]
3 0.007—50 -1.01 0.007 0.01 5000 [7]
4 0.2—59 15.1 0.0002 0.04 — [8]
5 — -0.111 0.02 0.1s 10000 [25]
5 0—9 -2.5 0.015 0.02 - [5]
6 005—130  0.062 0.01 0.2s 16000  TW

© 2020 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Note: DR: detection range; S: sensitivity; MDL: detection limit; RT: Re-
sponse time; LTS: long-term stability; TW: this work.

The sensitivity of GF@PDMS based pressure sensor at low
pressure is mainly attributed to the pressure-induced formation of
conductive channels through the connection of micro-cracks in
the GF scaffold, as illustrated in Figure 3a. The presence of micro-
cracks in the pristine GF scaffold and the cross-section of
GF@PDMS composite is confirmed by SEM characterizations (Fig-
ures 3b and 3c). As we proposed above, the micro-cracks can
temporarily connect together under low pressure to form more
conductive channels, greatly increasing the device conductivity.
When the pressure is released, the high elasticity of PDMS matrix
will make these conductive channels disconnected again. At high
pressure zone, the amount of conductive channels will be further
increased by compression (but with lower growth rate), and
gradually approach a saturated level.

Load DQ

C—

Unload
0'Pa. Vel

Figure 3 Functioning mechanism and in-situ Raman characterizations of
GF@PDMS based pressure sensor. (a) Schematic illustration of the con-
nection and disconnection of micro-cracks in GF scaffold upon loading and
unloading cycles. (b) SEM image of a micro-crack in GF scaffold. (c) SEM
image of the cross-section of GF@PDMS composite with micro-cracks in
GF scaffold. (d—i) In-situ Raman mappings of the cross-section of
GF@PDMS composite under the pressure of (d) 0 kPa, (e) 0.9 kPa, (f) 6 kPa,
(g) 25 kPa, (h) 50 kPa and (i) O kPa, respectively.

To study the microstructure variation of the elastic GF@PDMS

composite under loading pressure, in-situ Raman spectroscopy
characterizations were carried out through the mapping of peak
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intensities at a fixed Raman shift of 1580 cm ™", corresponding to
the G band of graphene.[m’lg'ze’m The Raman signals were col-
lected at the same area of GF@PDMS composite compressed by a
glass slide under different loading pressures (Figures 3d—3i). In
the unloading state, the measured Raman signals of G band were
weak throughout the mapping area, indicating that the PDMS
matrix coated on GF scaffold covered up the Raman signals (Fig-
ure 3d). At low pressures (0.9 kPa and 6 kPa), stronger G band
signals would appear within the mapping area, but still not very
apparent (Figures 3e, 3f). This might be because the low pressure
(<15 kPa) merely influences the connection of micro-cracks in the
composite, but doesn’t change the morphology of the composite
material much. When the loading pressure was increased to 25
kPa, much stronger G band signals appeared at different sites in
the mapping area (Figure 3g). By further increasing the loading
pressure to 50 kPa, the strong G band signals will be expanded to
larger areas (Figure 3h). This indicates that the high compression
ratio under high pressure would shorten the distance between
the PDMS-concealed GF scaffold and the composite surface, thus
the G band signals can be emerged over a large area. This sug-
gests that the shortening of current pathway plays a key role on
the gradually increased device conductivity induced by the
stronger stress at high pressure region (Figure 2i). After unloading
the pressure, the G peak intensity of Raman mapping will restore
to a low level comparable to the original state (Figure 3i). This is
because the high elasticity of PDMS matrix can help the compo-
site return to its original morphology.

The combination of crack-rich GF scaffold and elastic PDMS
matrix offers the possibility for precisely sensing the loading
pressure. In GF@PDMS composite, each component has their
own roles. For the 3D-interconnected GF scaffold, it provides an
integrated conductive framework for rapid charge transfer, which
is the reason for the high conductivity of GF@PDMS that is several
orders of magnitude higher than those of CNT@polymer compo-
site materials./”"*>2%% Moreover, the temporal connection and
disconnection of micro-cracks in GF scaffold facilitates the drastic
and rapid variation of conductive channels under different pres-
sures. For the PDMS matrix, it serves as a support skeleton for the
protection of GF and retaining conductive channels from high
stress. Moreover, the PDMS matrix offers high elasticity for the
rapid and full recovery from pressing. This is especially important
for the sensor to resist the high pressure.

Besides static pressure, the GF@PDMS based pressure sensor
can also precisely detect subtle dynamic vibrational and acoustical
signals. Vibration is periodic or random mechanical oscillation
occurring around an equilibrium point. The vibration signals of
industrial machinery are vital indicators of the machinery health.
For the sensing of vibration, high-performance sensors with fast
response, high accuracy and excellent reproducibility are re-
quired.m] To explore the potential of practical applications in in-
dustry and in daily life,?**" we demonstrate that the GF@PDMS
sensor can be used to detect the different vibration modes of cell
phone. The sensor was placed on a cell phone (Figure 4a) to de-
tect the long-term stability in dynamic low-pressure zone (Figure
4b). It was found that the device exhibits high stability as in
high-pressure zone. To further characterize device reproductivity,
the cell phone was set at vibration mode, and three different vi-
bration modes (Heartbeat, S.0.S., and Symphony) were chosen for
demonstration, as shown in Figures 4c—4e. It was found that the
change of vibration modes would generate different device cur-
rent profiles of the sensor (Figures 4c—4e), and the repeating
cycles of these vibration modes can be clearly identified. The high
reproducibility of the periodic vibrations detected by the sensor
indicated its good sensitivity and consistency, which are the pri-
mary consideration factors for commercial applications.

