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Solution-Processed Self-Powered Transparent Ultraviolet
Photodetectors with Ultrafast Response Speed for High-

Performance Communication System

Huajing Fang, Cheng Zheng, Liangliang Wu, Yi Li, Jian Cai, Mingxiang Hu,

Xiaosheng Fang,* Rong Ma, Qing Wang, and Hong Wang*

Transparent ultraviolet (UV) photodetectors are an essential component of next-
generation “see-through” electronics. However, the current photodetectors
often suffer from relatively slow response speeds and high driving voltages.
Here, all-solution-processed UV photodetectors are reported that are

facilely prepared from environmentally friendly and abundant materials.

The UV photodetectors are composed of a titanium dioxide thin film as the
photosensitive layer sandwiched between two different transparent electrodes
to form asymmetric Schottky junctions. The photodetector with high optical
transparency can operate at zero bias because of spontaneous separation

of photogenerated electron-hole pairs by the built-in electric field. The
resulting self-powered photodetector displays high sensitivity to broadband
UV light (200—400 nm). In particular, an ultrafast response speed up to

44 ns is obtained, representing a significant improvement over those of the
conventional transparent photodetectors. Moreover, the photodetector has
been successfully applied, for the first time, in a UV communication system
as the self-powered signal receiver. This work uniquely combines the features
of high optical transparency and self-power ability into UV photodetectors
and would enable a broad range of optoelectronic applications.

transparent electronics include organic
light emitting diodes,® thin film field
effect transistor (FET),! supercapacitors,®!
solar cells,” nanogenerators,'% and
memory.'] Ultraviolet (UV) photodetector
with the aibility of converting UV light
into electrical signal is crucial for opto-
electronic systems, e.g., function as a
signal receiver in UV communication
systems.'>"4 Different from other wire-
less communication methods, UV com-
munication systems are suitable for radio
silent condition, with intrinsic advantages
of non-line-of-sight communication, anti-
interference, and anti-interception.'>1% In
particular, transparent UV photodetectors
would realize the “see-through’ receiver,
which is irreplaceable in smart windows
and many other special applications. With
the steadily increased demands, the trans-
parent UV photodetector has become a
key research issue in the past few years.

1. Introduction

Transparent electronics with both excellent performance and
high transparency are emerging technologies for next-generation
“see-through” functional devices.'> The most recently developed

For example, Tian et al. fabricated a fully

transparent photodetector with a high
photodark current ratio of 4600 based on the electrospun ZnO-
SnO, heterojunction nanofibers.'”l With a unique Q-shaped
core—shell nanostructure, Hu et al. reported a ZnO-SnO, based
photodetector with enhanced responsivity of =100 A W18
However, the current transparent photodetectors with a lateral
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architecture often suffer from high driving voltages (more than
5 V) and relatively slow response speeds (i.e., seconds) due to
large electrode spacing. Changing the device into a longitudinal
structure can effectively reduce the electrode spacing, which
mainly depends on the thickness of the photosensitive layer.
Patel et al. prepared a high-quality p-NiO/n-ZnO heterojunc-
tion by sputtering.'”) With 5 V bias, this all transparent metal
oxide device exhibited a fast photoresponse time of 24 ms. Yet
it remains challenging to determine efficient device structures
with faster response speeds as well as low manufacturing cost.
Meanwhile, the continued development of electronics toward
miniaturization and portability necessitates independent and
sustainable operations of devices. It is thus highly desirable to
develop the self-powered microsystem/nanosystem capable of
operating without external power sources (e.g., batteries).[221]
Harvesting the renewable energy from environment is an effec-
tive solution. Various energy harvesting technologies have been
reported in recent years, such as photovoltaics for the energy
from light,?22%] nanogenerators for the mechanical energy,?4l
and thermoelectric generator for the energy from heat.*’! Con-
struction of the built-in electric field by Schottky or p—n junc-
tions has been a widely adopted approach to self-powered UV
photodetectors.?6281 When UV light irradiates on the photo-
detectors, the photogenerated electron-hole (e-h) pairs are
separated in line with the energy level alignment at the inter-
faces. However, many of the junction-based photodetectors
require vacuum processing techniques, which are relatively
complicated and expensive. Moreover, it remains challenging
to achieve simultaneously high optical transparency and
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self-powered ability in UV photodetectors due to the limited
material selection for building blocks of transparent junctions.

