Downloaded viaLANZHOU UNIV on April 2, 2020 at 09:52:29 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED MATERIALS

Research Article

INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 26127-26133

www.acsami.org

Flexible Self-Powered ZnO Film UV Sensor with a High Response
Qi Xu," Li Cheng,§ Leixin Meng," Zhe Wang,” Suo Bai," Xiaogiang Tian,” Xiaofeng Jia,"

and Yong Qin**

“Institute of Nanoscience and Nanotechnology, School of Physical Science and Technology, Lanzhou University, Lanzhou 730000,

China

*School of Advanced Materials and Nanotechnology, Xidian University, Xi’an 710071, China
§Zhongyuan University of Technology, Zhengzhou, Henan 450007, China

ISchool of Electrical and Electronic Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore

O Supporting Information

ABSTRACT: Response (on/off ratio) is one of the key parameters of ultraviolet (UV)
sensors. In this paper, a kind of highly sensitive ZnO UV sensor with highly increased %4 4000 o/
on/off current ratio was designed and developed. Under a weak UV intensity of 0.1 M =
mW/cm?, this ultrathin ZnO film-based UV sensor has an on/off current ratio of 1.3 X  ©BEV8
10° which is 3 times higher than the record value for ZnO-based UV sensors. In
addition, it shows good flexibility and stable UV detection property during the bending RN

process. When bending the sensor to a radius of curvature of about 18.5 mm, the

sensor also shows high UV detection performance.
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B INTRODUCTION

Because of the weak and homogeneous background radiation,
compared with traditional infrared sensor, ultraviolet (UV)
detectors have a higher signal-to-noise ratio and lower working
temperature and have been widely applied in many areas, such
as flame sensing, UV astronomy, and secure communica-
tions.' > In actual application, besides the UV light, the
external noise in the environment and internal noise coming
from the electrical circuit will also be introduced into the
detecting system, which would interfere the signal detection.
Sensors with a higher response will contribute to the
improvement of the signal-to-noise ratio, sensitivity, etc.
which will maintain the sensors in a high quality. Therefore,
developing UV sensors with a high response is needed to
realize the effective warning of the fire hazard, UV background
of the Universe, and establish the low bit error rate
communication lines.

ZnO, a biocompatible material* with a room temperature
band gap of 3.37 eV and exciton binding energy of 60 meV, is a
promising candidate for visible-blind UV sensors because of its
robust radiation hardness™® and versatile nanostructures such
as nanowires, nanobelts, and nanorings.7_12 ZnO UV sensor’s
sensing mechanism'” is based on photogenerated variations in
the concentration of surface states. Compared with bulk
materials, the micro- and nanostructured ZnO have a much
higher surface-to-volume ratio; thus, using them to enhance
UV detectors’ response has been widely investigated.* ™" In
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the study of fabricating micro- and nanostructured ZnO-based
UV sensors, the key point is to realize low electron density
before UV illumination and high electron mobility. The lower
electron density will lead to a lower dark current before UV
illumination. The electrons in ZnO can be depleted by surface-
adsorbed oxygen'? or decorated metal nanoparticles with high
work function;*' thus, using nanostructures with a large
surface-to-volume ratio is beneficial to obtain a low electron
density in ZnO without UV illumination. When illuminated by
UV light, the high electron mobility contributes to the
increasing photocurrent of sensor. The high electron mobility
can be achieved by improving the ZnO’s crystallinity, enlarging
the grain size and decreasing the cracks, porosity, and so on.
With a large surface-to-volume ratio and high electron
mobility,”> ZnO nanowires are commonly used for UV
detection.””~** Up to now, among ZnO nanowire-based UV
sensors, the sensor decorated by Au particles possesses a
highest on/off current ratio of § X 10° at a UV intensity of 1.3
mW/cm®?*' In the past works, the ZnO single-crystal
nanomaterials used in UV sensors usually have a size larger
than its depletion region’s width; thus, the electrons in ZnO
are not sufficiently depleted. If the electrons can be fully
depleted without UV illumination, the UV sensors’ on/off
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current ratio may be improved further. Besides the single
crystal nanomaterials, the ZnO polycrystal film is another
commonly used material to fabricate UV sensors. Compared
with the conditions in single-crystal nanomaterials, the oxygen
molecules can adsorb on the grain boundary or pores of the
film and the electrons can be depleted further. Recently, based
on a fully depleted ZnO film, a UV sensor with a high on/off
current ratio of 3.4 X 10° at a low UV intensity of 0.1 mW/cm?
was reported.”® In that work, the sensor was fabricated by a
porous network of nanoparticles with 98% porosity. This
porous structure will unavoidably decrease the film’s electron
mobility, for instance, a typical ZnO nanoparticle-based film
shows a low electron mobility of 5 X 10™* cm?/V s.*” Under
the dark state, the current is largely determined by the barrier
height resulted from the electron depletion between the ZnO
grain boundaries; thus, the more the electron is depleted, the
lower the dark current is. Under UV illumination, the current is
largely determined by the enlarged conducting channel, the
higher electron mobility will contribute a higher photocurrent.
If a fully depleted film’s electron mobility can be improved, a
high on/off current ratio can be expected, which will greatly
benefit to the development and application of highly sensitive
UV sensors.