Considering the sensitivity of GF@PDMS sensor in low pres-
sure zone, it is also promising to use it for monitoring physiologi-
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Figure 4 Vibrational signal detection enabled by GF@PDMS based pres-
sure sensor. (a) Optical image of the setup for the detection of subtle
vibration generated by an iPhone X. (b) Aging experiments of GF@PDMS
based pressure sensor at dynamic pressure (around 10 Pa) for around
5000 seconds. The inset shows typical iPhone X vibrational signals de-
tected by the sensor. (c—e) Repeated vibrational signals provided by the
cell phone: (c) Heartbeat, (d) S.0.S. and (e) Symphony vibration modes
detected by GF@PDMS sensor.

cal vibration signals. As a typical physiological signal, the acousti-
cal signals produced by human throats are critically important for
human-computer communication and speech recognition. It is
highly desirable to develop low-cost and high-performance porta-
ble sensors for the real-time detection of personal acoustical sig-
nals. We demonstrate that the GF@PDMS sensor attached on
human throat can be applied for detecting individual pronuncia-
tion through throat vibration (as inset in Figure 5a). For example,
the English pronunciation of different numbers (from “one” to
“ten”) produced distinguishable current profiles (Figure 5a). The
throat vibrational signals of three repeatedly pronounced num-
bers (“one”, “three” and “five”) were recorded (Figures 5b—5d),
showing similar current profiles within repeated cycles. This indi-
cates the high reproducibility of GF@PDMS sensor for the detec-
tion of individual physiology vibrational signals. To further prove

12345678910 b One Three

g 5

m

Electronic skin

-

Chemistry

e
Electrgnic skin

Current/mA

Nanotechnology
7 Rowey Intelligent
Nanotechnology Chemistry i Rowey Intelligent
10 20 30 10 20 30 10 20 30
Time/s

Figure 5 Physiology vibrational signal detected by the GF@PDMS sensor.
(a) vibrational signals of English pronunciation of different numbers (from
“one” to “ten”). The inset shows optical images of the setup for the detec-
tion of physiology vibrational signals generated by human throat. (b—d)
Typical three-repeated throat vibrational signals of English pronunciation
of (b) “one”, (c) “three” and (d) “five”. (e) The vibrational signals of a sen-
tence: “The electronic skin nanotechnology was developed in the De-
partment of Chemistry in Rowey Intelligent.” (f—i) Typical three-repeated
throat vibrational signals of English pronunciation of (f) electronic skin; (g)
nanotechnology; (h) Chemistry; (i) Rowey Intelligent.
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the excellent reproducibility of GF@PDMS sensor, the vibrational
signals of a sentence was detected: “The electronic skin nano-
technology was developed in the Department of Chemistry in
Rowey Intelligent.” When pick out and speak three times of the
four phrases: electronic skin (Figure 5f), nanotechnology (Figure
5g), Chemistry (Figure 5h), Rowey Intelligent (Figure 5i), it was
found that the vibrational signals of these phrases are highly coin-
cident with the phrases signals in the sentence above. Vibrational
signal detection can be applied in the communication between
doctors and patients who is in the case of loss of voice.

Conclusions

In summary, the GF@PDMS based sensor exhibited broad-
range pressure sensing capability, good reproducibility and long-
term stability. The pressure sensitivity of the sensor at low pres-
sure region (<15 kPa) should be attributed to the conductivity
variation of GF scaffold with temporally-connected micro-cracks
under pressure. At high pressure region (15 to 130 kPa), the
sensing mechanism could be ascribed to the formation of better
connection between micro-cracks in GF scaffold and the shorten-
ing of conductive pathway by compression. Furthermore, the
GF@PDMS sensor also exhibited high performance for the detec-
tion of subtle mechanical vibration and physiological acoustical
signals. Considering the easy preparation process and low cost,
we suggest the GF@PDMS sensor is promising for practical appli-
cations in the future, such as human-machine communications
and wearable electronics.

Experimental

Fabrication of GF@PDMS sensor. Ni foams (0.8 g-cm_3 in den-
sity and 0.7 mm in thickness, purchased from Taili New Energy
Corp., Suzhou) were used as 3D scaffold templates for the growth
of GFs by CVD method."”’ Briefly, Ni foam was firstly heated in a
horizontal quartz tube furnace at 1000 °C for 5 min with the gas
flow of 100 sccm Ar and 200 sccm H, to clear the thin surface
oxide layer. Then, 15 sccm of CH, flow was introduced into the
quartz tube together with the Ar/H, mixture flow and reacted for
5 min. The furnace was rapidly cooled to room temperature un-
der Ar flow (100 sccm) to obtain Ni@GF. To prevent structural
failure of GF, the Ni@GF was mildly etched with 500 mL of satu-
rated Fe(NO3); solution mixed with 2 mL of 37% HCI at 80 °C for 3
h. The free-standing GF was washed 4 times with deionized water
and dried naturally overnight. To fabricate GF@PDMS sensor, two
CP electrodes were placed at the bottom and top surfaces of the
free-standing GF, respectively, and then the base/curing agent
mixture of PDMS (Sylgard 184, Dow Corning) was cast onto it.
After curing at 90 °C for 20 min, the flexible GF@PMDS pressure
sensor was obtained.

Characterizations. Scanning electron microscopy (SEM) imag-
es of the samples were collected on a FEI Nova-450 instrument.
Raman mapping analysis was carried out with a Horiba JY LabRam
HR Evolution Raman spectrometer.

Device measurements. The GF@PDMS pressure sensor was
mechanically pressed with a motor-controlled stepper (purchased
from Beijing Optical Century Instrument Corp.). The electrical
properties of pressure sensor were measured with a fixed applied
voltage 0.1 V. The current-voltage and current-time curves of the
as-prepared devices were collected with a Keithley 2635 source
meter.
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