Compared with vacuum processing techniques, solution pro-
cessing is a promising alternative with advantages of simple, low-
cost, and easy to mass produce. In this work, we demonstrate a solu-
tion-processed self-powered UV photodetector with =70% optical
transparency in visible range. By stacking a titanium dioxide (TiO,)
film with two different transparent electrodes, asymmetric Schottky
junctions are formed back to back in the device. At zero bias con-
dition, the devices exhibit a high responsivity of 32.5 mA W' as
well as a broadband response (200400 nm). More notably, an
ultrafast response speed of 44 ns has been achieved in the self-
powered photodetector. The resulting transparent UV photo-
detector with asymmetric Schottky junctions opens new avenue
for next-generation “see-through” functional devices.

2. Results and Discussion

Semiconductor materials are essential in photodetectors for the
generation of electron-hole pairs through absorption of incident
photons. TiO, is one of the most important and widely investi-
gated semiconductors with high chemical stability and nontoxic
properties.?’l Because of its wide bandgap (3.2 eV, anatase;
3.0 eV, rutile) and superior electron transport properties, it has
been used as a sensitive material in the selective UV wavelength
ranges.?®31 Herein, the TiO, thin films were synthesized by
a sol-gel method. Details can be found in the Experimental
Section. As shown in Figure 1a, the prepared precursor shows
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Figure 1. a) Digital photograph of the TiO, colloidal precursor, Tyndall effect was visible when irradiated with a green laser beam. b) SEM image of the
annealed TiO, film. Inset is a cross-sectional SEM image of TiO, film on FTO substrate, the scale bar is 400 nm. c) HRTEM image of TiO, film and inset
show the SAED pattern. d) XRD patterns of the FTO substrate and annealed TiO, film. e) Raman spectrum of annealed TiO, film upon excitation at 532 nm.
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Figure 2. a) Schematic illustration of the transparent UV photodetector. b) SEM image of Ag NWs top electrode. c) Transmittance spectrum of the
FTO glass, Ag NWs, and total device. d) Digital image of the transparent UV photodetector, the area covered with Ag NWs network is denoted with a

yellow dotted line.

light-yellow color. Upon exposure to a green laser beam, the
obvious Tyndall scattering effect suggests the presence of col-
loids. A uniform thin film was formed by spin-coating. The
surface morphology as seen from the scanning electron micro-
scopic (SEM) image (Figure 1b) shows a compact and uni-
formly interconnected TiO, nanocrystalline structure. As shown
in the inset of Figure 1b, a flat TiO, layer was deposited on the
fluorine doped tin oxide (FTO) substrate with a thickness of
200 nm. The high resolution transmission electron microscopy
(HRTEM) of TiO, film is depicted in Figure 1c, in which the
lattice fringes with a spacing of 0.35 nm can be clearly observed,
corresponding to the (101) planes of anatase TiO,. Inset shows
the selected area electron diffraction (SAED) pattern, with the
typical diffraction rings of polycrystalline. The crystal structure
of the TiO, layer was characterized by X-ray diffraction (XRD).
Figure 1d shows the XRD pattern of a sample annealed at
550 °C. In addition to the diffraction peaks of FTO substrate,
all the other peaks correspond to the anatase phase TiO,.3? The
average crystal size of 24 nm corresponding to the (101) peak
was calculated by Scherrer formula.?*l It is obvious that the
film has a pure anatase phase and no impurity phase such as
rutile phase is formed during the annealing process. Notably,
anatase TiO, was selected due to the better carrier transport
capability and a lower annealing temperature.’ Raman spec-
troscopy was employed to further study the microstructure
of the annealed sample because Raman scattering is very
sensitive to the local crystallinity. The TiO, film displays four
peaks corresponding to the Raman active fundamental modes
for anatase phase, as shown in Figure le. The E, peaks at 144
and 637 cm™! are mainly caused by the symmetric stretching
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vibration of O—Ti—O bond. The B, peak at 398 cm™ corre-
sponds to the symmetric bending vibration of O—Ti—O bond,
and the Ay, peak at 517 cm™ is attributed to the antisymmetric
bending vibration of O—Ti—O bond.*>3¢ The Raman spectrum
is consistent with the XRD pattern, in which no other phases
like rutile were detected. These results demonstrate that a high-
quality TiO, film can be fabricated by sol-gel method, which is
the prerequisite for high performance optoelectronic device.
Figure 2a shows the schematic of device architecture of
the designed UV photodetector, in which the TiO, thin film
is located between the two electrodes to form a sandwich
structure. Such a design not only shortens the electrode spacing
significantly, but also ensures the photogenerated carriers
separate along the built-in electric field, maximizing the effect
of Schottky junctions. To form a fully transparent device, silver
nanowires (Ag NWs) were used as the top electrode, which
were fabricated by directly drop casting Ag NWs dispersion
on the surface of TiO, thin film. After drying, the Ag NWs
spontaneously formed continuous and random networks.
Figure 2b presents an SEM image of the electrode, showing
that the networks are mostly composed of individual nanowires
with a diameter of =30 nm. Moreover, the good contact at the
junction of nanowires ensures a convenient electronic trans-
port between different nanowires. Consequently, the Ag NWs
electrode shows a low sheet resistance of 35 ohm sq~!. The
transmittance spectrum of the Ag NWs transparent electrode
is shown in Figure 2¢, compared with that of traditional FTO
electrodes. Although both electrodes show a high transmittance
of above 80% in the visible and near-infrared region, there
is a significant difference in the UV region. While Ag NWs
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Figure 3. a) J-V curves of the photodetector in the dark and under illumination of 350 nm UV light. b) Energy band diagram of the asymmetric Schottky
junction-based photodetector under UV illumination. c) The electric field distribution at TiO,/Ag NWs junction. d) The electric field distribution at