Here, we developed a kind of flexible UV sensor with a high
on/oft current ratio based on an ultrathin ZnO film by
decreasing the electrons’ concentration under dark and
increasing the mobility. Under 0.1 mW/cm?* UV intensity, its
on/off current ratio 1.3 X 10° is 3 times higher than the record
value 3.4 X 10° of ZnO film-based UV sensors.”® In addition,
under 1 mW/cm? UV intensity, its on/off current ratio 3.6 X
107 is 7 times higher than the record value § X 10° of ZnO
nanowire-based UV sensors” under a higher UV intensity of
1.3 mW/cm? Furthermore, based on this flexible film, a self-
powered UV sensor was developed, which can be used as
wearable devices. At the same time, the sensor can work
steadily in both flat and curved states with excellent UV
detection performance.

B RESULTS AND DISCUSSION

Because of the ZnO sensors’ surface-related sensing mecha-
nism, the film thickness is very crucial to their performance. In
the dark environment, the adsorbed O, will consume one
electron to form O, adsorbed oxygen ions that will induce a
depleted region as shown in the schematic part of Figure 1.
Under UV light, the generated holes will migrate to the surface
along the potential gradient generated by band-bending to
discharge the adsorbed oxygen ions O,  and result in the
increase of the free carrier concentration and decrease of the
depletion width. Suppose, in the dark environment, the surface
density of O, is a, the electron density when neglecting the
oxygen absorption is 1, and the device thickness is d. When UV
light is illuminated on the film, the adsorbed O, will
completely release. Based on above assumptions, without UV
illumination, the effective electron density n; can be expressed
as n; = n — a/d. Under a constant bias voltage, the current is
proportional to the carrier density and mobility; thus the
sensor’s on/off current ratio can be expressed by I,/I ¢ = nu/
(uyny) = (u/u)/(1 = a/(nd)). pu and p; are the electron
mobilities under dark and UV illumination, respectively. The
a/n has the dimension of thickness, and it can be considered as
the depleted layer of the film caused by the O, adsorption.
When the film’s thickness is close to the depleted layer (a/n),
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Figure 1. Schematics about the sensing mechanism of ZnO film UV
sensor and the on/off current of the film at different thickness
supposing that the mobility is invariant under the UV illumination.
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the sensor’s on/off current ratio will increase dramatically,
which is shown in the simulation curve (Figure 1).

