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Self-powered UV photodetectors (PDs) functioning without any power supply are urgently needed in
modern optoelectronic devices from the viewpoint of being energy saving, portable and miniature. In
this work, we report a novel heterojunction structure on a large scale based on n-type TiO, nanowells
and p-type NiO mesoporous nanosheets in an economic route. The novel synthesis strategy using thin-
layers of TiO, nanowells instead of conventional anodic nanotube geometry enables faster charge
carrier transport through a shorter diffusion pathway along the lateral direction; and the flower-like
morphology of NiO nanosheets guarantees the interfacial active reaction sites to UV light exposure,

Received 4th September 2016, which takes great advantages of the p—n junction area to enhance the generation of electron-hole

Accepted 28th September 2016 pairs. The hybrid PD performed in a self-powered mode is carefully explored which shows an enhanced
photoresponse including good responsivity, excellent wavelength selectivity and high stability. This work

presented here opens up new avenues for developing high-performance energy-efficient devices

DOI: 10.1039/c6tc03830a

Published on 28 September 2016. Downloaded by Fudan University on 19/11/2016 07:56:53.

www.rsc.org/MaterialsC economically with a large area.

Introduction

UV photodetectors (PDs), which convert UV radiation signals to
electronic ones, have been capturing intensive attention for a
variety of industrial and military applications, including optical
communications,' environment monitoring,” chemical/biological
sensing,®™ future memory storage®® and optoelectronic circuits.”*°
In particular, UV PDs operating without consuming an external
power source, namely self-powered UV PDs, are urgently needed
to meet the evolution of modern electronic systems in the trend
of being energy saving, portable and miniature.”* For example,
the self-powered PDs are essentially desirable for astronautical
exploration, as the extra weight of the electrical power source
will dramatically increase the launch cost.’* To date, great
progress has been made in fabricating self-powered UV PDs
through the construction of p-n junctions, Schottky junctions
and heterojunctions due to the efficient separation ability of
photo-excited electron-hole pairs by the photovoltaic effect.**™*”
However, many problems still exist in these devices, such as
complicated and expensive preparation processes, large lattice
mismatch between hybrid materials and also the difficulty in
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scaling up for a large-area manufacture. Thus, an economic
strategy is highly desirable to fabricate high performance self-
powered UV PDs on a large scale.

Nowadays, the use of low-dimensional wide-bandgap semi-
conductor nanomaterials, such as ZnO,'® TiO,,'° SnO,,*°
ZnS,*"*> Nb,05>* and GaN,'* has attracted intense attention
to develop high performance UV PDs.'® Among them, TiO, is an
increasingly well-studied semiconductor material for considerable
energy- and environment-related applications owing to its biocom-
patibility, high stability and wide commercial availability.** 2
Especially, with a wide bandgap (~3.2 eV for anatase), TiO,
exhibits distinct UV absorption characteristics, making it an
ideal candidate for visible-blind UV light sensors."**”*® Although
various TiO,-based self-powered photoelectrochemical cell (PEC)
type detectors have been investigated recently,”** they always
suffer from the evaporation of electrolytes, resulting in a short
working life limiting the practical applications. In addition, due
to the fast recombination of photogenerated electron-hole pairs
in TiO, and the slow oxygen adsorption/desorption processes, the
photoresponse times for all-solid-state TiO,-based PDs tend to be
very slow (even tens of minutes)."® Thus, much work needs to be
conducted to develop all-solid-state, fast response speed self-
powered TiO,-based PDs. According to previous studies,"**7*
nickel oxide (NiO) as a typical wide-bandgap material (E; ~ 3.5 eV)
is extensively used in the construction of a p-n junction owing
to its high hole mobility, high p-type concentration and low
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cost production. The TiO,/NiO heterostructures are well-
demonstrated in a variety of applications, such as water splitting,
photocatalysts, supercapacitors and lithium ion batteries,>**°
due to their superior separation capability of photogenerated
electron-hole pairs. Nevertheless, the self-powered UV PDs based
on TiO,/NiO p-n junctions are still scarce.

