ZnO ultraviolet photodetector based on flexible polyester fibre substrates
by low-temperature hydrothermal approach
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The development of flexible photodetectors is believed to have great potential for future optoelectronic applications, such as biomedical
imaging and smart wearable systems. Here the work proposes a simple and low-cost approach for integrating a flexible and wearable ZnO
ultraviolet (UV) photodetector using polyester fabric as the platform for the first time. The ZnO nanowires coated polyester fabric was
prepared by a low-temperature hydrothermal approach. They measured the performance of the photodetector in terms of /~V
characteristics and time-resolved photocurrent. The results showed that the as-fabricated ZnO UV photodetector presented great reliability.
Additionally, the working mechanism of the device was also discussed.

1. Introduction: Ultraviolet (UV) photodetectors are essential to a
wide range of modern technologies, such as missile launching
detection, weapon tracking, UV communications, environmental
monitoring and medical treatments [1, 2]. In contrast to infrared
light used in other probing techniques, UV light possesses the
advantage of short wavelength and large energy, hence rendering
it less possible to produce diffraction, which gives it unique
advantages in certain extreme areas. ZnO is an important functional
material with a series of desirable features. It has direct wide
bandgap (3.37 eV) and large excitation binding energy (60 meV)
[3, 4]. The distinctive features of ZnO make it a qualified candidate
for fabricating various photonic electronic devices, for instance,
UV laser, photodetectors [5—7] and light emitting diodes [8—11].

In recent years, extensive efforts have been made for the fabrica-
tion of ZnO nanowires (NWs) photodetectors on non-flexible sub-
strates, such as silicon [1, 11, 12], indium tin oxide (ITO) glass
[13—17], sapphire [18, 19], as well as on some flexible substrates
such as plastic substrates [20-24]. For example, Liu et al. [1]
fabricated ZnO N'Ws photodetectors on Si substrate by a chemical
vapour deposition method and reported that Au nanoparticles on
the surface of ZnO NWs can improve the performance of photo-
detectors. In 2015, Hasan et al. [20] fabricated a self-powered
UV photodetector based on p-NiO and n-ZnO was fabricated on
flexible Polyethylene terephthalate (PET) substrates using the low-
temperature sputtering technique. In 2017, Wang and Tsai reported
ZnO nanorod UV photodetectors on patterned sapphire substrates
with a sub-micron hole array structure by the low-temperature
hydrothermal method [25].

Recently, the polyester fibre substrate has been used for the
growth of ZnO NWs by the hydrothermal growth technique,
which may be due to its potential applications in biomedical
sensors and smart wearable electronics [26-30] through integration
into a wearable device. To the best of our knowledge, there is no
report of the ZnO UV photodetector based on the polyester fibre
substrate. In this Letter, we successfully realised the controlled
growth of one-dimensional ZnO NWs on the flexible polyester
fabric substrate with environmental-friendly and low-cost chemical
methods. We created an effective metal semiconductor metal
(MSM) UV photodetector on the basis of this structure. The sensi-
tivity and response of the ZnO photodetector are evaluated.
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2. Experimental section

2.1. Growth of ZnO N'Ws on polyester fabric substrate: We adopted
a low-temperature hydrothermal method to obtain the controlled
growth of ZnO NWs. Zn(CH;COO),-2H,0 (98%) and C¢Hi,Ny
(99%) were chosen as solutes due to their adequate chemical prop-
erties. The precursor solution was prepared by mixing 329.25 mg of
Zn(CH5CO0),2H,0 powder and 210.279 mg of CH;,N4 powder,
the mole ratio of which is 1:1, and then dilute the mixture with deio-
nised water until its volume reached 50 ml. The concentration of
this solution was 30 mM. The commercially available polyester
fabric, such as everyday terylene fabric, was used as the substrate.
After cleaned ultrasonically in acetone, ethanol and then deionised
water in order, each polyester fabric substrate with the desired size
of 1x1cm? was dried in the baking oven at 80°C for 30 min.
Before the ZnO NWs are grown, a ~20 nm thick ZnO seed layer
was deposited by using a room temperature radio-frequency magne-
tron sputter onto the as-cleaned polyester fabric substrate to reduce
the mismatch between ZnO NWs and the polyester fabric substrate.
The sputtering was carried out in an argon atmosphere of 3.5 Pa at
room temperature, and the background pressure of the vacuum
chamber was 1x107* Pa. Then, the ZnO-seed-coated polyester
fabric substrate was immersed in the prepared solution in a Teflon
reaction kettle and held at 95°C for 3 h. After the reaction, the poly-
ester fabric substrates were removed from the solution, rinsed with
deionised water, and dried.

