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led nanowires for high
performance flexible and transparent solar-blind
photodetectors

Jiangxin Wang,a Chaoyi Yan,a Meng-Fang Lin,b Kazuhito Tsukagoshib

and Pooi See Lee*a

Solar-blind photodetectors based on Zn2GeO4 (ZGO) nanowires (NWs) with high transparency and good

flexibility were successfully fabricated on a polyethylene terephthalate (PET) substrate using a facile all

solution-processible method. The electrodes and functional channels are constructed with silver NWs

(Ag NWs) and ZGO NWs, respectively, using a spray coating method. The spray-coated all-NW device

exhibited high transparency, good mechanical bending stability, high photoresponse, and short cutoff

wavelength. The Schottky barrier between the Ag–ZGO NWs together with the junction barrier between

interconnecting ZGO NWs contributed to a high photoresponse and improved switching time in the

devices. We propose that the unique energy band structure of the ZGO NW networks provides an

additional mechanism to further reduce the cutoff wavelength in solar-blind photodetectors.
Introduction

Flexible and transparent electronic devices are of great interest
for many emerging applications.1–4 The capability to fabricate
optically transparent and mechanically exible electronic
devices paves the way for the next-generation “see-through” and
conformable devices. Solar-blind photodetectors which detect
light in the spectral range of 190–280 nm have important
applications in biological threat detection, missile tracking,
ame detection, ozone hole sensing, etc.5–7 Flexible and mean-
while transparent solar-blind photodetectors enable the inte-
gration of wearable monitoring and sensing systems on top of
other devices without affecting the visibility of the devices
beneath. NWs are promising building blocks for these devices.
They possess inherent mechanical exibility and can be easily
coated onto arbitrary substrates by inkjet printing, spin coating,
drop casting or spray coating methods, etc., meeting the pros-
pects of large-area processability and low-temperature
compatibility with most of the exible substrates. The proto-
typical indium tin oxide (ITO) is normally used as the trans-
parent electrode in transparent photodetectors while nanowires
were used as the sensing materials.8,9 Limited by the brittle
nature and high temperature deposition process of the ITO
electrode, the advantages of NW in large bending strain
compliance and low-temperature processability could not be
fully utilized. On the other hand, percolating metal NWs have
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recently attracted a great deal of interest for electrode applica-
tions and have been demonstrated to be promising alternatives
due to their good conductivity, solution processability, high
transparency and exibility.10–15 Among these materials, the Ag
NW lm is an outstanding candidate which offers good
conductivity and transparency (�10 U sq�1 with 90%
transmittance).

Semiconductor nanowires have been extensively studied for
their applications in photodetectors.16–23 It is widely recognized
that the 1D nanostructure contributes to high photosensitivity
due to the large surface-to-volume ratio which prolongs the
lifetime of the photo-generated carriers with appreciable band
bending on the nanowire surface. It is demonstrated in this
report that the unique properties of NWs not only provide high
photosensitivity to the NW photodetectors, but can also intro-
duce an additional mechanism to reduce the photoresponse
time and the cutoff wavelength of the photodetectors while
being assembled into the network structure. Wide-bandgap
semiconductor NWs are promising materials for solar-blind
photodetectors. Their large bandgaps minimize the chance of
false detection and reduce high background under infrared or
visible light, eliminating the use of expensive and bulky optical
lters. Recently, b-Ga2O3 nanostructures,24,25 In2Ge2O7 nano-
wires,26 and Zn2GeO4 NWs27,28 have been used as solar-blind
light detection materials. However, these devices still showed
certain photoresponse to the incident light with wavelength
longer than 280 nm. Moreover, the fabrication approaches in
these reports typically involved complicated lithography fabri-
cation procedures. Efficient large-scale device fabrication of
exible and transparent NW solar-blind photodetectors is still
lacking. Hereby, we report that with the use of a simple
This journal is © The Royal Society of Chemistry 2015
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solution-assembly method, high performance exible and
transparent solar-blind photodetectors can be fabricated. This
method helps to tackle the aforementioned difficulties and full
advantages of NWs in their large mechanical compliance and
low temperature processability can be harvested.
Experimental
Device fabrication