After discovering this mechanism, an ultrathin ZnO film was
prepared by spin-coating carbon-free aqueous Zn-
(OH)x(NH3)y(2_" * solution on a piranha solution treated
glass substrate. First, the glass substrate was treated in the
piranha solution (a 3:1 mixture of concentrated H,SO, with
30% H,0,), to have the good wettability with the spin-coating
solution, which ensures that the solution spreads out evenly on
the substrate. Because of ammonia’s low viscosity and low
volume-loss decomposition process, the synthesized film has a
very thin thickness of 19 nm. Almost no cracks, wrinkles, or
lumps were found (Figure 2a,b). No contaminants were found
in the ZnO ultrathin film (Figure S1). All of the peaks of the
grazing incidence XRD pattern can be indexed to the wurtzite
crystal structure ZnO (Figure 2c). The interplanar spacing of
0.16, 0.24, and 0.26 nm correspond to the ZnO (110), (101),
and (002) facets, respectively (Figure S2a,b). From Figure 2b,
it can be seen that there exist small pinholes in the ZnO film,
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Figure 2. (ab) SEM images of the ZnO film with different
magnifications. (c) X-ray diffraction spectrum of the ZnO film. (d)
ZnO film’s refractive index at different wavelengths characterized by
the spectroscopic ellipsometry.
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which can also be confirmed from the transmission electron
microscopy (TEM) image (Figure S2c,d). The void volume
fraction was obtained by testing the refractive index by the
spectroscopic ellipsometry. The Bruggeman equation (f, is the
relative volume fraction of A; n,, ng, and ny, are the refractive
index of A, B, and the composite, respectively) f,(n,> — n,2)/
(2 + 2m) — (1 = f,) (g — m,2)/ (ny*+2m,2) = 0 was used to
extract the void volume fraction. After substituting n, = 1.00
(the air refractive index), ny = 2.00 at 589 nm,”® and n, = 1.70
at 589 nm (Figure 2d), the porosity was determined to be
28.93%. This moderate porosity will contribute to the
sensitivity improvement by facilitating the oxygen adsorp-
tion/desorption. To characterize the nonuniformity of the film,
the film thickness at five different places were tested. Using the
measured thickness (Figure S3) and according to the following
relation (6 is the nonuniformity; d,,, dmm and d,,. are the
maximum, minimum, and average values of the film thickness,
respectively) § = (dyu — dmin)/dave; the nonuniformity of the
film is calculated to be 10%. As the film is too thin, a small
thickness fluctuation will cause a big film nonuniformity.

The transfer characteristics of an ultrathin ZnO film-based
field-effect transistor (Figure 3a) fabricated on a silicon
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Figure 3. (a) Schematic about the ZnO film-based field-effect
transistor. (b) Setting gate voltage to 0 V, the drain-to-source current
versus the drain-to-source voltage at different UV intensities. (c)
Setting the drain-to-source voltage to 1 V, the drain-to-source current
versus the gate-to-source voltage at different UV intensities. (d)
Calculated electron mobilities and densities of the ZnO film at
different UV intensities.

substrate was used to obtain the electron mobility. As shown
in Figure 3c, exerting positive voltage on the gate electrode can
increase the source-to-drain current. This is a typical n-channel
field-effect transistor character; thus, the carriers in this device
are electrons. The negative shift of the threshold is attributed
to the increased electron density under UV, as a more negative
voltage should be exerted to the gate electrode to deplete the
increased electrons. The relation (I is the drain-to-source
current, V, is the gate-to-source voltage, Vg, is the drain-to-
source voltage, L and W are the length and width of the
channel, respectively, and C is the gate insulator capacitance
per unit area) u = L(dl4,/dV,,)/(VgWC) was used to extract
the value of the mobility from the linear part of the I3—Vi,
curve (Figure 3¢).”” In dark, the mobility of the ZnO film is
0.19 cm?/V s which is much higher that of the typical
nanoparticle-based film. Combining the calculated electron

mobility, I3—V,, curve (Figure 3b), and channel size, the
electron density can also be determined. The electron density
in dark is as low as 1.44 X 10" cm™. Apart from the electron
density, the electron mobility also increases with the UV
intensities as shown in Figure 3d. This can be attributed to the
decreased grain barriers for the electron to transit between
adjacent grains, along with the desorption of adsorbed oxygen
molecules in the grain boundaries under UV illumination.
According to the former equation, the increased electron
mobility under UV illumination will contribute to on/off
current ratio improvement, further.

