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Wire-shaped ultraviolet photodetectors based
on a nanostructured NiO/ZnO coaxial p–n
heterojunction via thermal oxidation and
hydrothermal growth processes†

Yeong Hwan Ko, Goli Nagaraju and Jae Su Yu*

We report the facile fabrication of wire-shaped ultraviolet photodetectors (WUPDs) by employing a

nanostructured zinc oxide (ZnO)/nickel oxide (NiO) coaxial p–n heterojunction. The WUPD consists of a

ZnO/NiO coaxial Ni wire and a twisted gold (Au) wire where the Ni and Au are used as the anode and

cathode, respectively. For the coaxial p–n heterojunction, the NiO nanostructures (NSs) and the ZnO

nanorods (NRs) are subsequently formed on the surface of Ni wire via thermal oxidation and hydrothermal

growth processes. With an applied bias of −3.5 V, the WUPD exhibits good photoresponsivity of 7.37 AW−1

and an external quantum efficiency of 28.1% at an incident light wavelength of 325 nm. Under the UV illu-

mination at a wavelength of 365 nm, the dark current and photocurrent are −3.97 × 10−7 and −8.47 ×

10−6 A, respectively. For enhancing the photocurrent, the WUPD is threaded through a silver (Ag) coated

glass tube which acts as a waveguide to concentrate the UV light of 365 nm on the WUPD. As a result, the

photocurrent is significantly improved up to −1.56 × 10−5 A (i.e., 1.84 times) at the reverse bias of −3.5 V.

1 Introduction

Flexible miniature designs of devices have been in high
demand for ubiquitous technologies in modern digital life
with an increasing requirement for wearable, portable, multi-
functional, and embedded electronic/optoelectronic
systems.1–6 Accordingly, there has been a lot of effort to
develop flexible and nano/micrometer-sized devices by employ-
ing nanomaterials and novel structures.1,7–9 Presently, basic
two-dimensional (2D) materials such as graphene, molyb-
denum disulfide, gallium sulfide, and gallium telluride have
been widely studied for the fabrication of photodetectors (PDs)
with their excellent mechanical, electrical, and optical pro-
perties compared to bulk materials.10–13 However, some
difficulty still exists in utilizing them for flexible and wearable
devices. Typically, for 2D material-based flexible PDs and elec-
tronic devices, single- or few-layered 2D material sheets were
prepared using scotch tape. Moreover, large-area 2D materials
were successfully grown on rigid substrates by chemical
vapor deposition. However, this process needs additional pro-
cesses for safely transferring them to flexible substrates with

connecting electrodes,14–17 which is productively and techno-
logically complicated for the realization of practical device
applications. Recently, wire-shaped and small-sized electronic
and optoelectronic devices including supercapacitors, solar
cells, and lithium-ion batteries have been developed with
advanced designs for flexible and wearable applications
because they are implemented by a facile fabrication process
and exhibit promising device performances.18–22 Since carbon
nanotubes (CNTs) were intensively studied as electrode
materials, a lot of efforts have been focused on research for 1D
microwire-based devices.19,23 The coaxial structures of CNTs
were fabricated by drawing or twisting with functional
materials such as semiconductors, electrochemicals, and
photoanodes. For extension, multiple functional layers were
coated on the overall surface of metal or steel microwires.24–27

These kinds of device structures have many advantages in
terms of fabrication method and device performance. Indus-
trial technologies associated with electronic textiles and
clothes have been well developed for 1D microwire-based
devices in a wide variety of fields. Also, the improved device
efficiency can be expected with high flexibility, reduced weight,
and low cost. Unfortunately, there are very few reports on the
wire-shaped ultraviolet (UV) PDs.