Herein, we demonstrate a hybrid PD functioning in a self-
powered mode by constructing heterojunctions based on well-
aligned n-type TiO, nanowell arrays and p-type NiO mesoporous
nanosheets. The utilization of TiO, nanowells instead of con-
ventional anodic nanotube (NT) geometry is to ensure a shorter
diffusion path and a faster photoresponse as a self-powered
device. The introduction of NiO mesoporous nanosheets in a
flower-like morphology remarkably enhances light absorption
to generate more electron-hole pairs, privileges the interfacial
charge carrier transfer and largely decreases the charge carrier
recombination. The TiO,/NiO PD enables a highly efficient,
stable and visible-blind UV detector with excellent wavelength
selectivity in a self-powered mode. It is noteworthy that the scale
of the PD device is easily adjusted by the size of starting Ti
metals for anodization, which guarantees its feasibility for scale-
up in a large area. The strategy of constructing a TiO,-based p-n
junction configuration with a large area into optoelectronic
devices and the bottom-up low-cost device fabrication technique
envisages a strong impact on many future applications, such as
solar cells, image sensors, and photoelectronic switches.

Methodology
Preparation of anatase TiO, nanowells

The titanium foils (99.7% purity, 0.25 mm thick, Sigma Aldrich)
were ultrasonically cleaned in acetone, ethanol and deionized
water successively, and then dried in a nitrogen stream. The
preparation of TiO, NTs was carried out in a two-electrode
electrochemical cell with a Pt gauze as the counter electrode.*!
The Ti working anode was pressed together with an Al foil against
an O-ring, defining a working area of ~1.766 cm? (diameter of
1.5 cm). The anodization process was carried out at 45 V for 7-9 h
in the electrolyte containing 0.35 wt% NH,F (85% lactic acid),
and 10 vol% DMSO (dimethyl sulphoxide, >99%) using a
Keithley 2450 Sourcemeter. The as-anodized film was peeled off
by ultrasonicaton, leaving an ordered concave pattern in the Ti
substrate to generate TiO, nanowell layers. Then, the as-exposed
nanowell substrate was thermally treated at 450 °C in air for 2 h.

Synthesis of TiO,/NiO heterostructures

In a typical process (Scheme 1), nickel chloride (NiCl,-6H,O0,
0.24 mmol) and urea (CH4N,O, 4.8 mmol) were dissolved in
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Scheme 1 Illustration of the preparation processes of TiO,/NiO hybrids.
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100 mL of distilled water and stirred for 30 min in a glass bottle
with a blue lid. The anatase TiO, nanowells on Ti metal were
used directly as the substrate and placed at the bottom of the
bottle. Then the mixed solution was kept in an electric oven,
heated at 90 °C for 24 h and then cooled to room temperature
naturally. Finally, the substrate was washed with distilled water
and ethanol, respectively, and dried at 80 °C for 6 h to produce
TiO,/Ni(OH), hybrid structures. To obtain TiO,/NiO hetero-
structures, the as-prepared sample was heated to 450 °C at a
rate of 3 °C min~" in air and kept at 450 °C for 2 h. Finally, two
silver pastes with small area (& 0.003 cm®) were doctoral-bladed
onto the sample as two electrodes to construct PD device.
For comparison, anodic TiO, NTs on Ti foil were used as the
substrates to produce TiO, NTs/NiO composites instead of TiO,
nanowell substrates via a similar hydrothermal process, and
the composites were annealed in air at 450 °C for 2 h.

