
Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

Full paper

Face-to-face intercrossed ZnO nanorod arrays with extensive NR-NR
homojunctions for a highly sensitive and self-powered ultraviolet
photodetector

Changsong Chena,c, Baofa Hua, Zhen Wanga, Xueqin Lva, Chunquan Zhanga, Binbin Chena,
Haisheng Sana,b,∗, Werner Hofmanna,c

a Pen-Tung Sah Institute of Micro-Nano Science and Technology, Xiamen University, Xiamen, 361005, China
b Shenzhen Research Institute of Xiamen University, Shenzhen, 518000, China
c Institute of Solid State Physics, Technical University of Berlin, Berlin, 10623, Germany

A R T I C L E I N F O

Keywords:
UV photodetection
Self-powered device
ZnO nanorod arrays
Face-to-face hybrid
ZnO nanostructure homojunction

A B S T R A C T

A self-powering ultraviolet photodetector (UVPD) that effectively utilizes UV energy in an easy-to-implement
way is an attractive alternative for the UV optical sensing and communication. Here we report a novel self-
powered UVPD based on a face-to-face hybrid ZnO nanorod arrays (ZNRAs) nanostructure. Large-area free-
standing ZNRAs have been grown on indium tin oxide (ITO) conductive glass and Ti substrates through a hy-
drothermal method. Different geometric dimension of ZNRAs/ITO and ZNRAs/Ti structures were designed to
pair hybrid each other for achieving the optimum photoelectric performance. Experimentally, it is found that the
optimum UVPD based on face-to-face hybrid ITO/l-ZNRAs/l-ZNRAs/Ti structure exhibits an enhancement of
‘1+1>2’ in photoelectric conversion without applying any external DC voltage when compared with single-
face ZNRAs-based UVPDs, and the optimum UVPD demonstrates a responsivity of 2.45 mA W−1 and on/off
current ratio of 6.6×105 under a UV irradiation of 3.06 μWcm−2 as well as a high durability with a cyclic
balance of no less than 93.5% in a 4250-s on/off irradiation. The generation of self-power and the high pho-
toelectric performance of face-to-face hybrid ZNRAs-based UVPDs are associated to the Schottky junctions in
ITO/ZnO interface as well as the extensive ZnO nanorod-nanorod homojunction.

1. Introduction

Ultraviolet photodetectors (UVPDs) with high photoresponse and
long-term durability are highly desirable in various practical applica-
tions, such as flame alarm, early missile plume detection, and secure
space communication [1–4]. UVPDs based on photoconductive re-
sponse commonly utilize external DC voltage to separate the photo-
induced electron-hole pairs (EHPs) for photocurrent test, which are not
best choice for the sensing applications in remote and inaccessible lo-
cations where the maintain-free power sources are usually demanded. A
good strategy is to use the self-powered device capable of harvesting
energy from the surrounding environment to power its own electronic
devices and circuits. To meet continuous self-powered operations, the
photodetectors based on photovoltaic effect are able to be operated
without the demand of external bias [5–7]. Owing to the effective
presence of built-in potential in the functional heterojunction of pho-
todetectors, the photo-induced EHPs can be separated and transported

to contribute to the generation of photocurrent of devices without ex-
ternal bias.

Zinc oxide (ZnO), a wide direct bandgap semiconducting oxide
material (bandgap= 3.37 eV), has been extensively studied toward
realizing high-performance UVPDs due to its excellent performance in
UV photoconductivity and electron mobility [8]. Especially, one-di-
mensional (1-D) ZnO nanostructures have attracted tremendous atten-
tion because of its unique photoelectronic and chemical properties,
surface effect and quantum-size effect. Furthermore, three-dimensional
(3-D) ZnO nanostructure, e.g. free-standing ZnO nanorod arrays
(ZNRAs) [9] and ZnO nanotube arrays [10], can be self-assembled from
1-D ZnO nanostructures using low-cost solution-synthesized method on
a vast variety of substrates to provide multiple strategies for surface
functionalization and carrier transport [11,12]. In the past few years,
there has been an increasing interest in 1-D ZnO-based self-powered
UVPDs and their various applications [13–15]. However, the pure 1-D
ZnO nanostructure arrays generally have their own shortcomings, e.g.
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the lack of built-in potential for EHPs separating and high interface
resistance when contacting with a planar electrode. Interface en-
gineering is an effective way to improve the device performance by
optimizing the interfacial contact, energy band structure, barrier
height, depletion region, and surface defect states [16,17]. Recently it
has become a promising method to modify the interfacial physical and
chemical properties at the surface of ZnO nanostructures utilizing the
piezotronic effect, which is the coupling of semiconductor properties
and piezoelectric effects [15]. Researchers have engineered the valid
sensitization and separation mechanisms in ZnO-based photodetectors
by means of hybridizing ZnO with other materials, e.g. carbon allo-
tropes [18], noble metal [19], metal compounds [20] and auxiliary
semiconductors [12]. However, these 1-D ZnO-based composite na-
nostructures generally rely on the complicated preparation processes at
high cost, showing limited performances in photoresponsivity, re-
producibility and long-term durability [12].