Based on this film, a UV sensor was fabricated. After ZnO
precursor solution was spin-coated on the substrate and
annealed, carbon interdigital electrode with an electrode
spacing of 500 um was screen printed on the ZnO film to
form a UV sensor. Figure 4a shows the typical I-V curves of
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Figure 4. (a) Dark (marked by the left arrow) and photo (marked by
the right arrow) I-V characteristics of the device using carbon
electrodes. (b) UV response of the sensor illuminated by the 365 nm
UV light with an intensity of 0.1 mW/ cm?.

the sensor in dark and under UV illumination with an intensity
of 1 mW/cm? The I-V curves in dark and UV illumination
are both linear, which indicates that the carbon electrode forms
an Ohmic contact with the ZnO film. At 1 V bias voltage, the
dark current is 2.6 pA and the photocurrent is 93.9 pA. This
low dark current indicated that most of the electrons in the
film are depleted by the surface-adsorbed oxygen molecules.
The on/off current ratio is 3.6 X 107, which is 7 times higher
than the than the record value 5 X 10° of ZnO nanowire-based
UV sensors under an even higher UV intensity of 1.3 mW/
cm®”' When the sensor is illuminated with UV intensity of 0.1
mW/cm?, its photocurrent is 3.49 pyA at 1 V bias voltage
(Figure 4b). The on/off current ratio is 1.3 X 10 which is 3
times higher than the record value 3.4 X 10° of the ZnO film-
based UV sensor.”® Increasing the length of the electrode
spacing will prolong the electrons’ carrier transit time.
Combing the Ohm’s law with the photocurrent expression
for the photoconductive UV sensor,” it can be found that the
photocurrent is inversely proportional to the square of
electrode spacing: I, o L™ As for the dark current, according
to the Ohm’s law, the current is inversely proportional to the
electrode spacing: I.¢ o L. Therefore, decreasing the
electrode spacing will contribute to the increase of the sensor’s
on/off current ratio. Comparing the electrode spacing of the
ultrathin ZnO film-based UV sensors with the sensors
possessing record on/off current ratios (2 ym for nanowire-
based sensor,”’ 300 um for thin film-based sensor’®), the
ultrathin film-based sensor will achieve a better on/off current
ratio by decreasing the electrode spacing to those values.
Besides the on/off current ratio, the sensor’s rise and decay
times, which are used to characterize the time required for the
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current to increase to 90% of the steady-state photocurrent
value and to decrease again by 90%, were also characterized.
From the time-resolved photocurrent measurements by
alternatively exposing the sensor to UV light and dark (Figure
4b), the rise and decay times were computed to be 62.6 and
30.1 s, respectively. These relative long rise and decay times
can be ascribed to the slow adsorption/desorption of oxygen
molecules from the ZnO film’s surface. The sensor’s rise time
is related to the decreasing rate of the adsorbed oxygen ions
O,”. When the sensor is illuminated with UV light, because of
the surface band-bending, the generated holes will migrate to
the surface to neutralize the O, and lead to the desorption of
the O, molecules. As this process continues, the height of
band-bending decreases. The decreased band-bending will
slow down the holes” migration speed. Therefore, the rise time
is long. The decay time is determined by the velocity of
adsorbing O, molecules to form O,”. After turning off the UV
light, the oxygen molecules will gradually adsorb on the ZnO
surface; this is a physical process followed by a chemical
process. The physical process is driven by the concentration
gradient. As the physical process continues, the oxygen density
gradient near the ZnO surface decreases. The decreased
oxygen density gradient will slow down the oxygen’s
adsorption, which causes a long decay time.