On the other hand, wide band-gap (Eg > 3.0 eV) semicon-
ductor nanostructure-based UV PDs have achieved high
photocurrent gain and good photoresponsivity thanks to their
high quantum efficiency as well as large surface to volume
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ratio.28–31 Among various wide band-gap materials, zinc oxide
(ZnO, Eg ∼ 3.37 eV) and nickel oxide (NiO, Eg ∼ 3.37 eV) have
been widely used for n-type and p-type semiconductors,
respectively, in optoelectronic applications.32,33 Particularly,
the nanostructured ZnO/NiO p–n heterojunction can be pre-
pared by a chemical route which is a simple and cost-effective
process for scalable production without any high-vacuum
system.34,35 However, the direct chemical synthesis of p–n het-
erojunctions has suffered from drawbacks such as poor crystal-
linity and imperfections.34 In this work, we have prepared
coaxial ZnO/NiO nanostructures (NSs) as a p–n heterojunction,
synthesized by thermal oxidation and hydrothermal growth
processes, for wire-shaped ultraviolet photodetectors (WUPDs).
The coaxial p–n heterojunction was successfully incorporated
into the WUPDs with small size and flexibility like human
hair. Additionally, the enhanced photocurrent was explored
by threading the WUPDs into a silver (Ag) coated glass tube.
This novel and simple design/fabrication of WUPDs can be
expected to realize a scalable production by a technical assist-
ance of well-developed textile technologies.

2 Experimental details
2.1 Preparation of samples

To obtain a nanostructured NiO/ZnO coaxial p–n heterojunc-
tion, the Ni wire (99.9%, Nilaco Corp., Japan) was first oxidized
in a furnace at 750 °C for 1 h under an air atmosphere. Then,
the NiO NS grown Ni wire was immersed into the ZnO seed
solution for 3 h at room temperature. The seed solution was
prepared by mixing 50 mL of ethanol and 100 mM of zinc
acetate dehydrate at 80 °C with 0.75 mL of triethylamine. After
drying at 100 °C for 3 h in an oven, the ZnO seed nanoparticle
coated sample was immersed into the growth solution, pre-
pared by dissolving 25 mM of zinc nitrate hydrate and 25 mM
of hexamethylenetetramine. The growth solution was then
heated at 90 °C for 3 h in an oven. After that, it was carefully
removed and washed with flowing de-ionized water. For
drying, the samples were placed in a furnace at 350 °C for 1 h.
In order to form two electrodes, the Ni core was exposed by a
simple mechanical scratching as an anode and the Au wire
was twisted on the sample as a cathode. For the preparation of
Ag coated glass tube, Pasteur pipette (Volac D810, John
Poulten Ltd.) was plated with Ag by Tollen’s reagent.

2.2 Characterization

The morphological and structural properties were observed by
using a FE-SEM (LEO SUPRA 55, Carl Zeiss) and a TEM (JEM
200CX, JEOL). The crystallinity was evaluated by the X-ray diffr-
action (XRD) measurement (M18XHF-SRA, Mac Science). The
reflectance spectra were recorded by using a UV-vis-NIR spec-
trophotometer (Cary 5000, 102 Varian). The photoresponse
characteristics of the WUPD were studied by using a semicon-
ductor characterization system (Keithley 4200) with a tunable
light source (TLS-300X, Newport Corp.) equipped with a 300 W
xenon lamp. For rigorous coupled-wave analysis (RCWA) and

finite-difference time-domain (FDTD) calculations, a commer-
cial software (DiffractMOD and FullWave 3.1, Rsoft Design)
was utilized.

3 Results and discussion

A nanostructured ZnO/NiO coaxial p–n heterojunction was
formed on the Ni wire (diameter: 100 μm) by thermal oxidation
and subsequent hydrothermal synthesis. For the anode and
cathode, the Ni and gold (Au) were contacted on the p-type
NiO and n-type ZnO, respectively. As can be seen in the sche-
matic diagram of Fig. 1a, the WUPD consists of a nanostruc-
tured ZnO/NiO coaxial Ni wire and a twisted Au wire
(diameter: 20 μm). When photons are absorbed by the ZnO/
NiO coaxial p–n heterojunction under UV illumination, elec-
tron–hole pairs are generated and they contribute to an
induced photocurrent with a charge transport under reverse
bias. In a typical process to manufacture wire-shaped devices,
the core of coaxial wire was selectively exposed by etching, and
then two metal contacts were made to the core/shell via a litho-
graphic patterning.36,37 However, this needs complicated and
accurate skills. To be more practical for applications, recently,
a twisted electrode wire has been reported on dye-sensitized
solar cells and electrochemical capacitors.20,38 Instead of
metal patterning, the carbon nanotubes or metal wires were
stably twisted together with active coaxial wires. In our design
of the WUPDs, a thin Au wire is suitably twisted on the shell of