In this work, a self-powered UV photodetector is presented based on
a novel face-to-face hybrid ZNRAs nanostructure. The unique 3-D na-
nostructure was assembled using two kinds of free-standing ZNRAs
nanostructures to face-to-face intercross together without extra het-
erogeneous modification. Owing to the formation of a large surface-to-
volume ratio of nanorod-nanorod (NR-NR) homojunction with built-in
potential perpendicular to nanorod surface, the novel nanostructure
enables a beneficial effect in the fast transportation and effective se-
paration of the photo-induced EHPs. As a result, the cyclic photo-
response and long-term durability of the photodetectors are sig-
nificantly enhanced. Although UVPDs based on ZnO nanostructures

have been extensively investigated, there were few reports about the
self-powered UVPDs based on such unique face-to-face hybrid ZNRAs
nanostructures.

2. Materials and methods

2.1. Synthesis of materials and fabrication of devices

The fabrication processes of the UVPDs based on face-to-face hybrid
ZNRAs nanostructure are schematically illustrated in Fig. 1. The free-
standing ZNRAs were prepared on indium tin oxide (ITO)/glass and
titanium (Ti) foil using a facile hydrothermal method. Before the hy-
drothermal treatment, the ITO/glass substrate and Ti foils (99.9%
purity) were cut into appropriate size (ITO/glass,
15mm×22mm×1.0mm; Ti, 10mm×20mm×0.2mm) and then
were degreased and cleaned using acetone, ethanol, and deionized
water in ultrasonic bath for 15min, respectively. After drying, the
Scotch tape was used to protect the backside of the Ti substrates. The
colloid seed solution was prepared by dissolving zinc acetate [Zn
(CH3COO)2·2H2O] in ethanol with a concentration of 0.05M. Several
drops of colloid seed solution were applied onto a cleaned substrate to
cover the entire substrate surface. The substrate was dried at room
temperature and then annealed at 300 °C in air for 30min. The pre-
cursor solution was prepared by dissolving 0.02M Polyethyleneimine
(PEI), 0.05M Zinc nitrate hexahydrate [Zn(NO3)2·6H2O], 0.05M hex-
amethylenetetramine ((CH2)6N4, HMTA) in deionized water. In order to
fabricate short ZNRAs (e.g. s-ZNRAs/Ti and s-ZNRAs/ITO) and long

Fig. 1. Schematic illustration of fabrication processes of UVPDs based on face-to-face hybrid ZNRAs-based nanostructure.

Fig. 2. Schematic structure of UVPDs based on face-to-face hybrid ZNRAs-based nanostructure and the photograph of the actual photodetector.
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ZNRAs (e.g. l-ZNRAs/Ti and l-ZNRAs/ITO), the temperature of hydro-
thermal treatment was controlled to 95 °C for 1 h and 5 h, respectively.
Next, the as-grown ZNRAs/ITO and ZNRAs/Ti were cleaned by deio-
nized water and annealed in Ar atmosphere at 400 °C for 2 h.

