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ABSTRACT: Zinc oxide (ZnO) nanomaterials have attracted much attention in UV
photodetectors owing to the suitable band gap and high photoelectric conversion efficiency.
However, the loose structure of nanomaterials assembled by a low-temperature process
cannot meet the mechanical requirements of flexible photodetectors. The high dark current
caused by defects in ZnO severely drags down the response performance of photodetectors.
To address these issues, we have proposed a novel strategy for constructing flexible
photodetectors based on ZnO and poly(ethylene glycol) (PEG) composites. Inspired by
the sunscreen, the addition of PEG can enhance the interaction of ZnO nanoparticles, thus
improving the film-forming ability and the mechanical endurance of the composites. By
coating the ZnO/PEG composite on a common printing paper, the flexible photodetector
shows unexpected good performance, such as a high responsivity of 1.77 A-W~" and a large
specific detectivity of 3.89 X 10'® Jones. Notably, a giant on—off ratio of up to 1.99 X 10°
has been achieved by suppression of dark current. The device also exhibits satisfactory
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mechanical flexibility after long-term bending tests. In addition, the low-cost raw materials and scalable manufacturing processes

further expand its application prospects in flexible optoelectronic technologies.
KEYWORDS: UV photodetector, flexible electronics, ZnO/PEG composite, sunscreen, on—off ratio

B INTRODUCTION

Ultraviolet (UV) radiation is a class of short-wavelength and
high-energy electromagnetic radiation, which has far-reaching
effects on organic life.' ™ Although UV radiation accounts for
~10% of the total solar radiation, identifying and detecting UV
radiation is of great importance to human daily life.""® An
ultraviolet photodetector is a kind of sensor that can convert an
ultraviolet light signal into an electric signal, which has a wide
range of applications in environmental monitoring, geological
exploration, space communication, and chemical and pharma-
ceutical analyses.” " Compared to photodetectors based on
rigid substrates, flexible devices can be better shaped and
adapted to different curved surfaces. Moreover, the lightweight
and portability of flexible photodetectors enable them for new
applications in wearable electronics and other high-tech
areas.'™"® For example, Zhou et al. prepared a flexible
photodetector based on a halide-exchanged perovskite film,
which could be used as a wearable wristband for real-time UV
monitoring.'* Li and co-workers demonstrated a fully flexible
Ta-doped -Ga,O; phototransistor array, which could perform
image recognition combined with an artificial neural net-
work."® The crucial problem of flexible UV photodetectors lies
in the preparation of photosensitive semiconductor materials
on flexible substrates. Limited by the poor temperature
resistance of flexible substrates such as PET, the high-
temperature fabrication process for many inorganic semi-
conductors is no longer suitable.'®™"® Therefore, it is an urgent
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pursuit for flexible photodetectors to obtain high-quality
semiconductors with excellent photoelectric conversion
performance through a low-temperature process.

Among many wide band-gap semiconductors, zinc oxide
(ZnO) has a large exciton binding energy of 60 meV and a
direct band gap of ~3.37 eV.'” The excellent optoelectronic
properties as well as the advantages of environmental
friendliness, low cost, and no toxicity make zinc oxide an
outstanding candidate material for UV photodetectors.”’~>
Compared to the vacuum deposition processes, directly
coating nanomaterials on the target substrate does not require
expensive equipment and vacuum conditions, allowing for easy
mass production and significantly lower production costs.”*~>°
However, the loose structure of the film assembled by
nanoparticles at low temperatures is easy to disintegrate
under mechanical deformation. In addition, the loose structure
is not conducive to the transport of photogenerated carriers,
which greatly limits the responsivity under illumination. On
the other hand, defect-induced carriers widely exist in ZnO
nanomaterials, and the resulting high dark current seriously
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Figure 1. (a) Concept of the ZnO/PEG composite film inspired by the sunscreen. (b) Absorbance spectrum of ZnO nanoparticles; the inset shows
the calculated band gap. (c) XRD patterns of ZnO and ZnO/PEG films. (d) Raman spectra of the ZnO/PEG film, ZnO, and pure PEG upon
excitation at 532 nm. (e) FTIR spectra of pure PEG and ZnO/PEG films.

impairs the performance of UV photodetectors, leading to
unsatisfactory specific detectivity and on—off ratio.””~*° Thus,
challenges remain for fabricating ZnO-based UV photo-
detectors with both excellent optoelectronic properties and
mechanical flexibility.