Fig. 1 (a) Schematic diagram of the WUPD with a nanostructured ZnO/
NiO coaxial p–n heterojunction and twisted Au wire, (b) photographic
image of the fabricated WUPD in comparison with a human hair, and (c)
micro view of photographic image of the WUPD. The ZnO/NiO coated
Ni wire (diameter: 100 μm) was contacted with the twisted Au wire (dia-
meter: 20 μm).
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coaxial Ni wire, which plays an important role in exposing a
large active area for absorbing the UV light as well as collecting
the diffused charge carriers from electron–hole generation.
Fig. 1b shows the photographic image of the fabricated WUPD
in comparison with a human hair. The WUPD exhibited a
gentle curve of the twisted wire with a length of ∼ 5 cm. Since
the WUPD is composed primarily of metal wires, it is physi-
cally suitable for flexible and bendable applications. To facili-
tate a connection of both the electrodes, the Au wire was
twisted with an extra line and the Ni core was exposed at the
end of coaxial wire by a simple mechanical scratching. In the
macro view of the photographic image as shown in Fig. 1c, it is
clearly observed that the Au electrode wire is spirally coiled
around the ZnO/NiO coaxial Ni wire. Therefore, the Au is spon-
taneously contacted to the n-type ZnO.

To investigate the morphological features of the ZnO/NiO
coaxial Ni wire, the schematic illustrations and their corres-
ponding field-emission scanning electron microscope
(FE-SEM) images are shown in Fig. 2. For a pure Ni wire, a
commercially produced metal wire (purity: 99.9%) was
employed. The Ni wire which is fabricated in a hot wire rolling
process has smooth surface so that it was directly utilized for
synthesizing the ZnO/NiO coaxial p–n heterojunction as shown
in Fig. 2a. Then, the NiO NSs were grown on the Ni wire by a
facile oxidation process. At 750 °C for 1 h under an air atmos-
phere, the NiO NSs were covered and distributed regularly over
the whole surface of the Ni wire (ESI, Fig. S1†). The heating
temperatures below 650 °C were not sufficient for growing the
NiO NSs from the Ni wire. Above 750 °C, meanwhile, the size
and surface roughness of NiO NSs were increased with increas-
ing the temperature. As can be seen in the magnified FE-SEM
image of Fig. 2b, the grown NiO NSs exhibited a very rough
surface with various sizes of ∼85–580 nm. At the initial stage
of thermal oxidation under the above conditions, the bulk Ni
surface was formed into NiO shells by contacting with oxygen
at high temperature and it transformed into a p-type semicon-

ductor with Ni2+ vacancies.39 As the thermal oxidation further
progressed, the NiO NSs were grown mainly by the cationic
diffusion (that is, the Ni2+ ions are diffused outward through
NiO shells) and the size of NiO was increased. After that, as
shown in Fig. 2c, the ZnO NRs were integrated on the NiO NSs
via a hydrothermal method for the coaxial p–n heterojunction.
To densely and regularly grow the ZnO NRs, nanoparticles as
seed layer were coated on the porous surface of the NiO NSs.
Here, their sizes were approximately estimated to be between
7 and 35 nm (ESI, Fig. S2†). During the hydrothermal process,
the seed nanoparticles serve as ZnO crystal nuclei sites and
influence the size and density of ZnO NRs.40,41 The zinc hydrox-
ide was anisotropically grown at the polar facet of the wurtzite
crystal structure and it was converted into ZnO by dehydration.
As can be seen in the magnified FE-SEM image in Fig. 2c, the
ZnO NRs were distributed in a closely packed manner on the
surface of the wire with a density of 108 μm−2, estimated as an
average number of NRs in unit area. Their sizes and lengths
were approximately 35–112 nm and 175–320 nm, respectively.

Fig. 3a shows the 2θ scan XRD patterns of the NiO NSs on
Ni wire and the ZnO NRs grown on NiO NSs (i.e., ZnO NRs/NiO
NSs) on Ni wire. To analyze the XRD patterns, the diffraction
peaks were indexed by three JCPDS cards (Ni: 87-0712, NiO:
47-1049 and ZnO: 36-1451). For both the samples, the strong
and sharp Ni peaks were commonly observed at 44.39, 51.98
and 76.13° corresponding to (111), (200), and (220) planes of a
face-centered cubic structure, respectively. These high-intensity
peaks indicate that pure Ni still remains intact at the core of
the wire after the thermal oxidation and hydrothermal pro-
cesses. Therefore, the Ni core can be readily used as the elec-

Fig. 2 (a) Schematic diagram for the fabrication process of the nanos-
tructured ZnO/NiO coaxial Ni wire by thermal oxidation and subsequent
hydrothermal synthesis, and magnified FE-SEM images of (b) NiO NSs
and (c) ZnO NRs.