2.2. Fabrication of ZnO UV photodetector: After the growing
process, we performed the fabrication of the ZnO UV photo-
detector. The separation between the two electrodes was ~0.5 cm
and the effective working area of ZnO NWs coated fabric was
~0.5% 1 cm>. After dried at 95°C for 1h in an oven, a flexible
and wearable ZnO UV photodetector based on ZnO NWs coated
polyester fabrics was finally fabricated.

2.3. Characterisation: The surface morphologies of the as-grown
ZnO NWs were probed by field-emission scanning electron micros-
copy (SEM; FEI Nova NanoSEM). X-ray diffraction (XRD) was
then utilised to analyse the crystallographic of those ZnO NWs.
Moreover, both the current—voltage (/-V) characteristic and
current-time (/~f) photoresponse were measured at room
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temperature in air under UV illumination at A =365 nm and dark
states, respectively, by using a Keithley 4200 semiconductor.

3. Results and discussion: For the construction of ZnO NWs on
the flexible polyester fabric substrate, we adopted a low-temperature
hydrothermal method [31]. Also, the schematic diagram of the
whole growth process is shown in Fig. 1, including ZnO seed
layer deposition, ZnO NWs growth, and conductive electrode prep-
aration. Fig. 2 shows the SEM images of the synthesised NWs
under various resolution ratios. From the results obtained, it can
be observed that the ZnO NWs form a uniform and dense coverage
on the surfaces of the fabrics. The as-grown ZnO NWs have a hex-
agonal cross-section with a diameter in the range of 80—150 nm,
and the typical length is about 5 pm. Fig. 2d exhibits the XRD pat-
terns of the grown ZnO NWs, which indicate their wurtzite ZnO
structure. It can be discovered that the intensity of the (002) peak
is much higher than those of other peaks. The high value of the
(002) peak intensity suggests that the NWs grow along the c-axis
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Fig. 1 Schematic diagram of the whole growth process of fabrication of
ZnO UV photodetector

a As-prepared substrate

b ZnO seed layer deposition
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d Conductive electrode preparation

(103)
P o
50 60 70
2- theta
c d

Fig. 2 SEM images and XRD pattern of ZnO NWs

a—c Low- and high-magnification SEM images of the ZnO NWs grown on
polyester fabric substrate by hydrothermal approach

d XRD pattern of the as-grown ZnO NWs. The inset is the optical image of
the as-fabricated device
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direction. There exist no other obvious diffraction peaks in the
XRD figure, proving that the ZnO NWs are well-structured and
contain little impurity. The inset in Fig. 2d shows the optical
image of as-fabricated devices, indicating that the device has high
flexibility and can be bent and fully recovered easily.

Fig. 3 shows the photoluminescence (PL) spectrum of ZnO NWs
grown on the polyester fabric substrate by using a He—Cd laser line
of 325nm. A prominent UV emission band (~389.8 nm) and
visible emission are both found in Fig. 3. According to the previous
reports [32, 33], the UV emission is attributed to the near band edge
emission of the wide band gap of ZnO due to the annihilation of
excitons, and the green emission attributed to structural defects
such as oxygen vacancy (/o). The PL spectrum shown implies
that the ZnO NWs are well crystallised and low concentration of
defects [34].

