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Abstract
Self-supporting ZnO nano-networks have been demonstrated by a substrate-free chemical vapor
deposition process for the application as flexible ultraviolet (UV) photodetector. The device
shows a responsivity of ∼300 mAW−1 over a wide wavelength range from 254 to 365 nm and a
high UV/visible rejection ratio of more than 104. More interestingly, a short 90%–10% decay
time of <0.12 s can be observed in the air atmosphere, and the current can fully recover to its
original dark value within 1 s after switching off the light. The quick response speed should be
associated with the wire–wire junction barriers and the adsorption/desorption process of oxygen
molecules on the oxygen vacancies near the surface of the ZnO. In addition, the photocurrent,
the dark current and the response speed of the ZnO nano-networks flexible UV photodetector
nearly stay the same under different bending conditions, suggesting the excellent photoelectric
stability and repeatability. Such a simple and cheap way for fabricating self-supporting ZnO-
based devices has broad application prospects in the fields of flexible and wearable electronic
devices.

Supplementary material for this article is available online

Keywords: ZnO nano-networks, self-supporting, flexible ultraviolet photodetector, oxygen
vacancy

(Some figures may appear in colour only in the online journal)

1. Introduction

Ultraviolet (UV) photodetectors show wide applications in
flame detection, biological analysis, UV irradiation detection,
environmental monitoring and space communication [1–5].
Moreover, owing to the attractive features of being flexible,
portable and wearable, the flexible UV photodetectors have

attracted a great deal of interests in recent years [6–8]. As is
well known, the large surface-to-volume ratio and the lower
dimensionality of nanostructured materials can yield the
higher light sensitivity and the fewer cracks formation under a
given stress than their bulk or thin-film counterparts, which
are expected to enable high-performance flexible photo-
detectors [9–11]. ZnO nanostructure, as one of the most
widely studied materials in recent years, should be a very
promising candidate for flexible UV photodetection due to its
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large and direct band gap (∼3.37 eV), low-cost and ease in
fabrication [12–16]. Up to now, various ZnO nanostructures
and their flexible UV photodetectors have been demonstrated
either by gas-phase or solution-based methods [17–21].
Solution-based method is a cheap and facile way to fabricate
ZnO nanostructures directly on a flexible substrate [22–27].
However, low-temperature solution-processed nanostructures
often have a high density of defect states, which significantly
limits their device performance and stability [28, 29]. Alter-
natively, gas-phase methods, including chemical vapor
deposition (CVD), vacuum evaporation and sputtering, pro-
vide an effective way to produce high purity and high crys-
talline quality [30, 31]. However, this process usually requires
high temperatures to achieve high-quality semiconductor
nanostructures [32]. Therefore, to prepare flexible devices, it
is usually necessary to prepare nanostructures on a high-
temperature-resistant rigid substrate first, and then transfer to
a flexible substrate [33–35]. This preparation process is not
only relatively complicated, but also not conducive to the
preparation of large-area devices.

In this work, we report self-supporting ZnO nano-net-
works by a substrate-free CVD process. The application of
ZnO nano-networks as a flexible UV photodetector was
demonstrated without any substrate. The device shows a
responsivity of ∼300 mAW−1 over a wide wavelength range
from 254 to 365 nm and a high UV/visible rejection ratio of
more than 104. More interestingly, a short decay time of
<0.12 s can be observed in the air atmosphere, which should
be associated with the wire–wire junction barriers and the
adsorption/desorption process of oxygen molecules on the
oxygen vacancies near the surface of the ZnO. In addition, the
device has been tested under various bending conditions with
an extremely small change in the photoelectric response
characteristics, suggesting the broad application prospects in
the field of flexible wearable devices.

2. Experimental details

Self-supporting ZnO nano-networks were synthesized
through CVD method in a conventional horizontal tube fur-
nace. Figure 1 shows the schematic illustration of the prep-
aration system of ZnO nano-networks. A mixture of ZnO and
graphite powders (1:1 in weight ratio) was placed in an alu-
mina boat at the center of the tube furnace as the source
materials. The temperature of the furnace was first rapidly
increased to 1000 °C with a heating rate of 20 °C min−1 and
then continued to rise to 1130 °C with a heating rate of 5 °C
min−1, and maintained at this temperature for 60 min to
fabricate ZnO nano-networks. High pure Ar (100 sccm) and
O2 (12 sccm) were used as the carrier gas and oxygen source,
respectively. After the growth, the furnace was cooled down
to room temperature naturally. Abundant self-supporting ZnO
nano-networks were obtained on the tube inner wall at the
downstream of the carrier gas without the presence of any
substrate. To fabricate the flexible UV photodetector, we
flatten the as-grown flocculent ZnO nano-networks with sul-
furic acid paper, and prepare a pair of indium electrodes on it.
The size of the device is about 10 mm×10 mm×0.4 mm
(figure S1 (available online at stacks.iop.org/NANO/32/
475201/mmedia)).