The ZNRAs/ITO and ZNRAs/Ti structures were assembled together
in a face-to-face way to form a hybrid device (ITO/ZNRAs/ZNRAs/Ti)
by a controllable cantilever system to guarantee the consistence of
pressure and overlap distance from sample to sample within each batch.
The upper and lower pressure plates in cantilever are controlled to
mechanically assemble the ZNRAs/ITO and ZNRAs/Ti sample together
with the determined height. Furthermore, the assembled devices were
sealed using hot glue (ethylene-vinyl acetate copolymer, EVA) at the
device edges to prevent physical and chemical damage, as illustrated in
Fig. 1. For a comparative study, four kinds of ZNRAs nanostructures,
e.g. s-ZNRAs/Ti, s-ZNRAs/ITO, l-ZNRAs/Ti, and l-ZNRAs/ITO, were
paired up to fabricate the face-to-face ZNRAs-based UVPDs (see in Fig.

S1 in the supporting information). For performing a comparison with
the face-to-face ZNRAs-based UVPDs, the single-face ZNRAs UVPDs
were also fabricated through assembling l-ZNRAs/ITO and l-ZNRAs/Ti
with bare Ti foil and bare ITO/glass, respectively. The active optical
areas of all of devices are 1.0 cm2. In order to ensure success of device
fabrication, same three devices were fabricated in each batch. The same
batch of ZNRAs was fabricated with stable process parameters. The
repeatability of experimental results has been verified and confirmed by
above consistent fabrications and measurements of three devices in
each batch.

2.2. Materials characterization and device measurements

The morphology and size of ZNRAs samples were characterized by
field emission scanning electron microscopy (FESEM, ZEISS micro-
scope, Germany). The crystal structures of ZNRAs samples were

Fig. 3. SEM images of (a) s-ZNRAs and (c) l-ZNRAs and the partial enlarged images of (b) s-ZNRAs and (d) l-ZNRAs; (e) SEM images of face-to-face hybrid s-ZNRAs/l-
ZNRAs nanostructure.
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characterized by X-ray diffraction analysis (XRD, Rigaku Ultima IV,
Japan). The Ultraviolet–visible light (UV–Vis) absorption and trans-
mittance spectral measurements of ZNRAs samples were performed
using a UV–Vis spectrophotometer (Cary 5000, USA). The photo-
response properties of the fabricated UVPDs were measured using an
electrochemical workstation (Chenhua CHI660E, China) under dark
and room temperature in a Faraday cage as shown in Fig. 2. A 3.08W
UV lamp (NICHIA NCSU033B, Japan) was used as the UV irradiation
source with tunable direct current power supply (Agilent E3631A,
USA). In the cyclic photoresponse test, the UV light was modulated by a
function waveform generator (Agilent 33250A, USA).

3. Results and discussion

As shown in Fig. 3, the SEM images of the ZNRAs samples demon-
strate a high surface-to-volume ratio, well-aligned orientation, and
hexagonal morphology feature. For the s-ZNRAs nanostructure, the
nanorods are about 0.8–1.0 μm in length and 150–200 nm in diameter
(see Fig. 3(a)–(b)). For the l-ZNRAs nanostructure, the nanorods are
about 4.0–5.0 μm in length and 700–800 nm in diameter (see
Fig. 3(c)–(d)). Fig. 3(e) and Fig. S2 shows the SEM image of the face-to-
face hybrid s-ZNRAs/l-ZNRAs nanostructure. It can be seen that up-side
of s-ZNRAs intercross with down-side of l-ZNRAs in a teeth-to-teeth
way. As a result, a high surface-to-volume ratio of NR-NR interface is
created along the length direction of nanorods through a fully surface
physical contact among ZnO nanorods.

It is found that from Fig. 3(b), a steeple-top with the crystal facet of
{101‾1} is observed on the top ends of the 1-h grown s-ZNRAs nanos-
tructure, whereas the steeple-top is changed into flat-top when the
hydrothermal growth time is increased to 5 h to form the l-ZNRAs na-
nostructure, as shown in Fig. 3(d). The typical 2θ peaks at 34.45° and
36.34° as shown in Fig. 4(a) were well indexed as the (002) and (101)
planes of ZnO (JCPDS card No. 36–1451), respectively. The peak height
ratio between (002) and (101) peak increases with growth time, in-
dicating that the growth direction of ZnO nanorods prefer to their c-axis
nearly normal to the substrate with the increase of growth time.
Fig. 4(b) shows a comparison of UV–Vis transmittance spectra of bare
ITO substrate, s-ZNRAs/ITO and l-ZNRAs/ITO samples. It is found that
all samples have a strong absorption for UV waveband, which is line
with the optical properties of wide band-gap semiconductor ZnO and
ITO. Furthermore, in comparison with the average 75% of transmit-
tance of ITO substrate in visible waveband, the average transmittance is
less than 50% for s-ZNRAs/ITO and 25% for l-ZNRAs/ITO. This can be
explained by the light scattering effect of nanorods arrays; that is to say,
the longer the length of nanorods are, the more the dissipation of light
energy in nanorod array is and thus the more the harvesting and ab-
sorbing of light energy are.