ZGO NWs were grown on Si substrates by a chemical vapor
deposition (CVD) method.29 The NWs were removed from the
substrates and dispersed in isopropyl alcohol (IPA) at a
concentration of �0.1 mg ml�1 with sonication for 15 min. The
Ag NW solution was purchased from Seashell Technology with
diameters of 120–150 nm and lengths of 20–50 mm. The
concentration was diluted to 0.5 mg ml�1 in IPA before use.
Fig. 1a illustrates the fabrication procedures of the exible and
transparent UV photodetectors. First, the ZGO NW solution was
spray-coated onto the PET substrate through a shadow mask,
forming light detection channels. Second, Ag NWs were coated
analogously through another shadow mask, forming trans-
parent and conductive percolating Ag NW network electrodes.
The resultant photodetectors had a channel length of 0.15 mm
and channel width of 1.2 mm. Two ml of ZGO NW solution and
1 ml of Ag NW solution were used to coat onto a substrate area
of 2� 2 cm. Due to the fast evaporation rate of IPA, no substrate
heating is required during the spray-coating process.
Characterization

SEM images of the samples were taken with a eld-emission
SEM (FE-SEM, JSM 7600F). The X-ray diffraction patterns were
Fig. 1 (a) Schematic images of the device fabrication procedures. (b) A
schematic image of the transparent and flexible photodetectors. (c
and d) Photographs showing good transparency and flexibility of the
device.

This journal is © The Royal Society of Chemistry 2015
measured on a Shimadzu XRD-6000 instrument with Cu Ka
radiation. The transmittance spectra were recorded using a
Shimadzu spectrometer (UV-2550). The electrical properties of
the photodetector were characterized using a Keithley 4200-SCS
parameter analyzer equipped with remote PreAmp models to
enable low current measurement. The photoresponse of the
device under different wavelengths was measured using a
wavelength tunable monochromatic light source, which
included a 150 W xenon lamp and an Omnil-series mono-
chromator with an output bandwidth of 0.2 nm. The bending
test was carried out on a home-made translation stage. The
photodetector performance was measured when the stage
compressed the devices to different bending angles.

Results and discussion

Fig. 1b shows a schematic image of the exible NW photode-
tector. The highly conductive Ag NW networks construct the
transparent electrodes. The ZGO interconnecting NW networks
were homogeneously dispersed on the substrate, located below
the Ag NW electrodes as the solar-blind light detection chan-
nels. Five by ve photodetector arrays were fabricated on a PET
substrate. The photodetector shows excellent transparency with
the letters clearly seen under the device, as shown in Fig. 1c. The
photograph in Fig. 1d demonstrates a device under bending.
The photodetector can be repetitively bent to an angle of 90�

and released. No peeling or deformation of the device structures
was observed aer the bending. The haze appearance in the
device is due to light scattering by the NW lms.

Themorphology of the Ag NWs and ZGO NWs is presented in
Fig. 2a and b, respectively. A large amount of ZGO NWs on the
silicon substrate could be synthesized by the CVD method (�10
mg nanowires on a 1 � 1.5 cm substrate). The nanowires were
quite homogeneous and possessed a high aspect ratio with a
diameter of �100 nm and length typically around 100 mm.
Fig. 2c shows the SEM image of the photodetector in the
channel/electrode overlap region. The region on the right side
Fig. 2 Top SEM images of (a) Ag NWs, (b) ZGO NWs, and (c) ZGO NW
and Ag NW interface region in the photodetector device. (d) XRD
pattern of the ZGO NWs.