TiO,/FTO junction.

electrode maintains high light transmission, the transmit-
tance spectrum of FTO electrode shows a sharp drop around
350 nm owing to the absorption of UV by FTO layer and glass
substrate. As shown in Figure 2c, the average transmittance of
the Ag NWs/TiO,/FTO device in the visible range T,,, is >70%,
which satisfies the requirement of transparent electronics.’”!
The photograph of the device shown in Figure 2d further
confirms its transparency.

To investigate the photoelectric properties of the prepared
transparent device, the current density versus bias voltage (J-V)
characteristics were measured at room temperature. As can be
seen in Figure 3a, the |-V curve under dark condition passes
through the origin without any noticeable rectification effect,
indicative of the formation of a back to back Schottky diode in
the sandwiched structure.?¥ Under the 350 nm UV illumina-
tion, the J-V curve exhibits a down shift due to the photogen-
erated carriers. The short-circuit current density (J.) increases
to 13.8 HA cm™?, and the open-circuit voltage (V,) reaches to
20 mV based on the photovoltaic effect. The transport direction
of photogenerated carriers is critical to determining the junc-
tions inside the device. Comparing the output current polarity
with other power supplies (see Figure S1, Supporting Infor-
mation), it is found that the net holes inside the device move
toward the Ag NWs, and the net electrons are injected into the
FTO. Hence, there must exist a Schottky junction at the TiO,/
Ag NWs interface. To clarify the Schottky contact between TiO,
and FTO, [-V curves and transient photoresponse of a FTO/
TiO,/FTO configuration were measured. As shown in Figure S2
(Supporting Information), the typical nonlinear relationship of
the dark I-V curve confirms the Schottky junction of the TiO,/
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FTO interface. To fully understand the mechanism of the trans-
parent photodetector, a physical model is proposed based on
the energy band theory. The electron affinity of TiO, (4.0 eV) is
lower than the work function of FTO (4.4 eV).?”l The work func-
tion of pure Ag NWs is reported to be 4.57 eV,*3l however, it
may significantly increase to 4.9-5.0 eV with slight oxidation.*’!
As illustrated in Figure 3b, two asymmetric Schottky junctions
were formed back to back at the interfaces between TiO, and
electrodes. When the TiO, film was illuminated with UV light,
photogenerated e-h pairs can be separated by the built-in elec-
tric field at the Schottky barriers interfaces. Since the Schottky
barriers height of TiO,/Ag NWs (®; = 0.9 eV) is larger than that
of TiO,/FTO (®, = 0.4 eV), the left side (TiO,/Ag NWs) has
more efficient separation, leading to a larger current (I; > I,). As
a result, the total current direction of the device is determined
by I;. Finite element analysis (COMSOL Multiphysics) has been
carried out to further understand the difference between these
two Schottky barrier interfaces. All the required parameters of
device simulation are listed in Table S1 (Supporting Informa-
tion). Figure 3c,d shows the 2D model of the TiO,/Ag NWs
and TiO,/FTO Schottky junctions, respectively. The thickness
of TiO, layer was set to 200 nm and the electrode is located at
the upper side of the TiO, film. The calculation of the spatial
distribution of the electric field shows that the electric field pre-
sents a streaks characteristic in both cases. Different colors in
the model vividly describe the relative strength of the electric
field. Obviously, the field strength at the interface between the
TiO, film and electrode reaches the highest value and gradu-
ally decreases as the distance increases. Therefore, both inter-
faces can respond to the UV illumination and provide the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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photogenerated current under self-biased condition. By care-
fully comparing the two junctions, it is found that the electric
field formed by TiO,/Ag NWs is significantly stronger than that
of TiO,/FTO. We further calculated the spatial distribution of
the electric field in Ag NWs/TiO,/FTO structure (see Figure S3,
Supporting Information), it also shows that the field strength
near the TiO,/Ag NWs interface is higher. Hence, TiO,/Ag
NWs junction has much more efficient separation of photogen-
erated e-h pairs under UV illumination, consistent with our
experimental data. All these results indicate that the combina-
tion of Ag NWs and FTO as opposite electrodes is an effective
design scheme for transparent Schottky devices.