Fig. 4 depicts the I~V characteristics of the as-fabricated ZnO
photodetector measured in the dark (black) and under continuous
UV  illuminations. During the photocurrent measurement,
the photodetector was illuminated with a 365nm UV light
(0.5 pW/cm?) from a compact UV lamp. The I~V curve is central
symmetry in the dark state, from which we can deduct that our
MSM photodetector has two identical Schottky contacts between
each electrode and ZnO NWs. Silver electrodes create Schottky
contacts with ZnO NWs, indicating that the performance of our
product is mainly dominant by the one-sided Schottky junction.
Here we highlight that due to the surface pinning effect of semicon-
ductors, the height of Schottky barrier between ZnO and silver
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Fig. 3 PL spectrum of ZnO NWs grown on polyester fabric substrate
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Fig. 4 -V characteristics of the ZnO UV photodetector measured in the
dark (black) and under continuous UV illuminations (red)
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Fig. 5 Time-resolved photocurrent of the ZnO UV photodetector

a Current-time (I-T) characteristic of the as-fabricated ZnO UV
photodetector

b The photocurrent rise and decay of the ZnO photodetector

electrodes is conducted by ZnO surface state, which has little con-
nection with the work function of silver electrodes. When illumi-
nated by UV light, the current of the photodetector increases
remarkably in contrast with that in the dark state, which is
induced by photo-excited electron—hole generation [35].

Fig. 5 shows the time-resolved photocurrent of the fabricated
ZnO UV photodetector in response to turn-on and turn-off of the
UV illumination (power density: 1pW/ecm?®) in the air at an
applied bias of 1 V. The photocurrent initially increased rapidly
and then decreased slowly under the UV excitation. The dynamic
response of the ZnO photodetector was stable and reproducible
with a sensitivity of 17, which is defined as Iyv—Ipan/Ipark
(where Iyy is the current of the NWs in the UV turn-on state and
Ipag 1s the current of the NWs in the UV turn-off state). Fig. 5b
shows the photocurrent rise and decay of the ZnO photodetector.
The rise time and decay time represent the time for the current to
rise to 90% of the peak value and the time for the current to
decay to 10% of the peak value, respectively [36]. Here, the rise
time and decay time were 4.5 and 5.6 s, respectively.

In the dark, oxygen molecules adsorbed onto the ZnO NWs
surface as negatively charged ions by capturing free electrons
from the n-type ZnO, thereby creating a depletion layer with low
conductivity near the NWs surface [5, 24, 37]

Oy(g) +e— — O, (ad)

Under illumination with photons with energy greater than the
bandgap of ZnO, the NWs produce a huge number of carriers.
The photo-generated holes, which are constrained in the surface
hole-trap state, react with O3 to desorb oxygen through electron—
hole recombination

hv—>e +h"
h* + 05 (ad) — 0,(g)

This reaction leaves the electrons in the conduction band, thus
increasing the conductivity. After turning off the UV light, the
electron—holes recombine, resulting in decreased conductance
[1, 38]. Here the relaxation is much faster while electron-trapping
effects are comparatively slow, which might be due to the fast dis-
charge and recapture of chemisorbed oxygen molecules. This
simple general strategy can be exploited to produce highly flexible,
sensitive, and economic UV-light detectors, chemical sensors, and
optical switches that can be integrated with other device
components.

4. Conclusion: In summary, we successfully developed a simple
method for fabricating a wearable ZnO UV photodetector based
on the flexible polyester fabric substrate. By means of the low-
temperature hydrothermal method, we realised the controlled
growth of ZnO NWs on soft fabric substrates. This type of UV
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photodetector not only functions well but also possesses wearable
characteristics, which offers it vital advantages over other photode-
tectors on conventional stiff substrates in terms of environmental
monitoring, health treatment as well as accident detection.
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