Coincidentally, zinc oxide nanomaterials are widely adopted
in many commercial sunscreens as the core ingredient of UV
shielding. The combination of surfactants such as poly-
(ethylene glycol) (PEG) and its derivatives with ZnO forms
a paste material that can be uniformly applied to rough surfaces
such as human skin.’*~** Inspired by the sunscreen, herein, we
developed a flexible UV photodetector with excellent perform-
ance based on the ZnO/PEG composite film. The PEG
polymer chain enhances the interactions between ZnO
nanoparticles and improves the film-forming ability so that
the composite can be easily applied on flexible substrates.
Common printing papers were used as the low-cost flexible
substrate and carbon ink was printed as the electrodes. The
paper-based photodetector achieves a great responsivity of 1.77
AW at 360 nm with a giant on—off ratio of 1.99 X 10°.
Moreover, it also exhibits good mechanical stability even after
1000 times bending—releasing cycles. This work provides
potential candidates for future applications of flexible UV
photodetectors.

B RESULTS AND DISCUSSION

Long-term exposure to UV radiation can cause skin melanin
deposition, produce wrinkles, and even become a major cause
of skin cancer.”*** Therefore, sunscreen products have been
invented to reduce the damage caused by UV radiation to
some extent. As shown in Figure la, the core ingredients of
some sunscreens on the market today include semiconductors

such as TiO, and ZnO nanomaterials, which have strong
absorption of UV light. In addition, PEG and its derivatives
were used as emulsifiers and surfactants to facilitate sunscreen
coating on the skin. Inspired by this, a homogeneous ZnO/
PEG composite film was designed to assemble a flexible paper-
based UV photodetector. Here, ZnO nanoparticles were used
as the light-sensitive material, and PEG was added in order to
obtain a uniform film and improve the adhesion of ZnO
nanoparticles on a paper substrate. The optical absorption
spectrum of the composite material was first studied because it
is the premise of fabricating UV photodetectors. As shown in
Figure 1b, the ZnO nanoparticles used in this work have strong
absorption in the wavelength range of 200—400 nm, and the
strongest absorption peak appears at nearly 360 nm, while the
absorption is negligible in visible and IR regions. In order to
further investigate the ZnO energy band structure and thus
confirm the device operation mechanism, we calculated the
band gap (E,) of ZnO using the Tauc plot method of eq 1

(ah)'" = A(hv — E,) (1)

where « is the absorbance coefficient, & is the Planck constant,
v is the frequency, A is a constant, the index # is related to the
type of semiconductor, and n = 1/2 because ZnO is a direct
band-gap semiconductor. By plotting (ahv)'/" against hv, the
band gap of ZnO nanoparticles in the composite materials is
found to be 3.31 eV, which is consistent with that reported by
previous work.”” Through the X-ray diffraction (XRD)
examinations of ZnO and ZnO/PEG composite films (Figure
1c), it is not difficult to see that the crystal structure of ZnO in
both samples is a hexagonal wurtzite phase. The strong and
sharp peaks in XRD indicate that ZnO has high purity and
excellent crystallinity. Figure 1d shows the Raman spectra of
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Figure 2. (a) Zn 2p XPS spectra of ZnO and the ZnO/PEG film. The O 1s spectra of (b) ZnO and (c) ZnO/PEG composite film.
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Figure 3. (a) Schematic diagram of the UV photodetector based on the ZnO/PEG composite film and carbon electrodes. (b) SEM image of the A4
printing paper. (c) SEM image of the screen-printed carbon electrode on the printing paper. (d) I-V curve of the screen-printed carbon electrode
on the printing paper. (e) Photoresponse performance of photodetectors prepared with different ZnO/PEG precursors, DI water volume ratios
change from 0 to 100% in the dispersions. (f) Morphology of ZnO/PEG films prepared by the precursor with different DI water volume ratios.