Since the asymmetrical Schottky barriers provide the
driving force to separate the photogenerated carriers, the
resulting device can work as a self-powered photodetector.
The switching behaviors at zero bias were measured under
different light intensities. As shown in Figure 4a, the device
can generate a periodically changing current under intermittent

illumination. The photocurrent (defined as the current differ-
ence between the light and dark state, I, = I; - I4 ) increases
with the light intensity, consistent with the fact that the
concentration of photogenerated carriers is positively corre-
lated to the absorbed photon flux.l'”! Inset is a magnified image
of I-t curve under 0.4 pW illumination, in which a distinct
switching behavior with 13 nA photocurrent can be observed.
The photocurrent increases to 1.72 HA (steady state) when
the incident light intensity reaches to 385 puW, with a high
photodark current ratio of around 1700. It should be noted that
the current signal shows sharp positive spikes and tiny nega-
tive spikes, especially when the light intensity is stronger than
8.7 UW. The appearance of spikes is very common in the TiO,
based optoelectronic devices, which is caused by the initial
electron-hole pair separation in the depletion layer and/or the
local capacitance effects.*!#3] In fact, the Ag NWs/TiO,/FTO
device can also be regarded as a capacitor with a thickness of
200 nm. Its capacitance may be affected by the light (or the
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Figure 4. a) Photoswitching behaviors of the self-powered photodetector under different light intensity. Inset is a magnified image of |-t curve under
0.4 uW illumination. b) Photocurrent and responsivity as a function of power density at 350 nm. c) Single period of pulse response measured at 0 V

bias. d) Spectral photoresponse and gain of the self-powered photodetector.
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heat generated by incident light). Therefore, periodic illumina-
tion will result in a fast charge and discharge cycle. The current
generated during charging and discharging process is reversed,
so there exist spikes in both the rise and fall time-dependent
photoresponse. The amount of transferred charge during
charging and discharging process should be equal, but the posi-
tive spikes are much larger than negative ones. This implies
that the initial e-h pair separation in the depletion layer plays
a more significant role in generating positive spikes upon UV
illumination. Such a positive spike current will decay to a con-
stant value until the generation and recombination of e-h pairs
achieve an equilibration. Therefore, a lower steady state photo-
current has been obtained. The quantitative dependence of the
steady state photocurrent on the light power density is plotted
in Figure 4b, which can be well fitted to a power law, as shown
in Equation (1)

I, <P? 1)

