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ABSTRACT: Improving the individual node’s reliability and long-time working ability
are important for the giant wireless sensor networks. In this paper, a kind of self-
cleaning and self-powered UV sensor (SSUS) with the ability to give the intensity value
of UV light and against the dust contamination was developed. To avoid the influence
of dust, the SSUS can realize a self-cleaning function by either wind/water. This
character makes the SSUS be a good UV sensor in real environment especially in dust
environment with high reliability. In addition, after the SSUS is calibrated by a few
parameters, it can give the UV intensity according to the SSUS’s output directly with a
deviation about 3% in a self-powered manner, even the output of SSUS is not linearly

dependent on UV intensity.
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INTRODUCTION

UV sensors have important applications in many areas such as water quality testing,
mineral inspection, ultraviolet communication, and flame detection.1-3 Wireless Sensor
Network (WSN)* which born from the joint of sensor technology, microelectric
technology, wireless communication technology and embedded technology, can greatly
improve the UV sensors’ ability in acquiring information in above areas. The bottle
neck that restricts the development of WSN is the long power supply of individual node
in the WSN.® Traditionally, the power of the individual node is supplied by batteries.
However, with the expansion of network scale and the increase of the number of nodes,

monitoring and replacing the depleted batteries is a great challenge.

Replacing power supplies from traditionally batteries with new power source
which can convert the ambient energy into electricity is a promising way to solve the
above challenge.* Among these new power sources, piezoelectric nanogenerators
(PENGS)87 are very competitive. On one hand, compared with solar energy and thermal
energy, the mechanical energy is undoubtedly a kind of energy that is not limited by
time and region. On the other hand, compared with triboelectric nanogenerators
(TENGs)&which are also widely used to harvest the ambient mechanical energy®1! and
UV sensing,'? the PENGs possess high mechanical endurance and durability!® without
the risk of material abrasion. With the increase of the output of the PENGs,41? it has

the more feasibility to be used to power the UV sensors. Xu showed a self-powered UV
2
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sensor constructed by a PENG and a ZnO nanowire-based UV sensor connected in
series, where the voltage drop across the sensor can be used to detect the UV light.?°
Later, the self-powered UV sensors develop toward three directions. One direction
towards improving the PENG’s output to make the self-powered UV sensor’s signal
detection independent of high precision measurement or additional energy storage unit,
such as using large amount of aligned nanofibers with high piezoelectric coefficient to
improve the PENG’s integration degree,?® adopting single crystal ferroelectric
nanowire,?? utilizing the Maxwell-Wagner-Sillars (MWS) polarization in composite
piezoelectric material.23 Another direction towards developing wearable self-powered
UV sensor for real time personal health protection, such as weaving individual
piezoelectric active materials to form a two dimensional textile structure,2*  improving
single piezoelectric fiber’s robustness,? developing electronic skin.26-27 The final
research direction towards forming a compact structure, in which power unit and the
sensing unit is the same one, such as via the collective oscillation of embed metal
particles under UV light in the composite PENG to control the piezoelectric material’s

polarization state and thereby to control the PENG’s output.28

Albeit the rapid development of self-powered UV sensors, in order to make a
further step toward practical application of the self-powered UV sensors, there are two
points needed to be noticed. First, there doesn’t exist linear relationship between the
UV intensity and the self-powered sensor’s output. Although we have a few fixed UV
intensity points, how to determine the intensity of the UV light according to the output

of the self-powered UV sensors outside the tested points is unsolved. Second, as for the
3
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WSN containing many nodes, its practical working condition is usually in outdoor
environment and full of dust. The gradual degradation of the transmittance caused by
the accumulation of surrounding dust will decrease the penetrated light arrived on the
sensors,2? and thus make a large difficulty for accurately measure the UV intensity. So,

maintaining the node’s cleanness is critically important.

Here, we developed a self-cleaning and self-powered UV sensor (SSUS) which
can be used to reliably detect the UV intensities according to its output voltage in dust
environment. By applying a superhydrophobic coating, the accumulated dust on the
sensor can be cleaned easily by water or wind, and the voltage signal is only 0.3%/2.8%
larger than that of the original signal, which shows the sensor’s outstanding self-
cleaning ability. After the fitting parameters are determined according to the tested
points, the intensities (0.040 and 0.60 mW/cm?2) of the UV light can be determined with
a deviation about 3%, even there doesn’t exist linear relationship between the UV

intensity and the SSUS’s output.