each raw material compared with the ZnO/PEG composites.
The positions of the Raman peaks and the relative intensities
did not change significantly. It is suggested that there is no
obvious chemical reaction during the preparation of the
composites. The Fourier transform infrared (FTIR) spectrom-
etry results of pure PEG 200 and ZnO/PEG are shown in
Figure le. The strongest absorption peaks are in the range of
1000—1300 cm™, which can be attributed to the V_q bond
stretching vibration mode in PEG. The broad peaks at 3200—
3500 cm™' in both samples are characteristic of hydrogen
bonding.”® The absorption peak near 3300 cm™ is the O—H
stretching vibration of Vg_y, and the absorption peaks in
3420—3490 cm™ are attributed to the intramolecular hydro-
gen bonding connection. The ZnO/PEG composite has a

broad absorption peak at 3370 cm™’, and the peak position is
red-shifted when compared with pure PEG, indicating an
increase in hydrogen bonding in the composite.

In order to investigate the effect of polymer PEG 200 on the
surface defects of ZnO nanoparticles, XPS characterization was
performed for pure ZnO and ZnO/PEG, respectively. Figure
2a shows high-resolution Zn 2p XPS spectra of ZnO and ZnO/
PEG composites. The energy difference between 2p;,, and
2p1 5 is 23 €V, which proves that they both have normal Zn**
chemical valence states.>” However, the peaks of the ZnO/
PEG film shift 0.2 eV toward the high binding energy,
illustrating that the electronegativity of oxygen is greater after
ZnO combines with PEG. The O 1s spectra of ZnO and ZnO/
PEG are shown in Figure 2b,c. The XPS spectra of oxygen can
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Figure 4. Characterization of device performance with 360 nm UV light. (a) Photocurrent and responsivity as the function of light intensity. (b)
Photocurrent and responsivity as the function of the applied voltage. (c) Dark current of the device at different voltages. (d) External quantum
efficiency (EQE) and specific detectivity (D*) of the device at 3 V. (e) Photoswitching characteristics of the paper-based UV photodetector. (f)
Response times and the on—off ratio of the ZnO/PEG film UV photodetector.

be deconvolved into three peaks, Oy (530.0 eV), Oy (530.8
eV), and O, (532.5 eV). The peak located at 530.0 eV (Oy) is
the Zn—O bond in the wurtzite structure. The Oy peak
originates from oxygen ions near oxygen vacancies in the ZnO
lattice. The O, peak in pure ZnO is sensitive to the sample
preparation because this peak corresponds to substances
bound on the surface of ZnO nanoparticles.”'0 In the ZnO/
PEG composite, ZnO nanoparticles are uniformly coated by a
PEG polymer, leading to a significantly enhanced O, peak in
Figure 2c. Hence, it can be inferred that PEG is tightly
associated with ZnO nanoparticles through hydrogen bonding
between the polymer chain and the ZnO surface. In this way,
zinc oxide nanoparticles are more easily packed together to
form a uniform film on a flexible substrate such as paper. The
scanning electron microscopy (SEM) images of the films
before and after the addition of PEG are shown in Figure S1,
supporting information. It can be found that PEG improves the
quality of the films by eliminating cracks. However, no obvious
morphological difference is observed in the enlarged view, as
shown in Figure S1. This is because the PEG coating layer is
very thin. Figure S2 (Supporting Information) shows the TEM
image of the PEG-coated ZnO nanoparticle, in which the
coating thickness of PEG is only several nanometers.
Moreover, the interface between ZnO and the PEG coating
layer also worked as the active sites, which can assist in the
separation of photogenerated e—h pairs by trapping one of the
two carriers.