In order to investigate photoelectric properties of different nanos-
tructure ZNRAs-based devices, we performed a comparative study
among the face-to-face hybrid ZNRAs-based device (ITO/s-ZNRAs/l-
ZNRAs/Ti) and other two single-face ZNRAs-based devices (bare ITO/l-
ZNRAs/Ti and ITO/l-ZNRAs/bare Ti). The schematic structures of
contrast devices are shown in Fig. 5(a). Fig. 5(b) shows the UV–Vis
absorption spectra of the three kinds of devices, in which there is no
significant absorption difference in UV range. Whereas, the face-to-face
hybrid device exhibits a much better I–V response under UV irradiation,
which can be determined by the curve slope when compared with other
two devices, as shown in Fig. 5(c). The typical differential conductance
spectra of these devices are presented in Fig. 5(d). Under an UV irra-
diation with intensity of 2.90mW cm−2, the face-to-face hybrid device
shows a 59.4% and a 621% enhancement in photo-conductance under
zero-bias point as compared with the devices based on bare ITO/l-
ZNRAs/Ti and ITO/l-ZNRAs/bare Ti, respectively. Fig. 5(e) exhibits a
comparison of time-dependent photoresponse properties of above three
kinds of devices. It can be seen that the face-to-face hybrid device ex-
hibits uniform and repeatable photocurrent responses with the max-
imum current density of 5.57 μA cm−2, showing a 300%–400% en-
hancement in photocurrent at zero-bias point as compared with the
devices based on bare ITO/l-ZNRAs/Ti (1.52 μA cm−2) and ITO/l-
ZNRAs/bare Ti (1.07 μA cm−2). Above results clearly suggest that the
face-to-face hybrid ZNRAs-based nanostructure has an enhanced per-
formance of “1+1>2” in photoelectric conversion. The poor photo-
electric properties of single-face ZNRAs nanostructures should be at-
tributed to the generation of great contact resistance between bare
planar electrode and ZNRAs. The irregular lengths of nanorods as well
as the simple mechanical contact reduce the effective interface area
between bare planar electrode and ZNRAs, as shown in Fig. 5(a). By
contrast, the face-to-face hybrid nanostructure contains the highly-ef-
fective electrode interfaces fabricated by the crystal growing of ZnO
nanorods on both electrodes, and the intercrossing of ZnO nanorods
enable a fully physical contact of NR-NR, which effectively increase the
interfacial contact area and thus a more effective electrical connection.

The schematic diagrams of energy-band structures of the self-pow-
ered face-to-face ZNRAs-based UVPDs and its NR-NR junction are dis-
played in Fig. 6(a) and Fig. 6(b), respectively. Through the crystal
growth and rapid annealing, Schottky junction can be formed in the
interface of ITO/n-ZnO [21,22], and ohmic contact can be realized at
the interface of n-ZnO/Ti [23]. The extreme surface curvature of the
nanorods greatly enhances the surface activity. As a result, the ad-
sorption of oxygen in air takes place on the surface of nanorods where
electron depletion regions are created [24,25]. This will results in the
bending of energy-band in surface and the formation of extensive NR-

Fig. 4. (a) XRD spectra and (b) UV–Vis transmittance spectra of 1-h grown s-
ZNRAs and 5-h grown s-ZNRAs on ITO substrates.
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NR homojunctions with the built-in potential vertical to the surface of
nanorods. As shown in Fig. 6(b), the symmetrical bending-bands lied at
both sides of NR-NR interface enables the holes to migrate to the sur-
face of nanorods and electrons to move to the interior of nanorods. With
an UV irradiation, the photo-exited EHPs are separated by built-in po-
tential of ITO/ZnO Schottky junction and NR-NR homojunctions along
the directions of length and diameter of the nanorod, respectively. The
effective EHP separation in nanorods significantly suppresses the re-
combination of EHPs. The electrons transport from conductive band
(EC) of ZnO to Ti substrate while the hole transport from valence band
(EV) of ZnO to ITO substrate [26,27]. In this process, the carrier
transports have to overcome the NR-NR homojunctions barrier between
neighboring nanorods. Thanks to the weak homojunction barrier of NR-
NR and the strong built-in potential in Schottky barrier, the carriers can
be transported smoothly to electrodes and contribute the generation of
photocurrent without applying any external DC voltage to devices.