To expand the sensor’s adaptability and sustainability, the
self-powered sensor was further designed and developed by
constructing Schottky barrier between the ZnO film and
electrode. The Schottky barrier between the metal and
semiconductor is influenced by work function difference
between the metal and semiconductor and the surface state.
The surface state varies with the preparation methods of the
metal deposition and surface treatment condition; thus, the
barrier properties is usually not very reproducible. In contrast
to this, the p-type conducting polymer PEDOT:PSS was
demonstrated to be a promising Schottky contact candidate, as
interfacial trap states may be avoided by the soft fabrication
process.”® Therefore, in this study, the PEDOT:PSS was
chosen to form a Schottky barrier with the ZnO film. After
ZnO precursor solution was spin-coated on the substrate and
annealed, carbon and PEDOT:PSS paste were screen printed,
respectively, to form the lower part and upper part of the
interdigital electrode. As shown in Figure Sa, when illuminated,
the generated electron—hole pairs in the UV sensor space-
charge region and nearby will flow in opposite directions in the
space-charge region. Holes go to the PEDOT:PSS side and
electrons go to the n-type ZnO side. Both contribute to current
in the same direction because the electrons are carrying
negative charge. This is equivalent to an “extra” reverse current
in the Schottky diode; thus, the generated photocurrent will
have a negative value. Figure 5b shows typical I-V curves of
the sensor in dark and under UV illumination with an intensity
of 1 mW/cm? The dark current is 0.785 pA at 1 V voltage
(Figure Sb). The I-V curve in dark is linear, which is ascribed
to the large resistance of depleted ZnO film without UV
illumination. Because of the large resistance of the depleted
ZnO film, the voltage dropped across the Schottky barrier is
relatively low compared with that across the film. Therefore,
although at the interface of Schottky contact, the current is
exponentially dependent on voltage, because the voltage drop
across the Schottky barrier is quite low, the I-V curve is
approximately linear. When the film is exposed to UV light,
because of the desorption of the oxygen molecules, the
conductivity of the ZnO film increases gigantically (about 6
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Figure 5. (a) Working mechanism of the self-powered UV sensor. (b)
Dark (marked by the left arrow) and photo (marked by the right
arrow) -V characteristics of the devices using a carbon electrode in
one end and PEDOT:PSS electrodes in the other end. (c) UV
response of the sensor in self-powered mode. (d) UV response of the
sensor working at 1 V bias voltage.

orders of magnitude), which greatly decreases the voltage
across the ZnO film. Therefore, the voltage dropped across the
Schottky barrier becomes quite large, and its rectifying
behavior dominates the I-V curve (Figure Sb). When the
UV light with an intensity of 0.1 mW/cm? was illuminated on
the sensor, a 1 nA self-powered current was generated (Figure
Sc). Unlike the slow adsorbed oxygen ion-assisted charge
separation mechanism, the strong built-in electric field created
by the space-charge region will contribute to effective charge
separation and result in a faster response time. As for the
Schottky contact, the depletion region which mainly resides in
the semiconductor side, will form a capacitor as in the case for
the electric double-layer capacitor. After the UV light is off, the
ZnO film restores to its giant dark resistance, which will lead to
a large RC time constant. Therefore, when the UV light is off,
the stored charges cannot be released quickly, which lead to a
gradually diminished current as shown in Figure Sc. When
biased, 204 nA photocurrent was obtained under 1 V voltage
(Figure 5d). The on/off current ratio is 2.6 X 10°, which is §
times smaller than that of the sensors with carbon electrodes.
This is due to the existence of the Schottky barrier which
hinders the electrons’ transportation.

Apart from the response, both the on/oft current ratio and
photocurrent should be linearly dependent on the UV
intensities, which is also important to detect and calibrate
the intensity of UV light. Therefore, UV photocurrents of the
sensor working at 1 V bias voltage and self-powered mode are
characterized under a wide range of UV illumination
intensities, respectively. At 1 V bias voltage, the lowest tested
UV intensity was 100 nW/cm?® Under that intensity, the
photocurrent and on/off current ratio are 430 pA and 548,
respectively (Figure 6a). The peak photoresponse current
(obtained from the left image of Figure 6a) and the calculated
on/off current ratio was plotted as shown in the right part of
Figure 6a. The peak photoresponse and on/off current ratio
increase monotonously with the UV intensities. A linear
regression (red line in the right part of Figure 6a) was applied
to the date sets of the on/off current ratio with a coefficient of
determination R* value of 0.990. This large coefficient indicates
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Figure 6. (a) UV response of the sensor working at different UV
intensities under 1 V bias voltage; the red line in the right part is a
linear fit between the on/off current ratio and UV intensity. (b) UV
response of the sensor working at different UV intensities in self-
powered mode; the red line in the right part is a linear fit between the
photocurrent and the UV intensities.