Analysis instruments

Sample morphologies were characterized using a field-emission
scanning electron microscope (FESEM, JSM-6701F) and a trans-
mission electron microscope (TEM, TECNAI G* S-TWIN). X-ray
diffraction (XRD) patterns were collected on a Bruker D8-A25
diffractometer using Cu K, radiation (/1 = 1.5405 A). The X-ray
photoelectron spectroscopy (XPS) spectra of the samples were
recorded using a Perkin Elmer PHI 5000 C ESCA system
equipped with a hemispherical electron energy analyzer, and
the Mg-Ku. (1253.6 eV) anode was operated at 14 kV and 20 mA.
The optical properties were investigated by optical diffuse
absorption spectra using a UV-vis spectrophotometer (Hitachi
U-4100) with an integrating sphere attachment.

Photoelectric measurements

The photoelectric performance was analysed using a program-
controlled semiconductor characterization system (Keithley
4200, USA). A 300 W xenon arc lamp and a monochromator with
a series of band pass filters were used to produce the monochro-
matic light. The light intensity was measured using a NOVA II
power meter (OPHIR photonics). The spectral photoresponse was
measured from 280 to 600 nm. All the measurements were
performed at room temperature under ambient conditions.

Results and discussion

The typical scanning electron microscopy (SEM) images of the
different TiO,-based nanostructures are presented in Fig. 1. The
anodized TiO, NT arrays show a top-opened tubular morphology
in a self-organization manner with an average outer tube
diameter of approximately 205 nm (Fig. 1a). All the tubes are
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Fig.1 (a and c) Plane-view and (b and d) side-view SEM images of TiO,
nanotube arrays and TiO, nanowells, respectively.

arranged perpendicular to the Ti substrate with a film thickness
of ~2.53 pum (Fig. 1b). As the anodized nanotubes are
amorphous,*>™* they can be easily removed in an ultrasonication
bath, leaving behind the highly ordered shallowed nanoconcave
patterns on the Ti foil surface, i.e., TiO, nanowells, as shown in
Fig. 1c and d from both plane- and lateral-views. The TiO,
nanowells demonstrate two-dimensional periodicity without
cracking, with an average diameter of 200 nm. The thickness of
the TiO, nanowell film is approximately 145 nm (Fig. S1, ESIt),
which is promising for charge carrier transportation in the lateral
direction owing to a shorter diffusion pathway compared to TiO,
NT arrays and beneficial for faster photodetection.'® In addition,
as the nanoconcaved structural basis is easily formed by a facile
electrochemical method, the scale of the PD devices can be
readily adjusted by the size of Ti foils, which guarantees its
feasibility for scale-up in an economic way.

The structural morphologies of TiO, nanowell/NiO
nanosheet heterostructures (namely TiO,/NiO hybrids below)
are displayed in Fig. 2. The thin layers of NiO nanosheets are
grown homogeneously on top of the TiO, nanowell surface
assembled in the form of an interconnected network to form
a flower-like morphology. This rationalized configuration is
beneficial for the NiO/TiO, interfacial active reaction sites to
be fully exposed to UV light, which helps harvest more light to
enhance the generation of electron-hole pairs. Interestingly, it
can be readily observed that numerous mesopores are created
in the sheet-like NiO films through dehydration after sintering
as indicated from the high-resolution SEM images in Fig. 2c,
which is also favourable for more light intake by the under-
neath TiO,. From the cross-sectional SEM images in Fig. 2d,
each NiO nanosheet grows like a flower petal attached to the
surface of TiO, nanowells with mean height approximately
700 nm. Transmission electron microscopy (TEM) images show
more detailed information on the morphological and structural
features of NiO as depicted in Fig. 3. The NiO nanosheets
possess a large number of mesopores with diameters smaller

10034 | J Mater. Chem. C, 2016, 4, 10032-10039

Fig. 2 (a—-c) Plane-view and (d) side-view SEM images of TiO,/NiO
hybrids.

than 10 nm, in good agreement with the SEM results in Fig. 2.
The distinct lattice fringes correspond well to the (111) plane of
cubic phase NiO with a spacing of 0.25 nm, supported by the
high-resolution TEM image in Fig. 3a,. Selected area electron
diffraction (SAED) patterns (Fig. 3b,) show a series of bright
concentric rings, which represent the polycrystalline nature of
NiO. With careful calculations, the first three diffraction rings

Fig. 3 (a and b) TEM images of mesoporous NiO nanosheets and (a; and
by) their corresponding magnification images. (a) HRTEM images with
lattice fringes designated by the white square in (aj). (b,) The selected area
electron diffraction (SAED) patterns of NiO nanosheets.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 XRD patterns of TiO, nanowells, NiO nanosheets and TiO,/NiO
hybrids.