The paper-based UV photodetector assembled from the
ZnO/PEG composite material is shown in Figure 3a. The
photodetector consists of a printing paper as a flexible
substrate and screen-printed carbon ink as electrodes. As the

SEM image in Figure 3b shows, the printing paper is made of
abundant cellulose and has a rough surface. From Figure 3¢, it
is known that the screen-printed carbon electrode has a porous
structure, which might be caused by solvent volatilization
during the ink-drying process. The good conductivity of this
carbon electrode is proved by the I-V curve and shown in
Figure 3d. The resistance is obtained as 18.2 € by calculating
the slope of the straight line. Such a low resistance ensures that
the carbon electrode can be used for electrical connections in
the UV photodetectors. Moreover, Kelvin probe force
microscopy (KPFM) measurement was also carried out on
the screen-printed carbon electrode. The calculation of the
KPFM result (Figure S3, supporting information) of the
carbon electrode yields a work function of 5.17 eV. Based on
the conduction band and the valence band of ZnO,*" the
energy band diagram of the UV photodetector is shown in
Figure S4.

Then, we focused on the photosensitive components of the
device and optimized the preparation parameters of the ZnO/
PEG composites. Our experimental results show that the
composition of the precursor has a great influence on the final
performance of the device. ZnO nanoparticles and PEG were
mixed with a fixed ratio and then added into the DI water/
EtOH binary solvent. The component ratio of DI water in the
binary solvent was found to be a key parameter of the ZnO/
PEG precursor. Figure 3e shows the light and dark currents of
the devices prepared from different ZnO/PEG precursors. At a
constant bias of 3 V, the light current gradually increases with
the increase of the DI water component ratio and reaches the
highest value at 60% of the DI water volume ratio. The light
current decreases with the increase of the DI water volume
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Figure S. (a) Schematic diagram of the device under bending and releasing states. (b) Normalized current at the initial state. (c) Normalized
current at the bending state. (d) Normalized current after 1000 bending—releasing cycles. (e) Surface SEM image of the ZnO/PEG composite film
at the initial state. (f) Surface SEM image of the ZnO/PEG composite film at the bending state.

ratio when the volume ratio is more than 60%. The device
performance is directly related to the surface morphology of
the ZnO/PEG composite film. Corresponding to the value of
the light current, Figure 3f shows the SEM images of the
composite film fabricated with different DI water/EtOH binary
solvents. The ZnO/PEG films prepared with a low DI water
volume ratio have a nonuniform dispersion, leading to micron
scale aggregation and cracking. Increasing the DI water volume
ratio within a certain range can eliminate these undesirable
factors. As a result, the best photoresponse performance was
obtained with a uniform and dense ZnO/PEG composite film.
When the DI water volume ratio is higher than 70% in the
binary solvent, cracks appear on the surface of the ZnO/PEG
composite film, and even cause the film to peel off from the
substrate. This is because excess water molecules can form
more hydrogen bonding with PEG molecules, which weakens
the interaction between the PEG molecular chain and the ZnO
nanoparticles.

With the optimal EtOH/DI water volume ratio in the
precursor, we fabricated the ZnO/PEG composite between the
carbon electrodes and obtained the low-cost paper-based
photodetector. To study the optoelectronic properties of the
flexible device, the photocurrents (Iph = Igpe - I at different
light intensities were measured at a bias of 3 V. In general, the
photocurrent (Iph) resulting from the photogenerated carriers
should increase with the increase of incident light intensity (P).
The quantitative dependence of the photocurrent (I,,) on the
light density is shown in Figure 4a, and their relationship can
be fitted as a power law of eq 2**

Iph « P* (2)
where f is the factor determining the photocurrent response to
the light density, which was fitted to be 0.4 in this work. The
appearance of this low factor (0 < /3 <0.5) can be attributed to

the complex process of device response such as the
recombination and trapping of electron—hole pairs. The
responsivity (R) is a key criterion for the performance of the
photodetector and is calculated from eq 3