that there exists a good linearity between the on/off current
ratio with the UV intensities. According to this good linearity
and the on/off current ratio of 548 at 100 nW/cm?, the UV
sensor could be used to detect even lower UV intensities. At
the self-powered mode, the lowest UV intensity tested was 10
UW/cm?. The peak photoresponse current was obtained from
the left image of Figure 6b, and the photocurrent was plotted
as shown in the right part of Figure 6b. The peak photocurrent
increases monotonously with the UV intensities. A linear
regression (red line in the right part of Figure 6b) was applied
to the date sets of the photocurrents with a coeflicient of
determination R* value of 0.993. This large coefficient indicates
that there also exists a good linearity between the on/off
current ratio and UV intensities. The above results show that
there exists a good linearity between the photoresponse and
UV intensities when the UV sensor works either in a self-
powered mode or at 1 V bias voltage. Therefore, the UV
intensity can be calibrated conveniently.

Compared with the silicon-based rigid sensors, flexible
sensors can be conformally attached on the surface of skins or
textile to monitor personal healthcare. The fabricated sensor

has a good mechanical flexibility as shown in the inset image of
Figure 7a. As for a flexible sensor, apart from its mechanical
flexibility, its photoresponse should also be kept when the
sensor is bent. To verify whether the sensor’s performance can
be kept, the sensor’s electric properties relating to the UV
sensor was tested. First, the sensor’s -V characteristics at the
dark environment were characterized at a flat state, bent state
with a curvature radius of 18.5 mm, and flat state recovered
from the bent state. As shown from Figure 7a, the sensor’s -V
curves under three states are nearly identical, which indicates
that the sensor’s dark current can keep its value when the
sensor is in bent state. Next, the sensor’s photocurrents at self-
powered mode in the above mentioned states were tested as
shown in Figure 7b. At the bent state, the sensor’s
photocurrent is 97.2% of that in the original flat state. After
recovering from the bent state to flat state, the sensor’s
photocurrent is 96.0% of that in the original flat state. Finally,
the sensor’s photoresponse at 1 V bias voltage was tested at the
same procedures as shown in Figure 7c. In the bent state, the
sensor’s peak current is 99.1% of that in the original flat state.
After recovering from the bent state to flat state, the sensor’s
photocurrent is 97.9% of that in the original flat state. The
above results show that the sensor’s performance can be kept
in the bent state both in self-powered mode and 1 V bias
voltage. This can be ascribed to the ultrathin property of the
ZnO film, as the thin film has a much less inhomogeneity of
stress than that of the thick films.

B CONCLUSION

In summary, a flexible UV sensor with the highest reported
response was fabricated. Under the UV light of 0.1 mW/cm?,
this sensor possesses an on/off current ratio of 1.3 X 10° which
is 3 times higher than the record value for ZnO-based UV
sensors. This high on/off ratios is ascribed to the ultralow dark
current caused by the film’s thickness being close enough to
that of the depleted layer and the high photocurrent caused by
the high electron mobility. Moreover, a flexible self-powered
UV sensor was designed and fabricated. Apart from a good
mechanical flexibility, its UV detecting performance can be
kept when the sensor was bent to a radius of curvature about
18.5 mm.

B EXPERIMENTAL SECTION

Fabrication of ZnO Films and UV Sensors. ZnO Film
Fabrication. First, the ammine-hydroxo zinc precursor solutions’'

was prepared. In short, NaOH aqueous solution (50 mL 2.5 M) was
slowly added dropwise into Zn(NOj;), aqueous solution (75 mL 0.5
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Figure 7. Sensor’s performance under flat and curved states. (a) Dark current. (b) Photoresponse at self-powered mode and (c) photoresponse at 1
V bias voltage when the sensor was flat (black), bent (red), and flat again (blue).
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M) under vigorously stirring. After being centrifuged and removing
the supernatant of the resulting hydroxide slurry five times, the
hydrated precipitate was dissolved in ammonia (250 mL 6.6 M) to
form the precursor solution. Second, the substrate (glass and Kapton
film) was cleaned with acetone, alcohol, and deionized water in
sequence to remove all contaminants on its surface. Then, the
substrate was treated in piranha solution (a 3:1 mixture of
concentrated H,SO, with 30% H,0,) for 3 h to make them possess
a good hydrophilic property, and then the precursor solutions were
spin-coated on the substrate at a rate of 1000 rpm for 30 s. It was
cured on a 100 °C hot plate for 20 min, followed by thermal annealing
at 150 °C for 2 h in air.