On account of the presence of Schottky barrier in the ITO/ZnO in-
terface, the face-to-face ZNRAs-based UVPD exhibits a typical rectifying

behavior with a turn-on voltage of 1.0 V, as shown in Fig. 6(c). Such a
Schottky rectifying characteristic can be described by the thermionic
emission-based diode equation [19] as Eq. S(1) and Eq. S(2) in the
Supporting Information. With the low-level reversed saturated current
and without external voltage, the current transport process can be de-
scribed as Eq. S(3) and Eq. S(4). Under a 2.90mW cm−2 of UV irra-
diation, the I–V curve is changed to an approximately linear curve. It is
suggested that the high free charge densities present during illumina-
tion significantly reduce the width of the depletion layer in Schottky
junction. As a result, the semiconducting characteristics are trans-
formed to metallic characteristics due to the occurrence of electron
tunneling effect. This result is consistent with the other reports [28–31].
Furthermore, a comparison of photovoltaic I–V characteristics with and
without UV irradiation can be seen in inset of Fig. 6(c). Under UV ir-
radiation, the device exhibits an obvious photovoltaic effect with open-
circuit voltage (VOC) of 5.6mV and short-circuit current (ISC) of 7.2
μAcm−2.

The semi-logarithmic I–V curves are shown in Fig. 6(d). According

Fig. 5. (a) Schematic structures of the self-powered UVPDs based on face-to-face ITO/s-ZNRAs/l-ZNRAs/Ti, and single-face bare ITO/l-ZNRAs/Ti and ITO/l-ZNRAs/
bare Ti; (b) Comparison of UV–Vis spectra of above three kinds of devices. Comparisons of (c) I–V characteristics and (d) differential conductance of above three
kinds of devices under UV irradiation with power density of 2.90mW cm−2. (e) Time-dependent photoresponses of devices under 3.06mW cm−2 of UV irradiation
controlled by switching on/off cycles.
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the InI–V characteristics, the ideal factor (n) and Schottky barrier height
(ΦSBH) are calculated to be 2.285 and 0.679 V, respectively. It is noted
that this calculated ΦSBH is slightly higher than the difference between
the Fermi level of ITO (EF= 4.88 V [32]) and the electron affinity of
ZnO (χ=4.25 V [33]). This difference is attributed to the influence of
the interface states. It is considered that an interfacial compound layer
is formed at ZnO/ITO interface after thermal annealing. These inter-
facial layer may have a different work function from the ITO layer,
which is responsible for the increase of the barrier height [21].

The optimum geometric dimension of ZNRAs plays an important
role in the photoresponse performances of face-to-face hybrid ZNRAs-
based UVPDs. In order to determine the structure of optimum geo-
metry, the ZNRAs grown on alternative substrates with different na-
norod dimensions were designed to pair hybrid each other, e.g. ITO/s-
ZNRAs/l-ZNRAs/Ti, ITO/l-ZNRAs/l-ZNRAs/Ti and ITO/l-ZNRAs/s-
ZNRAs/Ti, as schematically shown in Fig. 7(a). Fig. 7(b) shows a
comparison of UV–Vis absorption spectra of above three kinds of de-
vices. There is no significant difference for three kinds of devices in UV
absorption. However, the ITO/s-ZNRAs/l-ZNRAs/Ti device shows the
largest curve slope and thus the best I–V response under UV irradiation,
as shown in Fig. 7(c). Moreover, the differential conductance spectra in
Fig. 7(d) and the time-dependent photoresponse characteristics in
Fig. 7(e) demonstrate the hybrid structures of ITO/s-ZNRAs/l-ZNRAs/Ti
and ITO/l-ZNRAs/l-ZNRAs/Ti with the highest photo-conductance
(2.12×10−3 S) and the highest photoresponse level (6.6× 105 on/off
current ratio), respectively. Furthermore, the performance of hybrid
ITO/l-ZNRAs/l-ZNRAs/Ti device is clearly better than that of hybrid
ITO/l-ZNRAs/s-ZNRAs/Ti device, which indicates that the length of
ZnO nanorod-nanorod (NR-NR) homojunction is an important factor in

performance enhancement of devices.
To gain more insights into the effects of geometric dimension of