J. Mater. Chem. C, 2015, 3, 596–600 | 597
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of the dashed line contains pure Ag NWs while the le region is
the overlap between the electrode and detection channel which
contains Ag NWs and ZGO NWs. The two types of NWs form
percolating NW networks, establishing good connection
between the device electrode and channel. The XRD patterns in
Fig. 2d show that the NWs have a pure rhombohedral crystal
phase (JCPDS: 011-0687, a ¼ 14.231 Å and b ¼ 9.53 Å). The high
crystallinity nature of the ZGO NWs eliminates our concern of
impurity which may affect the device performance. The ultra-
high photoresponse behavior of the device can also be partially
attributed to the high purity and good crystallinity of the ZGO
NWs synthesized by the CVD method.

The device achieved a high transparency of �80% trans-
mittance in the visible light range with the transmittance of the
pure PET substrate being 90%, as shown in Fig. 3a. The trans-
mittance of the devices can be further improved by using the
PET substrate with higher transparency. Due to light scattering
by the NW networks, the device transmittance value might be
underestimated as ultraviolet-visible spectroscopy in our
experiment is not capable of measuring the scattered light
Fig. 3 (a) Transmittance spectra of the pure PET substrate and the
flexible NW photodetector. (b) I–V curves of the photodetector under
dark and illumination conditions. (c) Photoresponse behavior of the
devices. The inset shows the device performance with periodical on/
off (30 s/30 s) cycles. (d) Responsivity of the devices biased with 10 V at
different wavelengths. (e) Schematic of the energy band structures in
the NW network devices with and without light illumination. The
energy band structures (both under dark and illumination conditions)
are given in short-circuit.

598 | J. Mater. Chem. C, 2015, 3, 596–600
transmitted through the device.30 Fig. 3b illustrates the I–V
curve of the devices under 250 nm UV light illumination and
dark conditions. The asymmetric behavior in the I–V charac-
teristic was attributed to the different contact conditions at the
two sides of the electrodes.27,28 The nonlinear I–V curve indicates
the existence of energy barriers in the device. The dark current
of the device is around 10 fA at 10 V bias. The extremely small
dark current can be attributed to the low carrier intensity (1.78
� 1017 cm�3, calculated by Liu et al.31) in the intrinsic ZGO NWs.
In addition, both the Ag NW–ZGONW Schottky barrier and ZGO
NW–ZGO NW junction barrier contributed to further suppres-
sion of the dark current. The photocurrent of the device
signicantly increases to 30 pA while it is illuminated with UV
light at 250 nm (�0.2 mW cm�2), giving an on/off ratio of 3000.
The on/off ratio is much higher compared to that of the
reported UV photodetectors using ZGO NWs as the light
detection materials (typically dozens of times28,31–33) and close to
the best reported result which showed an on/off ratio of a few
thousands of times on devices fabricated by an elaborate e-
beam lithography method.27 The photocurrent jumps to the
maximum value immediately aer the UV light is on, as shown
in Fig. 3c. The device recovers to the dark current promptly aer
the UV light is off. The response time and reset time are below 5
s and 2.6 s, respectively. It should be noted that the switching
time was limited by the fastest measurement time of the
equipment which was prolonged by the extremely low dark
current in the device. The response time is faster compared to
that of the reported single ZGO NW photodetector (12 s).27 The
improved response time and high photoresponse are attributed
to the Schottky barriers and NW junction barriers between the
NW networks, as interpreted in Fig. 3e. The work function of Ag
NWs is around 4.3 eV while the conduction band of ZGO NWs is
located at around 3.8 eV. Mismatch in the energy levels leads to
Schottky barrier formation at the Ag NW–ZGO NW interface.
Band bending at the ZGO NW surface will also generate energy
barriers at the ZGO NW junctions. It is understood that under
light illumination, the Schottky barrier height will be lowered
and its width will be narrowed.34–36 Similar effects were also
observed at the ZGO NW junction barriers in the network
structure.28 Modulation of the barrier height and width under
light illumination is the dominant mechanism dictating the
photocurrent transport behavior in the device. The carrier
transport is mainly restricted at the energy barriers. The
reduction of barrier height and width will lead to the gating
effect which signicantly increases the photocurrent. As the
modulation only takes place at the interface instead of the
whole NW surface, it provides a faster switching mechanism for
the photodetectors.35