The morphology and structure of ZnO nano-networks
were characterized by scanning electron microscopy (SEM,
HITACHI S-4800), transmission electron microscopy (TEM,
FEI Talos F200s) and x-ray diffraction (XRD, Bruker
D8GADDS) with Cu Kα radiation (λ=0.154 nm). Photo-
luminescence (PL) spectra were analyzed by a fluorescence
spectrophotometer (HitachiF-7000). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
commercial XPS spectrometer (Thermo ESCALAB 250). All
the electrical characteristics were measured through a semi-
conductor device analyzer (Agilent B1500A). The 365 nm
illumination was provided by a portable UV lamp. The

Figure 1. The schematic illustration of the preparation system of ZnO nano-networks.
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Figure 2. (a) Optical image, (b) SEM image, (c) low magnification TEM image, (d) HRTEM image and the corresponding SAED pattern
(inset), (e) XRD pattern, (f) PL spectrum and (g) O1s XPS spectrum of the flattened ZnO nano-networks.

Figure 3. (a) I–t curves under 365 nm illumination with different intensities biased at 5 V. (b) The photocurrent as a function of illumination
intensity at 5 V. (c) The photocurrent as a function of time at different applied bias voltages under 365 nm light illumination with an intensity
of 891 μW cm−2, and the inset is the I–V curve.
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photoresponse performance was measured using a photo-
electric test system equipped with an SR 830 lock-in amplifier
and a 150W Xe lamp.

3. Results and discussion

The optical image of the flattened ZnO nano-networks is
showed in figure 2(a). The flattened ZnO nano-networks can
behave self-supporting and intrinsically flexible property.
Figure 2(b) presents the SEM image of ZnO nano-networks.
It can be seen that a large quantity of freestanding nanowires
were successfully synthesized with a typical diameter of 50
−200 nm and a length of several tens of micrometers.
Figure 2(c) shows a TEM image of a single ZnO nanowire,
and figure 2(d) shows a high-resolution TEM (HRTEM)
image taken from the edge of the ZnO nanowire. The distance
between adjacent layers is about 0.52 nm, corresponding to
(002) planes of ZnO with a hexagonal wurtzite structure.

Such results indicate that our ZnO nanowires are crystalline
and grown along the c-axis. The selected area electron dif-
fraction (SAED) image of ZnO nanowire is shown in the inset
of figure 2(d). This diffraction pattern further confirms that
our ZnO nanowires are single crystals with a wurtzite struc-
ture. Figure 2(e) shows the XRD pattern of the flattened ZnO
nano-networks, and all the diffraction peaks can be perfectly
indexed to the ZnO hexagonal wurtzite structure (JCPDS card
No. 36-1451). No other diffraction peaks are observed. From
the PL spectra in figure 2(f), ZnO nano-networks present a
broad visible emission peak, most probably related to
recombination at the defect centers such as oxygen vacancies.
And almost no near band edge emission can be obtained in
the UV range, further suggesting that ZnO nano-networks
have large number of oxygen vacancies. High-resolution XPS
spectrum of O1s is presented in figure 2(g), which can be
typically deconvoluted into three types of oxygen levels: the
lower bonding energy (OI) at ∼529.52 eV, the medium
bonding energy (OII) at ∼530.08 eV, and the higher bonding

Figure 4. (a) The transient response of the ZnO nano-networks photodetector under 365 nm illumination (891 μW cm−2) at 5 V. (b) The
spectral response property of the device at a bias voltage of 20 V.

Figure 5. The on–off I–t curves with different bending conditions under 365 nm UV illumination (891 μW cm−2) at 5 V.
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Table 1. Performance comparison of ZnO-based flexible UV photodetector.

Materials Flexible substrate Bias (V) Dark current (nA) Responsivity (AW−1) UV/visible rejection Rise time (s) Decay time (s) References

ZnO granular NWs Yes 1 0.1 108 104 0.56 0.32 [40]
ZnO nanocrystals Yes 60 0.05 0.14 103 0.3 0.29 [4]
Ag NP-modified ZnO Yes 10 10 4.8×10−3 3.89 1.08 [41]
Al-doped ZnO NWs Yes 0.1 0.29 265 18.36 ~100 ~100 [42]
Integrated ZnO NW Yes 3 110 — 24 [43]
ZnO/Au NP Yes 50 — 1.51×105 10.3 14.2 [44]
ZnO nanorod Yes −2 −1.84×104 0.7 1.9 [45]
ZnO NWs Yes — — 4.3 — 12 [46]
ZnO nanorods Yes 5 6.44×103 66,4 97 [47]
Graphene/ZnO Yes — — 6.27×10−3 8.76 18.13 [48]
ZnO nanoparticles Yes 5 0.04 2.3×104 <1 <1 [49]
ZnO nano-networks No 5 1.2 0.3 1.97×104 <0.16 <0.12 This work
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energy (OIII) at ∼531.52 eV. In general, OI, OII and OIII can
be attributed to O2− within the ZnO lattice, the oxygen-
deficient regions and the specific chemisorbed oxygen spe-
cies, respectively. Therefore, the area ratio of OI/OII is rela-
tively small, indicating a higher concentration of oxygen
vacancies in ZnO nano-networks.