Here, P is the light power density and 8 is a factor that
determines the response of the photocurrent to power density.
The fitting can give a linear behavior, in which f is found to
be 0.687. Such a nonunity exponent (0.5 < 8 < 1) suggests a
complex process in the transparent devices, including the gen-
eration, separation, recombination, and trapping of electron—
hole pairs.*! Normally, responsivity (R) is a key evaluation
parameter for photodetectors, and can be expressed as the
following Equation (2)44

R=I,/(P-S5) @)

where I, is the photocurrent, P is the light power density,
and S is the effective illumination area. The R values with
various light power density were calculated and summarized in
Figure 4b. It is clear that R decreases with the increase of power
density. At the power density of 3.18 UW cm™2, the responsivity
of our transparent device can reach to 32.5 mA W1, comparable
to those of previously reported examples (Table 1). According to
the value of R, two other important figure of merits can be eval-
uated.33*54%] The corresponding detectivity (D) and the noise
equivalent power (NEP) are often described by Equations (3)
and (4)

Table 1. The performance of the self-powered UV photodetectors.

D=R/\2]: ®)

NEP =1, /R\29/I, (4)

where q is electronic charge, 4 is the dark current density, and
I, is the dark current. The detectivity is independent of device
area and found to be =6 x 10° Jones, comparable to those of
previously works.>*#l Moreover, the device shows the lowest
possible intensity of =1 pW verified by the noise equivalent
power.

In addition, the response time is a crucial parameter of photo-
detectors, particularly for the applications in motion detection,
dynamic imaging, and high-frequency optical communication.l
To measure the real response time of the transparent photo-
detector, a pulse laser (355 nm) was used as the UV light source,
and the photogenerated electric signals were recorded in real-
time with an oscilloscope. Figure 4c shows the pulse response
of the device at 0 V bias. Surprisingly, the rise time (t, defined
as the time required for output signal changing from 10 to 90%
of the peak output value) is found to be 44 ns. The fall time
(t, defined as the time required for output signal changing from
90 to 10% of the peak output value) is about 1.85 us. Note that this
response speed is among the best performance of self-powered
UV photodetectors, as summarized in Table 1. It is well known
that the response speed of a photodetector is strongly related
to kinetics during transport and collection of photogenerated
carriers. Similar to the ZnO/GaN nanoscale p—n junctions
reported by Yu and co-workers,?®! the ultrafast response of our
transparent devices is dominated by the drift time of carriers
inside the depletion layer of Schottky junction. The charge car-
riers in the sandwiched structure are separated along the thick-
ness direction, which is consistent with the direction of built-in
electric field formed by the Schottky junction. The path length
over which charge carriers diffuse is shorter than 200 nm (i.e.,
the thickness of TiO, film, see Figure 1b). Therefore, the sand-
wich structure makes full use of the local electric field to ensure
very efficient and fast collection of the photogenerated carriers.
Reducing the film thickness may further increase the response
speed, but it concurrently sacrifices light absorption and
increases the leakage current. Therefore, a thickness of =200 nm
was chosen in our photodetectors.

Photodetector Wavelength Responsitivy Rise time Fall time Photodark current ratio Ref.
FTO/TiO,/Ag NWs 350 nm 32.5 mA W 44 ns 1.849 us 1.7x10° This work
TiO,/NiO 350 nm 65 LA W 12 71 14 [47]
n-Ga,03/n-ZnO 251 nm 9.7 mA W' 0.1 ms 0.9 ms >10? [48]
Pt/GaN/Ni uv 30 mA W' <0.1s <0.1s 4.67 x10° [49]
ZnO MSM 365 nm 20 mA W' 710 ns 4us - [50]
Au/B-Ga,0s 254 nm 0.01 mA W-' 1us 60 s =15 [51]
ZnO/graphene 380 nm 39 mA W 37 us 330 us - [52]
SnO,-MS@TiO, 365 nm 100 mA W' 7 ms 6 ms 1.15%x10° [53]
TiO,/Ag NWs 350 nm 1.1 mA W™ 2ms 47 ms 1.54x10° [54]
ZnO/CuCrO, 395 nm 5.87 mA W' 32us 35us - [55]
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Next, we investigated the spectra response of the trans-
parent photodetector. The wavelength dependent response was
measured by illuminating the device with a tunable mono-
chromatic light source. Figure 4d shows the spectroscopic
photoresponse of our self-powered photodetector to the light
of different wavelengths (200-450 nm). It can be seen that
the responsivity to an incident light with wavelength greater
than 400 nm is rather low, suggesting that the UV photode-
tector presented here is intrinsically “visible-blind,” which is
very attractive in the field of flame sensing, missile guidance
systems, and UV communications.’”! The responsivity gradu-
ally increases with the decrease of wavelength and exhibits the
maximum at 210 nm. The photoconductive gain (G) is another
important parameter, defined as a number of detected carriers
per absorbed photon.’®! Tt can be calculated by a version of
Equation (5)