The responsivity of the device over different wavelengths was
measured by scanning the light generated from a xenon light
source from 220 nm to 400 nm, as shown in Fig. 3d. The device
exhibited an increasing response to the incident light when the
wavelength is close to 268 nm (the bandgap of ZGO NWs, �4.6
eV). The photoresponse continued to increase when the wave-
length was reduced and reached the maximum value at 250 nm.
The cutoff wavelength of the device was �300 nm. The solar
blind (250 nm)–UV (300 nm) rejection ratio was around
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Performance of the UV-photodetector under bending angles of 0�, 60� and 90�. (b) Photoresponse of the device after different
bending cycles in the relaxed state.
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1.5 � 104, comparable to the previous report on a single ZGO
NW photodetector with a rejection ratio of around 1� 104 at the
wavelengths of 245 nm to 380 nm.27 However, the single ZGO
NW photodetector showed a response to the light illumination
until the wavelength increased above 380 nm. The photo-
response of the device in the long wavelength can be attributed
to the unintentional doping of the NWs, such as oxygen
vacancies and zinc interstices29 formed during the CVD
synthesis process. Electrons can be excited into the shallow
dopant levels under the conduction band by the low-energy
photons and contribute to the photocurrent.37,38 However, the
energy of these electrons is not sufficient to effectively lower and
narrow the energy barrier at the ZGO NW–NW junctions. The
existence of the junction barrier provides an additional “lter”
to prohibit the transport of electrons excited by the low-energy
photons. Consequently, the cutoff wavelength of the ZGO NW
network photodetector was further reduced to around 300 nm,
making it an ideal candidate for solar-blind detection.

The performance of the NW photodetector was tested under
different bending angles as presented in Fig. 4a. The bending
angle (2q) is dened in the inset of Fig. 4b. A decrease of �12%
in the photocurrent was observed at the bending angle of 90�

which might be attributed to the tensile strain in the device
channels under the bending states. The photodetector
possessed good cycling stability in the bending and relaxing
test. As shown in Fig. 4b, aer bending for 50, 100 and 150
cycles with a bending angle of 90�, the dark current of the device
remained almost constant aer the bending cycles. The
photocurrent showed a slight decrease from 16.6 pA to 16.3 pA
aer 50 bending cycles and increased again to 16.4 pA aer 150
bending cycles. The small photocurrent decrease during the
initial bending cycles was probably due to the sliding of NWs
and losing interconnection in the NW networks. The sliding
might be minor and the interconnection could be occasionally
established again aer the bending, as shown at the 150th cycle
with some increase in the photocurrent. Consequently, small
This journal is © The Royal Society of Chemistry 2015
photocurrent uctuation was observed during the bending test.
In brief, the photodetector showed excellent exibility and
stability which were comparable to those reported in previous
studies on exible photodetectors.39–41 The results suggest that
the photodetectors are promising for application in exible and
transparent solar-blind detection.
Conclusions

In conclusion, exible and transparent photodetectors have
been successfully fabricated based on an all-NW device cong-
uration. The device exhibited good transparency of around 80%
transmittance in the visible light range and demonstrated high
exibility and stability. The ZGO NWs used for the device
fabrication had high purity and good crystallinity which
contributed to the huge photoresponse of the device. The
photodetectors have a large on/off ratio with the photocurrent
reaching 3000 times of the dark current. The network structure
in the devices established Schottky barriers between the Ag–
ZGO NWs and the NW–NW junction barriers between the
interconnected ZGO NWs. These energy barriers enable the
improved switching behavior of the photodetectors. The NW–

NW junction barriers in the ZGO NWs also help to reduce the
cutoff wavelength of the solar-blind detector. The solution
processible method developed here is simple and facile which
can be easily applied to the fabrication of other exible and
transparent devices.
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