RESULTS AND DISCUSSION

The structure of SSUS is schematically illustrated in Figure 1a, where a self-
cleaning UV sensor is in serial connected with a PENG and the output of the SSUS is
the voltage drop across the self-cleaning UV sensor. The PENG was fabricated by
dispersing BaTiO3 nanoparticles (Figure Sla) into the PDMS matrix with a mass ratio
of 40%. The nanoparticles are in tetragonal structure (Figure S1b) with lattice
parameters a and ¢ equal to 4.02 A and 4.04 A, respectively. The piezoelectric

4
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coefficient ds; of BaTiOs; nanoparticles is 118 pC/N. In practice, the BaTiOs
nanoparticles are not spherical and periodically arranged in the composite film as the
schematic shows. Nevertheless, the BaTiO3 nanoparticles are dispersed evenly into the
matrix (Figure 1b), and this will contribute to the improvement of the PENG’s output.3°
The thickness of the PDMS/BaTiO3 is about 40 um. In order to increase the output
change of SSUS toward the intensity variation of UV light, an ultrathin hexagonal ZnO
film as shown in Figure 1c was used for fabricating UV sensor, as pointed by our
previous work3! this structure is superior for improving UV sensor’s response. In order
to improve the sensor’s stability against moisture3?, a thin layer epoxy was used to

package the UV sensor.

The performance of the PENG and UV sensor was characterized, respectively. By
periodically bending and releasing the PENG via a linear motor, the PENG with an area
of 15 cm? shows a maximum peak output voltage of 0.25 V as shown in Figure 2a.
During the switching-polarity test in which the positive and negative probes of the
voltage meter are connected to the negative and positive ends of the PENG,
respectively, the output signal is reversed as shown in Figure 2b, and this confirmed
that the signal is the real signal not an artifact.” Figure 2c shows the typical I-V curves
of the sensor in dark and under UV illumination with intensity of 0.30 mW/cm? and
wavelength of 365 nm. The I-V curves in dark and UV illumination are both linear,
which indicates the carbon electrode forms an Ohmic contact with the ZnO film. Under
an UV intensity of 0.30 mW/cm?, the current reached a value of 10.4 nA at 1 V bias

voltage, in contrast to the dark current of 23.7 pA. The dynamic behavior of the UV
5
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sensor was characterized from the time-resolved photocurrent measurements by
alternatively exposing the sensor to UV light and dark as shown in Figure 2d. The
sensor’s rise and decay time, which are the time required for the current to increase to
90% of the steady-state photocurrent value and to decrease again by 90%, were also

characterized. The rise and decay time were 15.2 s and 10.6 s, respectively.

The dynamic behavior of the SSUS was characterized by alternatively exposing
the sensor to UV light of 0.30 mW/cm? and dark as shown in Figure 3. In general,
either voltage signal or current signal can be used for UV detection. However,
as the impedance type of PENGs is capacitive33, the PENGs usually have a
large voltage but low current. In addition, the UV sensor’s resistance is also
large (42.2 GQ in dark environment, derived from Figure 1c), the current in the
circuit will be reduced further. So, the voltage signal is chosen for UV detection
and we didn’'t study the current change of the SSUS with the intensity of UV
light. In the test period, the performance of the SSUS is stable. As the output of the
SSUS is the voltage drop across the self-cleaning UV sensor, its value is sensitive to
the resistance of the UV sensor. Upon illuminated by the UV light, along with the
desorption of oxygen molecules from the ZnO film’s surface, the resistance of the UV
sensor decreased, and the output of the SSUS gradually changed from 0.23 V to 0.13
V. After turning off the UV light, along with the gradually adsorption of oxygen
molecules on the ZnO surface, the resistance of the UV sensor increased, and the output
of the SSUS gradually changed from 0.13 V to 0.23 V. The rise and decay time were

8.4 s and 10.9 s, respectively. Theoretically, the UV light can excite photogenerated
6

ACS Paragon Plus Environment

Page 6 of 26



Page 7 of 26

oNOYTULT D WN =

ACS Applied Electronic Materials

carriers in BaTiOgz, which will increase of conductance of BaTiO; and lead to a reduced
impedance of the PENTG. However, the density of photogenerated carriers n is related

to the carrier lifetime 7,
n= J.z'dG (1)

where, 7 is the carrier lifetime, G is the carrier generation rate, which is equal to the
volume density of absorbed photons.3* The lifetime of photogenerated carriers in
BaTiO; are too short (in < 60 ps)3® to generate appreciable generate appreciable carrier
density changes in BaTiOs. So, in practice, the influence of the UV on the PENG’s

impedance is negligible.