ZNRAs on the photoelectric properties of face-to-face hybrid ZNRAs-
based UVPDs, the transport behaviors of photo-excited carriers in the
hybrid nanostructure should be considered. In a face-to-face hybrid
ZNRAs-based UVPDs, photo-excited EHPs are separated by built-in
potential in the depletion region of ITO/ZnO Schottky junction to
generate photocurrent, as shown in Fig. 6(a) in front. The depletion
region width (W) of ITO/ZnO Schottky junction can be calculated by:

=
−W ε Φ V

eN
2 ( ) ,SBHS

D (1)

= −ε ε ε ,S r ZnO 0 (2)

where εS is semiconductor permittivity, εr-ZnO is ZnO relative permit-
tivity (8.66 at 300 K [34]), ε0 is the vacuum permittivity, and ND is
carrier concentration (2.1×1015 cm−3 for wurtzitic ZnO grown by
hydrothermal method [35]). The effective W of ITO/ZnO Schottky
junction is less than 1 μm (calculated to be ~5.6× 10−1 μm). In order
to achieve the maximum photoresponse, the optimum length of ZnO
nanorod in ITO/ZnO junction should be limited to lZnO=W + Lp≤ 1.0
μm, where Lp is the minority carrier diffusion length. Furthermore, the
extensive NR-NR homojunctions are suggested to play an important
role in light absorption and photoelectric conversion. Two requirements
must be met for achieve the maximum photoelectric conversion: 1) The
intercrossed length among nanoroads determines the extent of NR-NR
homojunctions. The extensive NR-NR homojunctions can fully harvest
and absorb the UV light energy; 2) The NR-NR homojunctions should
get as close as possible to the depletion region of ITO/ZnO Schottky
junction to separate the photo-excited EHPs. According to above

Fig. 6. Schematic diagrams of energy-band structures of (a) the self-powered face-to-face ZNRAs-based UVPDs and (b) its NR-NR junction; Comparison of I–V
characteristics in (c) linear and (d) semi-logarithmic scale for face-to-face ZNRAs-based UVPDs in dark and under 2.90mW cm−2 of UV irradiation. The inset in (c) is
the photovoltaic I–V characteristics of the device.
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requirements, the device design based on the hybrid of two short
ZNRAs structures is firstly excluded from candidates because the hybrid
length of NR-NR is too short to absorb the UV light fully, as illustrated
in Fig. 8(a). Meanwhile, the ITO/l-ZNRAs/s-ZNRAs/Ti structure is not
an optimum candidate because the short NR-NR homojunction is far
from the depletion region of ITO/ZnO Schottky junction, as show in
Fig. 8(b). By contrast, the NR-NR homojunctions in ITO/s-ZNRAs/l-
ZNRAs/Ti structure are closed to the depletion region of ITO/ZnO
Schottky junction. However, its photoresponse performance is affected
by a trade-off between the low separation efficiency of EHPs due to the
limited NR-NR homojunctions and the excellent photo-conductance
(see Fig. 7(d)) induced by the short carrier transport length, as shown in
Fig. 8(c). The ITO/l-ZNRAs/l-ZNRAs/Ti structure is considered to be
optimum hybrid structure due to the extensive NR-NR homojunctions
that are close to ITO windows, as shown in Fig. 8(d). However, its
photoresponse property is not significantly improved in comparison

with the ITO/s-ZNRAs/l-ZNRAs/Ti structure (see Fig. 7(e)), which can
be attributed to the long carrier transport length that enables a relative
weak photo-conductance.