R = I,/ (S-P) 3)

where § is the effective area of the device, that is, the exposed
area of the ZnO/PEG composite film between the two carbon
electrodes. The responsivity is negatively correlated with the
light intensity, and the highest responsivity is calculated to be
1.77 A-W™'. Figure 4b shows the relationship between the
responsivity and the applied bias. As expected, increasing the
bias voltage can directly improve the transport of photo-
generated carriers. Both the photocurrent and responsivity
increase with the bias, and the maximum responsivity reaches
438 A-W™! at a bias of 10 V. However, the dark current also
increases as the applied bias gradually increases. It can be seen
from Figure 4c, the dark current increases sharply when the
applied bias is higher than 8 V. Therefore, we cannot increase
the bias voltage without limit in order to get Dbetter
responsivity. The external quantum efficiency (EQE) and
specific detectivity (D*) are also important parameters of the
photodetector, which can be calculated by eqs 4and 5

EQE = (R-h-c)/(4-q) (4)

D* = R[S/ (2-q 1) )

where R is the responsivity of the device, h is the Plank
constant, c is the velocity of light, 4 is the wavelength of the UV
laser, q is the elementary charge, and Iy, is the dark current.
As shown in Figure 4d, both EQE and D* increase with the
decrease of light intensity. Under a weak UV intensity of 4.6 X
107> mW-cm™? illumination, the EQE reaches 610% and the
specific detectivity reaches 3.89 X 10'* Jones. These values are
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comparable to those reported in previous work, which show
the excellent photoelectric conversion ability of the ZnO/PEG
composite film."*** Under intermittent illumination condi-
tions, the device can output periodically varying currents with a
photoswitching behavior. Here, a 360 nm UV laser with an
optical chopper was used to generate the intermittent
illumination. Figure 4e shows the time-resolved photoresponse
of the device at a bias of 3 V. The photocurrent reaches 3.26
UA at a light intensity of 4.6 X 107> mW-cm™> and has no
attenuation during repetitive operation. In order to measure
the response time and on—off ratio, we further investigated the
dynamic performance of the paper-based photodetector, as
shown in Figure 4f. The rise time of the photodetector is
defined as the time required for the device to reach 90% of the
equilibrium value upon illumination, and the decay time is
defined as the time required to reach 10% of the equilibrium
value. For this paper-based photodetector, a rise/decay time of
15/5.6 s was measured at a bias of 3 V. It is worth noting that
the steady-state dark current of the photodetector at a 3 V bias
voltage is only 257 pA, while the current at a light intensity of
10.15 mW-cm™ reaches 51.2 A at the equilibrium state.
Hence, a giant on—off ratio of 1.99 X 10° was obtained in this
paper-based photodetector. We believe that the giant on—off
ratio benefits from a special nanostructure inside the ZnO/
PEG composite. As mentioned above, PEG polymer chains
adhere to the surface of ZnO nanoparticles through the
hydroxyl group. Owing to the dielectric property of the PEG
layer (with a dielectric constant of 3.6)," electrons and holes
cannot easily pass through the PEG in the dark state. Hence,
the surface-coated PEG chain work as the blocking layers
between the adjacent ZnO nanoparticles, which can effectively
suppress the dark current. Under UV illumination, electrons in
ZnO are excited from the valence band to the conduction
band, leading to a large number of photogenerated carriers.
These photogenerated carriers can change the energy barrier
between PEG and ZnO nanoparticles and increase the
probability of interface tunneling. As a result, the photo-
generated carriers transport directionally under the external
bias to produce a large photocurrent. Based on this interface
tunneling effect, " a giant on—off ratio is realized in ZnO/
PEG composite films.