(from the inside to the outside) are interpreted as plane (111),
(200) and (220) reflections of NiO, respectively.

X-ray diffraction (XRD) patterns of TiO, nanowells and TiO,/
NiO hybrids are displayed in Fig. 4. A major peak centred at
25.3° assigned to the (101) facet of anatase TiO, (JCPDS card
no. 21-1272), can be observed for both TiO, and TiO,/NiO
hybrids. Other peaks agreed well with Ti metal (JCPDS no.
1-1197) are so strong and sharp that the signals for NiO in the
TiO,/NiO hybrids are undetectable. As a result, we intentionally
scratched off NiO from the Ti substrate and then performed
XRD on the powdery sample. The results show that five broad
diffraction peaks are indexed at 20 = 37.2°, 43.2°, 62.8°, 75.5°
and 79.4°, which correspond to the (110), (200), (220), (311),
and (222) reflections of the NiO cubic phase (JCPDS no.
47-1049) with lower crystallinity,>® which further confirmed
the successful fabrication of NiO onto the TiO, surface on a
Ti substrate.

X-ray photoelectron spectroscopy (XPS) analysis was performed
to further study the chemical composition and the oxidation
states of the as-prepared samples. Fig. 5a shows the survey XPS
spectra of TiO,/NiO hybrids, where the peaks of Ti are from
TiO,, and the Ni peak indicates the presence of NiO. The C
element could be originated from the adventitious carbon-based
contaminant, and the binding energy for the C 1s peak at
284.6 eV was used as the reference for calibration. The high
resolution XPS spectra for the Ni 2p peak of the pure NiO
sample and TiO,/NiO hybrids are indicated in Fig. 5b. Both
show two major peaks centred at ~853.9 and 871.6 eV with a
spin-energy separation of 17.7 eV, corresponding to Ni 2p** and
Ni 2p"/?, respectively, accompanied by extra two sets of peaks
located at higher binding-energy sides being correlated with
their satellite peaks."® The typical characteristic of Ni in Ni-O
bonds undoubtedly verifies the existence of NiO in TiO,/NiO
hybrids, consistent with the XRD results. Fig. 5c compares the
high resolution O 1s XPS spectra of TiO, nanowells, NiO
nanosheets and TiO,/NiO hybrids. Characteristic peaks of both
Ti~O-Ti*>"*® and Ni-O*” groups can be detected in the TiO,/NiO
hybrids, also confirming the successful NiO loading onto TiO,
nanowells. The dominant OH groups for TiO,/NiO hybrids are

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 XPS spectra of TiO, nanowells, NiO nanosheets and TiO,/NiO
hybrids: (a) survey scan, (b) Ni 2p, (c) O 1s, (d) Ti 2p XPS spectrum.

found at 530.9 eV with high intensity mainly arising from the
incomplete dehydration of Ni(OH), at 450 °C.*® The spin-energy
separation of ~5.8 eV between Ti 2p*? (463.6 V) and Ti 2p*?
(457.9 eV) peaks indicates a normal chemical state of Ti** from
anatase TiO, species in the TiO, nanowell sample (Fig. 5d).*°
While TiO,/NiO hybrids exhibit a binding energy shift towards
higher energy by 0.4 eV for Ti 2p, which is possibly caused by the
introduction of NiO into the hybrid system through the for-
mation of p-n junctions between NiO and TiO,.*”*% A decrease
of the electron density of Ti** in the TiO,/NiO hybrids is possibly
due to the electron transfer from TiO, to the more electro-
negative Ni0.**>°