To solve the gradual degradation of the transmittance caused by the accumulation
of surrounding dust, a superhydrophobic film with a contact angle of 155° (Figure S2)
was used. The superhydrophobic coating is not an ordinary optically actively layer. The
superhydrophobic coating can keep the UV sensor clean, as the accumulated dust on
the sensor can be cleaned easily by water, especially by weak wind as schematically
shown in Figure 4a, which means our sensor can keep clean even in an environment
without water.  The detailed structure of the superhydrophobic surface is shown in
Figure 4b. The surface of the superhydrophobic film is rough and full of uniformly
distributed hump composed of cone shaped structures. The cone shaped structures with
narrow tips and humps construct the superhydrophobic film’s hierarchical structure.
Packaged with this special film, the self-powered UV sensor (Figure S3a)
simultaneously has the self-cleaning property. Under dark environment, as the UV

7
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sensor is packaged, so the dust will not affect the resistance of the UV sensor, and the
output of the SSUS is not affected by the dust as shown in Figure 4c. Under UV
illumination with intensity of 0.30 mW/cm?, the dust will either shield or scatter the
UV light, so the output of the SSUS will be affected by the dust as shown in Figure 4d.
Upon sprinkling dust on the UV sensor (Figure S3b), due to the reduced penetrated UV
light, the output of the SSUS changes from the initial value of 0.130 V to 0.189 V,
which increases 45.4%. The reason is that the reduced penetrated will cause the
resistance of the UV sensor larger than that of the original clean state. After the dust
was cleaned by the wind generated by periodically squeezing a 5 mL plastic (Figure
S3c), the output of the SSUS decreased to 0.139 V, which is 6.2% larger than that of
the clean state. When the dust is further cleaned by the water (Figure S3d), the output
of the SSUS decreased to 0.135 V, which is 3.9% larger than that of the clean state.
These results show the SSUS has a good anti-dust property. This character makes the
SSUS be a good UV sensor in real environment especially in dust environment with

high reliability.

Finally, the self-powered UV sensor’s output under different UV intensities was
tested as shown in Figure 5a. As the UV intensity increases, the output of the SSUS
decreased in a nonlinear way. There does not exist a simple way to relate these data. In
order to obtain the value of the UV intensity from the output of SSUS outside the tested
data, the relationship between these tested data is needed. To do this, analysis based on
the equivalent circuit as shown in the inset of Figure 5a was conducted. The PENG is

considered as a voltage source V generated by the piezoelectric potential and a capacitor
8
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C of the PENG connected in serials,® and the UV sensor is considered as a
photoresistor G(P), where G is the conductance of the photoresistor, P is the intensity
of the UV light. The output of the PENG can be approximated with a high accuracy

V=d*/C @)

, Where d is the piezoelectric constant of the PENG, f is the force exerted on the PENG.
As for circuit analysis, the output of PENG is simplified as a sinusoidal voltage source.
As only the frequency corresponding to the external driving frequency dominates, so
using the sinusoidal voltage source for circuit analysis is effective. From the equivalent

circuit, we can see that the voltage drop across the UV sensor is:

V(P)=———— 3)

, Where w is the angular frequency of the external force. According to equation (3), in
order relate V with P, the relationship between G and P is needed. The I-V
characteristics of the UV sensor under UV light with different intensities is tested as
shown in Figure 5b. The obtained conductance of UV sensor under different UV
intensities is shown in Figure 5c. Their relationship obeys the power law G(P)=GyP",
which is caused by the complex process of electron-hole generation, trapping, and
recombination within the semiconductor.3® Combing with the equations of (2) and (3),

a fitting equation as follows can be used to relate V with P.
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V(P)—L (4)

~J1+BP"

, Where A, B and n are constant fitting parameters. To make the fitting more reliable,
the number of input data should be greater than the parameters. The output of the SSUS
under 0, 0.07, 0.30 and 1.10 mW/cm? were used to confirm the fitting curve and the

obtained curve is

V(P)=——22 (5)

\1+7.83P%%

In order to determine the UV intensity P according to the output of the SSUS V, the
inverse function of equation (4) is obtained
2
(0.244) 4
Vv

P— _J 6
7.827 ©

1.09

The sensitivity of the SSUS S can be defined as,

V,, -V
s=1% &kl 100% (7)

dark

where, Vgark and Vyy are of the output of SSUS under darkness and UV illumination,
respectively. Under 0.07, 0.3 and 1.1 mW/cm? UV illumination, the sensitivity of the
SSUS are 23.11%, 46.85% and 67.92%, respectively (Figure 5d). To test the accuracy
of this curve, the points tested on the UV intensities of 0.04 and 0.60 mW/cm? was

used. Under these intensities, the tested voltage is 0.205 and 0.102 V, respectively.

10
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Substituting these values into equation (6), the obtained UV intensities are 0.04, and

0.58 mW/cm?, and the deviation are 2.5%, and 3.3%, respectively.