To further investigate the mechanical flexibility of our paper-
based photodetector, we measured the photoresponse of the
device under bending and releasing states by fixing the device
on the acrylic round tube with a diameter of 2 cm, as shown in
Figure Sa. Figure 5b,c shows I—t curves of the device before
and after bending, and it can be seen that the normalized
current decays to 90% of the original value. Figure Sd shows
the normalized I—t curve of the paper-based photodetector
after 1000 cycles of the bending—releasing test. It can be seen
that the current loss after bending 1000 times is only 5%,
which indicates that the device has good flexibility as well as
stability. Compared to the curve shown in Figure Sc, we found
that the photocurrent slightly increased after the device
recovered from the bending state to the releasing state. It
indicates that mechanical damage of the ZnO/PEG composite
film caused by bending can be repaired to a certain extent. In
order to explore the intuitive evidence of mechanical damage,
we observed the surface morphology of the ZnO/PEG
composite film at different states. According to the SEM
images of Figure Se/f, small cracks in the micron scale are
generated at the bending state. Without a doubt, these cracks
will lead to the obstruction of the carrier migration path and

the decrease of the photocurrent. However, composite
materials have excellent film-forming ability and tolerance to
small cracks, so mechanical damage does not have a fatal effect
on the performance of the device.

B CONCLUSIONS

In summary, we have successfully demonstrated a high-
performance flexible UV photodetector with a printing paper
as a low-cost substrate. Inspired by the sunscreen, ZnO/PEG
composites with strong UV absorption and excellent film-
forming ability have been prepared as photosensitive semi-
conductor materials. The photodetector based on the ZnO/
PEG composite shows an impressive overall performance,
including a high responsivity of 1.77 A-W™', a large specific
detectivity of 3.89 X 10" Jones, and a giant on—off ratio as
high as 1.99 X 10°. In addition, the UV photodetector
maintains 95% of the original photocurrent after 1000 times
bending—releasing test, indicating its good mechanical
flexibility. The ZnO/PEG composite with low cost and
excellent photoelectric properties has a wide application
prospect in flexible electronics. Our work not only provides
insights into improving the photoelectric response of ZnO
nanomaterials but also proposes a simple approach for flexible
photodetectors.

B EXPERIMENTAL SECTION

Preparation of a ZnO/PEG Precursor. All materials
including zinc oxide (ZnO, 99.9%, Forsman), poly(ethylene
glycol) (PEG 200, Urchem), A4 printing paper (Deli Group
Co., Ltd.), and carbon ink (Jelcon CH-8) were used as
received. To prepare A ZnO/PEG precursor, 0.25 g of ZnO
nanoparticles and 0.1 g of PEG 200 were added to 3 mL of A
DI/EtOH binary solvent and mixed evenly. The binary
solvents with different DI volume percentages (from O to
100%) were used in the dispersions for comparison.

Device Fabrication. To fabricate a ZnO/PEG UV
photodetector, we used an A4 printing paper as a low-cost
flexible substrate. The carbon electrodes were coated on the
paper by screen printing with carbon ink. The channel length
between carbon electrodes was set to be 1 mm. Then, the
prepared ZnO/PEG precursor was dropped on the channel
and dried at a mild temperature to form a uniform and dense
film.

Characterization of Materials and Devices. The surface
morphologies of the printing paper, carbon electrode, as well as
the ZnO/PEG film were observed by a scanning electron
microscope (ZEISS Gemini 500). The crystal structures of the
as-prepared ZnO/PEG film were characterized through X-ray
diffraction (XRD, Bruker D8-Advance) using Cu Ka radiation.
The absorbance spectrum of ZnO was characterized by a
spectrophotometer (Perkin Elmer Lambda 1050). The Raman
spectra of ZnO and PEG were measured using a Raman
spectrometer (LabRAM HR Evolution) with a $32 nm laser.
FTIR spectra of pure PEG and the ZnO/PEG film were
measured by a Fourier transform infrared spectrometer (FTIR,
Nicolet iS 10). The XPS spectra of ZnO and the ZnO/PEG
film were tested with an X-ray photoelectron spectrometer
(Thermo Fisher ESCALAB Xi+). All of the photoelectric
performance tests were carried out through a digital source
meter (Keithley 2410). A 360 nm UV laser was used as an
illumination source, and the light power was calibrated by an
optical power meter (OPHIR photonics, Israel).
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