The optical properties of TiO, nanowells and TiO,/NiO
hybrids are determined by UV-vis diffuse absorption spectra
as shown in Fig. 6. Interestingly, both samples exhibit strong
light absorption in the visible range (400-700) due to their
selective light absorption of the photonic bandgaps (periodicity
of nanoconcaved patterns in the Ti surface), leading to colorful
sample appearances, and could be possibly useful in preparing
photonic crystal materials.** The color of TiO, nanowells changes
from purple to blue after hybridizing with NiO nanosheets (insets
in Fig. 6a). The broad absorption peak centered at 495 nm for
TiO, nanowells correspondingly shifts to 650 nm for TiO,/NiO
hybrids.

While in the UV-range (220-400 nm), the TiO,/NiO hybrids
exhibit a higher absorption in contrast to pristine TiO, nano-
wells, suggesting excellent UV light absorption of the composite.
The energy band gap (E;) can be estimated by the conventional
Tauc equation:** >3

ahv = A(hv — Eg)"? (1)

where « is the absorption coefficient; sv is the photon energy; A
is the constant; n = 1 for a directly allowed transition and n = 4
for an indirectly allowed transition. The corresponding Kubelka-
Munk transformed spectra are shown in Fig. 6b, where the slopes
of the tangents on the horizontal axis are bandgap energies.
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Fig. 6 (a) UV-vis diffuse absorption spectra and (b) the corresponding plot
analysis of the optical band gap of TiO, nanowells and TiO,/NiO hybrids.
Insets in (a) show the optical graphs.

The calculated E; is estimated to be about 3.21 eV for TiO,
nanowells (corresponding to the absorption edge of ~386 nm)
and ~2.85 eV for TiO,/NiO hybrids (corresponding to the
absorption edge of ~435 nm). The decreased bandgap of
composites results in enhancement of light absorption, suggesting
a positive effect by the introduction of NiO species.

The electrical and UV detection properties of PDs were
carefully examined using a two-probe method under ambient
conditions and monochromatic illumination based on TiO,
nanowells, pure NiO nanosheets on glass substrates and TiO,/
NiO hybrids, and the results are shown in Fig. S2 (ESI{) and
Fig. 7. The symmetric current-voltage (I-V) characteristics
under dark reveal the existence of a Schottky junction owing
to the Ag/TiO, contacts for the TiO, nanowell detector (Fig. S2a,
ESIY). It is noteworthy that the M-S type configuration herein
has no self-powered features. For a pure NiO PD, the linear I-V
curve under dark indicates good ohmic contacts between Ag
electrodes and the NiO sample (Fig. S2b, ESIf). No photo-
response can be detected upon 350 nm light illumination.
Interestingly, the I-V curves of the TiO,/NiO hybrids PD feature
an excellent photovoltaic property with a short-circuit current
of 0.65 nA and an open circuit voltage V,. = 0.47 V (Fig. 7a). The
high V. of the hybrid PD is the main result of p-n junctions at
the NiO and TiO, interface, acting as a driving force to separate
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Fig. 7 (a) Typical -V curves for TiO,/NiO hybrids PD. (b) /-t curves during
light on—off switching tests at 0 V bias with 350 nm illumination. (c and d)
Enlarged portions of a 395-405 s range and a 545-565 s range corres-
ponding to light-off to light-on and light-on to light-off transitions,
respectively. Inset in (a) shows the device structure.

the photogenerated electron-hole pairs and produces photo-
current. Therefore, the device can work in a self-powered mode
without any external power supply.