Fig. 3 (a) 2θ scan XRD patterns of (i) the NiO NSs on Ni wire and (ii) the
ZnO NRs grown on NiO NSs on Ni wire and (b) TEM and HRTEM images
and SAED patterns of (i) single NiO NS and (ii) single ZnO NR.
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trode by a simple mechanical scratching (ESI, Fig. S3†). The
peaks located at 37.46, 43.41, 52.03 and 63.16° are related to
the thermally grown NiO. Among them, several dominant
peaks were indexed as NiO (111), (200) and (220) planes
related to growth direction. During the thermal oxidation
process, NiO nuclei were formed on the surface of Ni with
adsorbed oxygen and they were grown along the unspecific
direction, thus leading to a rough surface. For the ZnO NRs/
NiO NSs on Ni wire, the dominant ZnO XRD peak for the (002)
plane was clearly observed. This means that the ZnO NRs were
mainly grown along the c-axis of the hexagonal wurtzite struc-
ture.42 Thus, the ZnO NRs tend to be perpendicularly aligned
on the seed layer. In Fig. 3b, the transmission electron micro-
scope (TEM) images and selected area electron diffraction
(SAED) patterns of single NiO NS and single ZnO NR are
shown. From the high-resolution TEM (HRTEM) image of both
the samples for the marked region by a red circle, the lattice
fringes were ordered and the lattice spacings of 0.24 and
0.52 nm were matched to the NiO (111) and ZnO (002) planes
of XRD patterns. Also, the clear dot SAED patterns confirm
that the ZnO NRs and NiO NSs have good crystallinities.

Fig. 4a shows the measured current–voltage (I–V) curves of
the fabricated WUPD and the energy band diagram of the

nanostructured NiO/ZnO p–n heterojunction. As the bias was
swept from −5 to 5 V at room temperature in a dark box, the
I–V curves exhibited a rectifying behavior. The corresponding
energy band diagram is given by Anderson’s model with
material parameters of ZnO and NiO.43 When the reverse bias
increases across the two electrodes, the depletion region
becomes wider, inducing a high potential barrier at the coaxial
p–n heterojunction of the nanostructured NiO/ZnO. Therefore,
the carrier transport is suppressed along the high impedance
path like an insulator. To characterize the photoresponse pro-
perties of the WUPD, the spectral responsivity (Rλ) was
measured under a reverse bias of −3.5 V as shown in Fig. 4b.
Here, the Rλ is presented as a ratio of photocurrent to light
intensity at a specific wavelength in unit of AW−1. Therefore, it
can be expressed by a simple relationship of Rλ = ΔI × p(λ)−1 ×
A−1, where ΔI, p(λ), and A are the photoexcited current, the
light intensity as a function of wavelength, and the effective
area, respectively. The effective area was estimated as a half
surface area of cylinder for WUPDs as shown in the inset of
Fig. 4c. When the incident wavelength was decreased from
380 nm, the Rλ gradually increased and the maximum peak of
7.39 AW−1 was obtained at ∼310 nm. Meanwhile, the relatively
low value of 2.05 A W−1 was observed at 365 nm. To calculate