CONCLUSION

In summary, a self-cleaning and self-powered UV sensor (SSUS) composed of
PENG and a UV sensor was developed. When contaminated by dust, the SSUS can be
cleaned by either wind/water, and after the cleaning process, the output of the SSUS
has a deviation about 6.2%/ 3.9%, which shows a good self-cleaning ability. After
analyzing the equivalent circuit of the SSUS and the conductance of the UV sensor
versus the intensity of UV light, a fitting curve was given to predict the intensity of UV
light according to the output of the SSUS. When the fitting parameters are determined,
the intensities (0.040 and 0.60 mW/cm?) of the UV light can be determined with a
deviation about 3%, even there doesn’t exist linear relationship between the UV

intensity and the SSUS’s output.

EXPERIMENTAL SECTION

Preparation of the PENG

Firstly, the polydimethylsiloxane (PDMS; Dow Corning Corp.) solution was
prepared by adding curing agent into the base with a weight ratio of 1:10. Then, the
BaTiOs nanoparticles (Aladdin, 99.99%, <100 nm) was dispersed into the PDMS with
a mass ratio of 40% by ultrasonic wave. Then, the mixture was placed into the in

vacuum condition (5 Pa) for 10 min. After the removal of air bubbles those were formed

11
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during ultrasonic wave, the mixture was spin coated onto an Cr/Ag electrode (3x5 cm)
with a spinning rate of 3000 rpm for 30 s and then cured at 80 °C for 30 min to solidify
the mixture. Next, the upper Cr/Ag electrode was sputtered. Interconnections were
made using copper wires and carbon paste. Then the device was poled under an electric

filed about 10 V/um on the 120 °C hot plate for 2h.

To characterize the piezoelectric coefficient of BaTiOs; nanoparticles, they are
milled and pressed into a BaTiOj3 plate with a relatively high density under 220 MPa
pressure, then sintered at 1200 °C for 3 h. The coefficient ds3 is characterized on Quasi

Static Piezoelectric D33 Meter (ZJ-6A).

Preparation of the self-cleaning UV sensors

Firstly, 0.15 M ammine-hydroxo zinc precursor solution was spun onto the cleaned
glass substrate at 1000 rpm for 30 s, followed by a thermal annealing at 150 °C for 2 h
in air; then, carbon interdigital electrode with electrode spacing of 500 um was screen
printed on the ZnO film to form a UV sensor,3 followed by the epoxy resin
encapsulation. Finally, a superhydrophobic PDMS coating fabricated by a two-step
reactive ion etching process3® was covered on the UV sensor to form the final self-

cleaning UV sensor.

The XRD pattern of ZnO was obtained from a film fabricated by drop coating

method, where consecutive drops of the solution were deposited on the

12
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substate followed by thermal annealing at 150 °C for 2 h in air, as the ZnO film

fabricated by spin coating method was too thin to hardly obtain detectable signals.

Test method

The dark current and photoresponse of the self-cleaning UV sensor were performed
using DS345 30 MHz synthesized function generator and SR 570 low-noise current
preamplifier (Figure S4a). The DS345 30 MHz Synthesized Function Generator are
capable of producing various patterns (sin, square, triangle, ramp) of voltage at a variety
of frequencies (1 pHz to 30.2 MHz) and amplitudes (0.01 V to 10 V). The UV light
intensity was quantified by a UV detector (Photoelectric Instrument Factory of Beijing
Normal University, UV-A). The voltage from the self-cleaning and self-powered UV
sensor under repeated bending and releasing driven by a LinMot linear motor (E1100)

was measured (Figure S4b) by SR560 low-noise voltage preamplifier.

13
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Figure 1. (a) The schematic of the self-cleaning and self-powered UV sensor. (b) SEM

images of the BaTiO3/PDMS composite film. (c) XRD and AFM images of the ZnO

film.
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Figure 2. The output voltage of the piezoelectric nanogenerator under forward

connection (a) and reversed connections (b), respectively. (c) The I-V characteristics of

the UV sensor under dark and 365 nm UV light with intensity of 0.30 mW/cm?2,

respectively. (d) The UV response of the UV sensor illuminated by the UV light with

intensity of 0.30 mW/cm2.
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Figure 3. The UV response of the self-cleaning and self-powered UV sensor

illuminated by the UV light with intensity of 0.30 mW/cm?.
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Figure 5. (a) The output of the self-cleaning and self-powered UV sensor under
different UV intensities ranging from 0 to 1.10 mW/cm?, respectively. The insert is the
equivalent circuit of the self-cleaning and self-powered UV sensor. The I-V
characteristics (b) and the deduced conductance (c) of the UV sensor under different
UV intensities ranging from 0 to 1.10 mW/cm?, respectively. (d) The relationship
between the peak of the output of the self-cleaning and self-powered UV sensor under
different UV intensities. The squares represent experimental data; the red curve is the

fitted curve.
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