Repeatability and response speed are the key parameters to
examine the capability of a PD. Fig. 7b shows the time-
dependent photocurrent responses illuminated by 350 nm UV
light at 0 V bias for TiO,/NiO hybrids PD, which represents good
stability and reproducibility without notable photocurrent-
decay. Two distinct states can be readily observed to reveal the
response and recovery speed of the hybrid PD, i.e., the on-state
under light illumination and the off-state in the dark, respectively.
The detected photocurrent at the on-state is ~375 pA and the dark
current at the off-state is ~25 pA (Fig. 7b). The photo-to-current
ratio ((Zigne — Idari)/Idari) is estimated to be ~ 14, suggesting a good
photosensitivity as a self-powered device. A cliffy rise and decay can
be clearly seen in the enlarged portions of a 395-405 s range and a
545-565 s range corresponding to the on-state and off-state,
respectively, as displayed in Fig. 7c and d. The rise time 7, (from
10 to 90% of the maximum photocurrent) and decay time tq4
(from 90 to 10% of the maximum photocurrent) are estimated to
be 1.2 s and 7.1 s, respectively, for the TiO,/NiO hybrids PD at
zero bias (Table 1), which are comparable to those of other self-
powered PDs.

The spectral responsivity (R;) is a critical parameter to
determine the sensitivity of optoelectronic devices.>** A larger
R, represents a higher sensitivity and is expressed as the
following equation:

R; = AI/(PS) 2

where Al is the difference between the photocurrent and the dark
current, P is the light power, S is the irradiated area on the
sample, 4 is the exciting wavelength. The calculated R; is as high
as 42 pA W~ " under light illumination of 350 nm (a light intensity
of 1.2 mW cm™?) at 0 V bias as shown in Fig. 8a. The self-powered
TiO,/NiO hybrids PD is intrinsically “visible-light-blind” with a

This journal is © The Royal Society of Chemistry 2016
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Table 1 Comparison of the characteristic parameters of different photodetectors

Photodetector Wavelength (nm) Power density Bias (V) Photocurrent Rise time Decay time Ref.
TiO, nanotubes 320 — 3 53 A min min 19
Ni/TiO,/Ni 250 15 yW m~? 5 52.91 pA 13.34 ms 11.43 s 55
Sn0O,/NiO 254 8 W 5 — 17 s 9s 13
ZnO/NiO 365 — -3 450 pA 12.7 s 6.4 s 15
ZnO/Sn0O, 300 0.45 mW cm 2 10 7.9 nA 32.2s 7.8s 56
Carbon/ZnO 355 0.58 mW cm > 0 2 nA ~1s <20s 57
Graphene/ZnO 365 1.3 mW m > 0 6.7 nA 3s 0.5s 58
Polyaniline/MgZnO 250 130 pW m™? 0 15 pA <03s <03s 59
Cu Nanowire/ZnO 360 0.8 mW m 2 0 70 pA < 0.5s > 30s 60
TiO,/Si 365 11.2 yW m~? 0 ~4 nA — > 10s 61
TiO,/NiO 350 1.2 mW m—? 0 375 pA 1.2s 7.1s This work

cut-off wavelength of about 400 nm. Note that the responsivity
drops 16 times at the visible light range as compared with the
highest value (x~65 pA W' at 290 nm with a light intensity of
0.54 mW cm™?).

Moreover, the detectivity D* reflects the ability to detect the
weak signals from the noise environment. By assuming that the
shot noise from the dark current is the major contributor, it can
be calculated as:**%

D* = R;/(2q148)"* (3)

where I is the dark current, g is the unit charge. Owing to the
suppressed dark current, D* is as high as 1.1 x 10° Jones at a
wavelength of 350 nm. It is noteworthy that the high D* in this
work is acquired at zero bias, comparable to the recent-reported
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Fig. 8 (a) Spectral photoresponse for device TiO,/NiO hybrids. (b) Dia-
gram of the band alignment. Inset in (a) shows the light intensity depen-
dence of photocurrent under 350 nm UV light illumination.
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CuO/Si self-powered PD,*® and also in contrast to high external
bias reported previously.>®® The inset in Fig. 8a plots the
variation of photocurrent generated by the self-powered TiO,/
NiO hybrids PD against light intensity upon 350 nm light
illumination at 0 V bias. The photocurrent increases with light
intensity, consistent with the fact that the charge carrier
photogeneration efficiency is proportional to the absorbed
photon flux. The nonlinear relationship between photocurrent
and light intensity obeys the power law, I ~ P°% suggesting a
complex process of electron-hole generation, recombination,
and trapping within the device.'®**¢