Fig. 4 (a) I–V curve of the WUPD with a nanostructured NiO/ZnO coaxial p–n heterojunction, (b) Rλ and EQE of the WUPD under a reverse bias of
−3.5 V, (c) I–V curves of the WUPD in the dark and under the illumination of 2.5 mW cm−2 using a 365 nm UV LED, and (d) photoresponse
characteristics of the WUPD at reverse bias of −3.5 V under the on/off switching of the same UV LED. The energy band diagram of the nanostruc-
tured NiO/ZnO coaxial p–n heterojunction is shown in the inset of (a).
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the external quantum efficiency (EQE) of the WUPD, the
equation of EQE = 1240 × Rλ × λ−1 was used. The EQE values of
28.1 and 6.95% were obtained at the incident light wave-
lengths of 325 and 365 nm, respectively. Considering the
absorption band edges of NiO (310 nm) and ZnO (365 nm), it
can be explained by the fact that the incident light of 365 nm
is absorbed mainly by ZnO NRs and some photocurrent is
induced by charge carrier generation. To estimate the photo-
absorption properties of ZnO/NiO in WUPD, we measured
absorbance spectra of the ZnO NRs and NiO NSs with ethanol
because it is very difficult to directly characterize the absorp-
tion of the thin wire. For preparation, the ZnO NRs and NiO
NRs powders were obtained by scratching the sample and were
then mixed with ethanol. As shown in the absorbance spectra
(ESI, Fig. S4†), the EQE spectrum could be compared to the
shape of the absorbance curve for the ZnO NRs and NiO NSs.
Owing to trap levels and imperfections of the grown metal
oxides, the difference between the EQE and absorbance
spectra was also observed. For practical applications such as
flammability tests, detection of ozone hole, and sterilization
monitoring, it is desirable that the photoresponsivity should
be high at the absorption edge of 365 nm. Fig. 4c shows the
measured I–V curves of the WUPD in the dark and under the
illumination of 2.5 mW cm−2 using a 365 nm UV light-emit-
ting diode (LED). At −5 V, the dark current and photocurrent
were −4.55 and −18.27 μA, respectively. As shown in the inset of
Fig. 4c, the WUPD absorbs small portions of photons because a
directly illuminated light faces mainly the front of thin wire. If
the UV light is guided towards the overall surface of the WUPD,
the photocurrent can be sufficiently enhanced. Thus, the WUPD
was threaded in the Ag coated glass tube. This will be explained
in detail with theoretical and experimental results later. Fig. 4d
shows the photoresponse characteristics of the WUPD with a
reverse bias of −3.5 V under the on/off switching of UV LED. In
order to examine a repeatability of this WUPD, the results of
repeated measurements are shown in the ESI (Fig. S5†). As the
365 nm light was turned-on, the photocurrent dramatically
increased from 2 to 9.8 μA. After the light was turned-off, the
WUPD clearly revealed the transient characteristics with a reset
time (τ) of 18.1 s. Here, the τ was obtained by the relationship
of I = (Imax – Idark)e

−t/τ, where Imax and Idark are the maximum
and dark currents, respectively. These photoresponse properties
are similar to the previous results for ZnO NS-based PDs. Water
molecules and ambient oxygen at the ZnO contribute to the
adsorption and photodesorption. However, a somewhat slow
decay process was observed due to the re-adsorption process.44

Comparison of the characteristics of different UV photodetec-
tors is shown in Table 1.

As previously explained, the WUPD was threaded into an Ag
coated glass tube as illustrated in Fig. 5a. By using Tollen’s
test, the thin Ag film was coated on the glass tube with a thick-
ness of ∼115 nm (ESI, Fig. S6†). Since the internal diameter of
the glass tube is about 0.5 mm, the relatively thin WUPD can
be easily placed inside. To investigate the reflection characteri-
stics, the Ag film was coated on a glass slide under the same

Table 1 Comparison of characteristics of different UV photodetectors

Materials Rλ (AW−1) EQE (%) Ref.

NiO/ZnO 21.8 88 45
MgZnO 24.65 — 46
P3HT:ZnO 1000 3.4 × 103 47
NiO/ZnO 7.37 28.1 This work

Fig. 5 (a) Schematic illustration of the threaded WUPD into an Ag
coated glass tube for enhancing the photocurrent at 365 nm of incident
light, (b) contour plot of reflectance spectra as a function of thickness of
Ag film using RCWA calculations, and (c) measured (solid lines) and cal-
culated (dash lines) reflectance, transmittance, and absorptance spectra
of the Ag coated glass.
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conditions as shown in the photographic image. Fig. 5b shows
the contour plot of reflectance spectra as a function of thick-
ness of Ag film. This result was calculated using a RCWA
method. In the UV region, the reflectance was largely
decreased with decreasing the wavelength from 370 to 300 nm.
Above 100 nm of thickness of Ag film, the reflectance was
higher than 80% at a wavelength of 365 nm. At this wave-
length, it is possible to concentrate them on the WUPD owing
to the high internal reflection at the inside of the Ag coated
glass tube. Fig. 5c shows the measured (solid lines) and calcu-
lated (dash lines) reflectance, transmittance and absorptance
spectra of the Ag coated glass slide in the wavelength region
from 300 to 550 nm. The theoretical results by RCWA calcu-
lations well agreed with the experimental results. As the wave-
length was decreased from 400 to 300 nm, the transmittance
was increased and the reflectance was decreased significantly
because the difference of refractive indices between Ag and
glass is smaller for shorter UV wavelengths (i.e., the refractive
index of Ag is 1.49 at 300 nm of wavelength). For the wave-
length of 365 nm, the Ag coated glass had a high reflectance of
82.88%. In order to estimate the light propagation properties
of 365 nm in the Ag coated glass tube, the FDTD simulation
was carried out.