G=R-h-c/(A-q) 5)

Here, R is the responsivity, h is the Planck constant, ¢
is the speed of light, 4 is the wavelength, and g is electronic
charge. The corresponding gain curve is plotted in Figure 4d,
showing a similar trend to the responsivity. As we know, UV
light is divided into three regions based on its wavelength,
namely, UVC (200-280 nm), UVB (280-320 nm), and UVA

(320400 nm).>”) Notably, the detection wavelength range of our
transparent photodetector can cover the entire UV band. Such
a broadband response capability is superior to those reported
self-powered UV photodetectors.*851 This is attributed to the
absorption of TiO, films and the enhanced transparency of Ag
NWs electrodes at short wavelengths (see Figure 2c).

Since the device is transparent, omnidirectionality is another
potential advantage, as the UV light can illuminate from both
sides.®) The incident angle-dependent photoresponsivity
is an important feature of transparent photodetector. We
believe that incident angle dependency is closely related to
the symmetry of the device. As shown in Figure 5a, the trans-
parent photodetector is rotationally symmetric in the x—y plane.
So the photoresponse will not change with the rotation angle
(6, defined as the angle in the x—y plane at which the device
is rotated from its initial position). Figure 5b shows the 360°
transient photoresponse under pulsating light, in which the
steady-state current remains the same. However, the device
is asymmetrical in the thickness direction (z axis). Although
the UV light can illuminate from both sides, the generated
photoresponse was different from each other. Figure 5¢ shows
the transient photoresponse of one device under 365 nm UV
illumination. The photocurrent with the front illumination
(from the Ag NWs side) is higher than that with back illumina-
tion (from the FTO side). This is because the transmittance of
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Figure 5. a) An illustration of the rotationally symmetric photodetector. b) The 360° photoswitching behaviors of the transparent photodetector with
different rotation angle. c) The transient photoresponse of the transparent photodetector with front and back illumination.

Adv. Funct. Mater. 2019, 29, 1809013 1809013 (7 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(a)

3. Wireless
communication

1. Input
signals

2. Signal conversion

20

www.afm-journal.de

4. Output
signals

(b)
18

16
14 .
12 \

Current (nA)

8-
64
4

o 11

welcome to use

CH Decoder

Result:

wvelcome to use

CU Decoder

Result:

24
04- {11/ — |

XJTU1896

T T T T

T
0 20 40 60 80 100
Time (s)

T
0 before

after

Figure 6. a) Schematic diagram of the UV communication system based on the self-powered UV photodetector. b) Morse code for four letters “XJTU”
and four numbers “1896” as the received signals. c) A proof of concept of the UV communication system. d,e) The decoding result before and after

receiving signals.

Ag NWs in the UV region is higher than that of FTO electrode.
As shown in Figure 2¢, FTO glass substrate has a significant
absorption in the deep UV range, photons are blocked from
reaching the TiO, layer. So the photoresponse of UVC can only
be obtained from the front illumination. The device has almost
no photoresponse to UVC under the back illumination. Such a
unique response difference can help us to quickly determine
whether the incident light is UVC.