The self-powered behaviour of the hybrid PD in this study
can be mainly ascribed to the following reasons. (1) The hybrid
device configuration based on NiO mesoporous nanosheets
stacking into a flower-like morphology on the TiO, surface
(SEM images in Fig. 2) guarantees the interfacial active reaction
sites between NiO and TiO, to be fully exposed to UV light,
which takes most advantages of the junction area to enhance
the generation of photoinduced electron-hole pairs. (2) The
thin layer of TiO, nanowells (~145 nm-thick) enables faster
charge carrier transportation in the lateral direction via a
shorter diffusion pathway compared to TiO, NT arrays'® and
is beneficial for better photodetection. This is further verified
by I-V measurements (Fig. S3, ESIf) performed on the p-n
junction hybrid device based on conventional anodic TiO, NT
arrays and NiO nanosheets (denoted TiO, NTs/NiO composites),
which features rectifying characteristics due to the presence of
p-n junctions. But it cannot function in self-powered mode at
zero bias as the increased intercrystalline contacts as well as the
extended electron transportation path in the vertical direction
along the tubes result in faster electron-hole recombination
when using vertically-oriented tubular geometry.®:>*6%¢9

Moreover, the photocurrent during UV light on-off switching
tests measured at 1.0 V for the TiO, NTs/NiO composites PD is
unstable with remarkable decay as well as slower response times
(i.e, 7 = 3.5 55 1q = 12.2 s) (Fig. S4, ESIt), indicating that the
device configuration plays a significant role in the photoelectric
performance.

On the basis of the above experimental results and theoretical
analysis, a proposed energy band structure diagram of the self-
powered TiO,/NiO hybrids PD is elucidated in Fig. 8b. When
p-type NiO and n-type TiO, form a heterojunction, a depletion
region is developed at the interface by carrier diffusion under
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thermal equilibrium conditions, and it gives a built-in electric
field which changes the band bending at the interface and
provides a driving force for the separation of electrons and
holes.’*”7° Upon above-bandgap light illumination, the
photo-generated electron-hole pairs could be separated at a
faster rate by the built-in electric field inside the depletion
region. Forced by the electric field, the electrons are directed to
the conduction band of the n-type TiO, while the holes are
moved towards the valence band of the p-type NiO, leading to
the generation of a photovoltaic current in the external circuit.
In addition, the minority carriers generated within the diffusion
length from the depletion region could also diffuse to the
depletion region and be extracted by the built-in electric field.
The photovoltage is a result of the energy difference between the
Fermi levels of NiO and TiO, under illumination. This photo-
voltaic effect enables the current device to sense UV light with-
out any external energy supply.

Conclusions

In summary, a novel type of self-powered UV PD is successfully
achieved based on n-type TiO, nanowells and p-type NiO
mesoporous nanosheets with a large area in a low-cost fabrication
strategy. The TiO, nanowells are obtained in situ with periodically
patterned nanoconcaves in the Ti substrate, which is beneficial for
the separation of electron-hole pairs in the lateral direction,
leading to better photoelectric performance compared to the
conventional NT-based counterparts. The rationalized configuration
of NiO flower-like stacking geometry makes the most use of the
junction area for light absorption. The hybrid PD based on p-n
junctions functions well in a self-powered mode with good
responsivity, high stability and excellent wavelength selectivity.
Note that the device scale can be easily adjusted by the size of
the Ti starting material for anodization. This work presents us
an effective and facile route for fabricating high performance
self-powered PDs with a large area, suggesting potential applications
in future optoelectronic devices without using external power supply.
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