Sensors Fabricated on Glass Substrates. First, a screen-printing
stencil with an interdigital electrode pattern was made to order. The
interdigital electrode pattern consists of two interlocking comb-
shaped arrays. For each comb-shaped array, the fingers have a width
of 500 pm and adjacent spacing of 1500 ym. Second, the screen-
printing stencil was placed atop a glass substrate covered with the
ZnO film and the carbon ink was put on top of the stencil, using a
squeegee to push the ink through the pattern on the stencil to form a
carbon interdigital electrode on the ZnO film. Finally, it was baked on
an 80 °C hot plate for 60 min to solidify the electrode. The schematic
fabrication process can be seen in Figure S4a. The sensor has a size of
22 mm X 17 mm.

Sensors Fabricated on the Kapton Substrate. First, two screen-
printing stencils were made to order. Each screen has comb-shaped
arrays with a finger width of 500 gm and n adjacent spacing of 1500
pum. The comb-shaped patterns on the two stencils have a mirror
symmetry to each other. Second, a screen-printing stencil was placed
atop a Kapton substrate covered with the ZnO film and the carbon
ink was put on top of the stencil, using a squeegee to push the ink
through the pattern on the stencil to form a carbon comb-shaped
array electrode on the ZnO film, followed by thermal baking at 80 °C
for 60 min. After that, the other screen-printing stencil was placed
atop the Kapton substrate covered with the ZnO film during which
the pattern of 50 pm shifted downward to that of the early printed
carbon electrode and the PEDOT:PSS ink was put on top of the
stencil, using a squeegee to push the ink through the pattern on the
stencil to form a PEDOT:PSS comb-shaped array electrode on the
ZnO film, followed by thermal baking at 80 °C for 60 min. The
schematic fabrication process can be seen in Figure S4b. The two
kinds of comb-shaped array electrodes are interlocked to form an
interdigital electrode on the ZnO film. The sensor has a size of 22 mm
X 17 mm.

ZnO Film’s Field-Effect Transistor Fabrication. The ZnO film was
fabricated on a heavily doped n-type silicon substrate with a silicon
oxide layer using the technique described in the ZnO film fabrication
part. Then, the In/Ag electrode was deposited on the ZnO film
through a standard shadow mask process. The SiO, layer thickness on
the silicon substrate is 285 nm, and the width and length of the
channel are 0.3 and 4 mm, respectively.

UV Sensor Characterization. All of the electrical measurements
including I-V curve, dark current, and photoresponse were
performed using DS34S 30 MHz synthesized function generator
and SR 570 low-noise current preamplifier. The UV light intensity
was quantified by a UV detector (Photoelectric Instrument Factory of
Beijing Normal University, UV-A).

ZnO Film’s Thickness and Nonuniformity Test. First, the ZnO
film was fabricated on a 2 cm X 2 cm glass substrate. Second, a layer
of SU-8 photoresist was spin-coated on it. A strip array shadow mask
was placed with both width and spacing equal to 1 mm, and it was
exposed to the UV light. Then, the photoresist was washed in acetone,
alcohol, and water, subsequently. An array of photoresist stripes with a
width of 1 mm was fabricated on the film. Finally, it was dipped into
dilute HCI solution, acetone, alcohol, and water, in sequence to obtain
an array of ZnO stripes. Finally, the film thickness at five different
places with a dice S pattern was tested using a atomic force
microscope (AFM). The four corner points of the dice S pattern span
an area of 2 mm X 2 mm. Using the above measured thickness
(Figure S3) and according to the following relation (& is the

nonuniformity; d,.,, dy, and d,,. are the maximum, minimum, and
average values of the tested thickness, respectively) 6 = (dpux — dinin)/
d.ver the nonuniformity of the film is calculated. The average value is
considered as the film thickness.
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