Taking advantage of its high responsivity and ultrafast
response speed, we further designed a UV communication
system based on our transparent photodetector as a self-powered
signal receiver, as shown in Figure 6a. To test the feasibility
of alpha-numeric data communication, the input signals
“XJTU1896” were first encrypted by international Morse code
(details can be found in Figure S4, Supporting Information).
After signal conversion, the message was sent by a program-
controlled UV light emitting diode (LED) with a center wave-
length of 270 nm (the light intensity is =350 uW). The UV sig-
nals were wirelessly transmitted in free space and recognized by
the transparent photodetector. We measured the current signals
generated by the photodetector and draw them in Figure 6b. As
can be seen from the I-t curve, it shows a sequence of three
communication states, namely, dot, dash, and silence. The
signal to noise ratio is up to 2000. After decoding these dot and
dash sequences, the four characters “XJTU” and four numbers
“1896” are then obtained. Figure 6¢ shows the proof of con-
cept of the UV communication system, in which a decoding
module and a color display are used for visualization. The cir-
cuit diagram and corresponding decoding mechanism can be
found in Figures S5 and S6 (Supporting Information). After

Adv. Funct. Mater. 2019, 29, 1809013
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connecting the photodetector to the decoding module, the
received UV signals can be converted to text. As shown in
Figure 6d,e, the output signals of “XJTU1896” are precisely pre-
sented on the color display, which strongly proved the feasibility
of the UV communication system. Since the information is
compiled by the Morse code, and the information carrier is solar
blind UV light (invisible to the human eye), this is a highly con-
fidential way of communication. Along with the features such as
high speed, low energy consumption, and anti-electromagnetic
interference, the transparent photodetector-based communica-
tion system shows great potential in a wide range of applications.

3. Conclusion

In conclusion, a fully transparent UV photodetector based
on TiO, thin film is fabricated by facile solution-processing
method. The optical transmission of the whole device is up
to 70% in the visible range. Due to the asymmetric Schottky
junctions formed in the sandwiched structure, the device can
operate without external power sources. An ultrafast response
speed of 44 ns is achieved in the transparent photodetector as
a result of efficient separation of photogenerated carriers. As a
proof of concept, the UV communication system based on the
transparent photodetector has been developed, and its capa-
bility of data communication has been well demonstrated. The
combination of high optical transparency and self-power ability,
as well as excellent device performance metrics, make the Ag
NWs/TiO,/FTO sandwich structure an attractive approach to
realizing transparent optoelectronic devices.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

Materials Synthesis: TiO, precursor was synthesized using a sol-gel
method at room temperature. 9 mL ethylene glycol monomethyl ether
(AR, Sinopharm Chemical Reagent Co., Ltd.) and 3 mL tetrabutyl titanate
(99%, Tianjin Tianli Chemical Reagents Ltd.) were mixed by vigorous
stirring. Then, 2 mL acetic anhydride (AR, Sinopharm Chemical Reagent
Co., Ltd.) was added drop-wise as stabilizer. The resulting mixture was
stirred for 3 h and aged overnight to get a light yellow transparent
colloidal suspension, as shown in Figure T1a.

Device Fabrication: The FTO substrates (15 X 15 mm? sheets) were
sequentially cleaned in an ultrasonic bath with acetone, ethanol, and
deionized water. TiO, thin films were deposited by spin-coating the
precursor on FTO substrates at a speed of 4000 rpm for 20 s. The film
was immediately baked at 350 °C to remove the residual organics. The
spin coating and bake treatments were repeated three times to obtain a
desired thickness. Finally, the films were annealed at 550 °C with a rapid
thermal processor in air. The top electrode was fabricated by directly
drop casting Ag NWs dispersion (Nanjing XFNANO Materials Tech Co.
Ltd) on the surface of annealed TiO, thin films.

Characterization: The TiO, film structure was characterized by XRD
(X’Pert Pro) with Cu Ka radiation. Raman spectra of the annealed TiO,
film was recorded by a Raman spectroscopy (LabRAM HR Evolution)
with a 532 nm laser. The morphologies of the TiO, film and Ag NWs
electrodes were observed by SEM (FEI Quanta 250 FEG). TEM images
were obtained from a Jeol JEM-2100 Plus microscope. Transmittance of
all electrodes and devices were estimated by a UV-VIS—NIR spectrometer
(PE Lambda 950). Photoelectric performances were analyzed by a digital
sourcemeter (Keithley 2410) and a tunable monochromatic light source
(Omni—Abright). Unless otherwise stated, samples were vertically
illuminated form the Ag NWs side. The light intensity was adjusted
with a NOVA Il power meter (OPHIR photonics). The response speed
was measured by a home-made transient photoresponse measurement
system containing a pulse laser (355 nm). All measurements were
performed in air at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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