To systematically explore the optoelectronic properties of
the ZnO nano-networks UV photodetector, we studied its
photoresponse with incident light of various intensities, and at
various voltages. The linear I–V curves in figure S2 indicate
that a good ohmic contact was formed between indium
electrode and ZnO. Figure 3(a) shows the photocurrent versus
time (I−t) response curves of the ZnO nano-networks UV
photodetector under 365 nm ultraviolet light illumination with
different power densities at 5 V. With increasing the power
densities from 186 to 891 μWcm−2, the photocurrent
increases linearly (see figure 3(b)), suggesting that the number
of photoexcited carriers in ZnO is determined by the illumi-
nation intensity. A good linear relationship between the
photocurrent and the light power density is the fundamental of
practical and miniaturization, as the illumination intensity
could be calculated simply through photocurrent. In addition,
I–t curves under 365 nm illumination (891 μWcm−2) at dif-
ferent applied voltages were shown in figure 3(c). The pho-
tocurrent of the device monotonically increased with
increasing the bias voltage. The I–V characteristic curve in the
inset shows that the current increases super-linearly with the
increase of voltage. That’s because a high voltage could
improve the efficiency of carrier separation and collection.
Obviously, the I–t curves in figure 3 show that our ZnO nano-
networks UV photodetector has excellent stability and
repeatability with fast response speed.

To further examine the rise/decay time of the device
accurately, the transient response of the photodetector is
presented at semi-logarithmic coordinates in Figure 4(a)
under 365 nm illumination (891 μWcm−2). As seen from the
figure 4(a), the rise time (τr) (from 10% to 90% of the peak
value) and the decay time (τd) (from 90% to 10% of the peak
value) is less than 0.16 s and 0.12 s, respectively. The current
can fully recover to its original dark value within 1 s after
turning off the light, which is much quicker than that of any
other previously reported ZnO flexible UV detectors.

In addition, under different irradiation intensity and
working voltage, the response/decay time of the device does
not change significantly. According to the previous reports,
the quick response speed in this work should be associated
with the wire–wire junction barriers and the oxygen adsorp-
tion and desorption on the oxygen vacancies near the surface
of ZnO nano-networks [36]. The device shows a slower
response speed in vacuum as shown in figure S3.

Responsivity R can be calculated by

= -R I I P s,light dark opt/( ) ·

where Ilight is the current under illumination, Idark is the cur-
rent in dark, Popt is the optical intensity, and s is the efficient
area [37–39]. Figure 4(b) depicts the spectral response

property of the device at a bias voltage of 20 V and y axis is
plotted on a logarithmic scale. Obviously, the spectral
responsivity is reasonably flat over a wide wavelength range
from 254 to 365 nm with a responsivity of ∼300 mAW−1.
And a sharp cutoff at the wavelength of 380 nm is in good
agreement with the ZnO band gap of ∼3.37 eV. Moreover,
UV/visible rejection ratio defined as the ratio of responsivity
at 350–450 nm (R350 nm/R450 nm) was more than four orders
of magnitude, which indicates the excellent wavelength
selectivity.

For a flexible device, photoelectric stability and repeat-
ability under different bending conditions are essential.
Figure 5 exhibits the I−t curves of the ZnO nano-networks
flexible UV photodetector with different bending conditions
at a bias voltage of 5 V. In order to safely and controllably
bend our self-supporting device, we put a flexible sheet under
the device as shown in the upper graph of figure 5. Here the
bending angle θ was defined as the side angle between the
two tangents of the flexible sheet, which can be controlled by
two metal probes and a flat cylinder. Obviously, the photo-
current, the dark current and the response speed of the ZnO
nano-networks flexible UV photodetector nearly stay the
same at different bending angles, suggesting the excellent
photoelectric stability and repeatability.

Table 1 summarizes the performances of the reported
typical ZnO-based flexible UV photodetectors. Element
doping or surface modification methods have been reported to
improve the performance of ZnO nanostructures, but the
response is still lower than expected. The UV photodetector
fabricated in this work has high response speed and high UV/
visible rejection ratio, and its comprehensive performance is
very competitive among similar devices. More importantly,
the biggest highlight of our device is that it is the only self-
supporting flexible UV detector without a substrate, making it
a broader application prospect.

4. Conclusions

In summary, this work represents the first demonstration of
self-supporting ZnO nano-networks flexible UV photo-
detector. 10%–90% rise time and 90%–10% decay time are
only <0.16 s and <0.12 s, respectively. And the current can
completely recover to the initial dark current level within 1 s
after switching off the light. The quick response speed can be
attributed to the wire–wire junction barriers and the oxygen
adsorption and desorption on the oxygen vacancies near the
surface of ZnO nano-networks. Meanwhile, the device shows
a responsivity of ∼300 mA W−1 over a wide wavelength
range from 254 to 365 nm with a sharp cutoff wavelength at
380 nm. A high UV/visible rejection ratio of more than 104

indicates the excellent wavelength selectivity. More impor-
tantly, the device shows an excellent photoelectric stability
and repeatability under different bending conditions. Our
findings are useful for the fabrication of low-cost substrate-
free self-supporting devices, which have important applica-
tion prospects in the field of flexible electronics.
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