Fig. 6a shows the side view of the calculated electric field
distribution of the light propagating into the Ag coated glass.
The cross-sectional view of the calculated electric field distri-
bution is also shown (ESI, Fig. S7†). Herein, it was assumed
that the incident plan wave propagates with a Gaussian beam
profile at 365 nm of wavelength. Between the glass and Ag
media, as shown in the contour plot, the light reflection
occurred dominantly at the inside of the glass tube. Addition-
ally, the light gradually converged to the center as it propa-
gated through the tapered region, concentrating the UV light
of 365 nm on the WUPD. In order to estimate the quantitative
properties of absorbed light intensity, the average of the
squared absolute value for calculated electric fields along the
lateral direction from Fig. 6a was obtained (Fig. 6b). At the
center of the lateral position, the averaged value for the Ag
coated glass tube was enhanced by 2.45 times as compared to
the averaged value for no Ag coated glass tube. Fig. 6c shows
the measured I–V curves of the WUPD with and without an Ag
coated glass tube under the illumination at the wavelength of
365 nm. Also, the photographic image of the threaded WUPD
into the Ag coated glass tube is shown in the inset. When the
bias was swept from zero to −5 V, the photocurrent was
enhanced for the WUPD with the Ag coated glass tube. At
−3.5 V, the photocurrent was considerably increased by 1.84
times from −8.47 to −15.65 μA, which is well consistent with
the quantitative properties of absorbed light intensity of
Fig. 6b. This enhancement is mainly attributed to the increase
in the illuminated surface area of WUPD and the concentrated
UV light, as theoretically investigated by FDTD simulations.
The Ag coated glass tube enables the creation of the UV light
guide into the high-reflective inner surface of the cylindrical
WUPD. Considering the metallic coating with high reflectivity,
it is sufficient to propagate the light waves (around 365 nm)

through the Ag coated glass tube without distinct losses. This
novel design of the threaded WUPD with an Ag coated glass
tube can provide an effective waveguide structure to improve
the device performance in various miniature wire-shaped opto-
electronic applications.

Fig. 6 (a) Side view of the FDTD calculated electric field distribution of
the light propagating into the Ag coated glass at 365 nm of wavelength,
(b) average of the squared absolute value for calculated electric fields
along the lateral direction from (a), and (c) I–V curves of the WUPDs
with and without Ag coated glass tube under the illumination at wave-
length of 365 nm. The inset also shows the photographic image of the
threaded WUPD into the Ag coated glass tube.
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4 Conclusions

The WUPD based on the nanostructured ZnO/NiO coaxial p–n
heterojunction was fabricated by the thermal oxidation and
hydrothermal growth processes and their photoresponse pro-
perties including Rλ, EQE and transient time were character-
ized. The NiO NSs and ZnO NRs were coated on a Ni wire and
they exhibited good crystallinities. Furthermore, this novel
structure can be expected to realize small-sized and flexible
devices like a human hair. For applying the reverse bias of
−3.5 V to the WUPD, the 7.37 A W−1 (28.1%) and 2.05 A W−1

(6.95%) of Rλ (EQE) were obtained at the incident light wave-
lengths of 325 and 365 nm, respectively. To enhance the
photocurrent at 365 nm, in terms of absorption edge, the thin
WUPD was placed in the high-reflective Ag (82.88%) coated
glass tube. The UV light of 365 nm can be concentrated on the
inner surface of the threaded WUPD, thus enhancing the
photocurrent. The proposed WUPD, combined with the aid of
the UV light guide, can be attractive for use in various fields,
including flexible UV sensors, embedded optoelectronic
devices, and multifunctional applications.
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