The responsivity (Rs) and specific detectivity (D*) of the optimum
UVPD based on ITO/l-ZNRAs/l-ZNRAs/Ti structure were further in-
vestigated. Rs is defined as:

=R
I

SP
,s

ph

opt (6)

where Iph is the photocurrent under the UV irradiation, S is the device
area and Popt is the specific UV intensity upon the active region of the
devices. D* can be used to determine how weak the light signal could be
identified from the noise environment. Assuming that shot noise from
the dark current will mainly contribute to the total noise, the detectivity
can be evaluated by:

Fig. 7. (a) Schematic structures of the self-powered UVPDs based on face-to-face ITO/s-ZNRAs/l-ZNRAs/Ti, ITO/l-ZNRAs/l-ZNRAs/Ti and ITO/l-ZNRAs/s-ZNRAs/Ti
structure; (b) Comparison of UV–Vis spectra of above three kinds of UVPDs; Comparisons of (c) I–V characteristics and (d) differential conductance of above three
kinds of devices under UV irradiation with power density of 2.90mW cm−2. (e) Time-dependent photoresponses of devices under 3.06mW cm−2 of UV irradiation
controlled by switching on/off cycles.
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=
∗D

J S
P eI2

,ph

opt d (7)

Jph is photocurrent density and Id is dark current. Fig. 9(a) shows the
UV intensity dependence of responsivity and specific detectivity of the
optimum UVPD without external bias. The Rs is nearly proportional to
the UV intensity with power range from 1.08–3.06mW cm−2, and the
device exhibits a Rs of around 2.45mAW−1 for the UV intensity of

3.06mW cm−2, which is much larger than that of previous report
[18,36]. Such high responsivity should be attributed to the long lifetime
of the photo-excited carrier, induced by combination influence of ITO/
ZnO Schottky junction and NR-NR homojunction on the effective sup-
pression of EHPs recombination. Furthermore, it is noticeable from

Fig. 8. Schematic energy band diagrams and the mechanisms of carrier transport of the face-to-face hybrid ZNRAs devices based on (a) ITO/s-ZNRAs/s-ZNRAs/Ti, (b)
ITO/l-ZNRAs/s-ZNRAs/Ti, (c) ITO/s-ZNRAs/l-ZNRAs/Ti and (d) ITO/l-ZNRAs/l-ZNRAs/Ti structures.

Fig. 9. (a) UV intensity dependence of responsivity and specific detectivity of
the optimum UVPD based on ITO/l-ZNRAs/l-ZNRAs/Ti structure; (b) Photon
absorption rate dependence of photoconductive gain of the device. Fig. 10. (a) Rise-time and fall-time measurements of the optimum self-powered

UVPD based on ITO/l-ZNRAs/l-ZNRAs/Ti structure; (b) On/off cyclic photo-
response of the optimum self-powered UVPDs under a 0.05 Hz and
1.08mW cm−2 of UV irradiation, which is extracted from the tail of a 4250-s
cyclic test.
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Fig. 9(a) that the optimum UVPD exhibits a high detectivity of
4.17×109 Jones (Jones= cm·Hz1/2W−1) under a low UV irradiation
of 50 μWcm−2. The high detectivity for a low UV intensity can be at-
tributed to the strong photo-absorption and photoelectric conversion
capacities of the 3-D intercrossed ZNRAs nanostructure.

Photoconductive gain (Gph) is used to further assess photoelectric
conversion efficiency of the optimum UVPD. Gph is defined as the
number of electrons collected by electrodes under one incident photon,
which is defined as:

= × = ×G
I
P

hv
e

I
e F

1 ,ph
ph

opt

ph

(8)

where hν is the energy of the incident photon, and F is the photon
absorption rate. It can be seen from Fig. 9(b) that the optimum UVPD
displays an exponential increase in Gph with the increase of photon
absorption rate, and Gph present a fast increase in high F, up to 0.84% at
photon absorption rate of 5.6× 1015 s−1, rather than a decrease as
reported in other research [37,38]. This good photoelectric behavior
can be also explained by the effective built-in potential in the hybrid
nanostructure, which results in an extremely low carrier recombination
even at high incident power. On the other hand, it may be due to the
fact that the self-powered devices were measured without applying any
external DC voltage. This means that the recombination of EHPs in
these devices are higher than that of devices with external DC voltage,
thereby resulting in the increase of the responsivity and detectivity
when increasing the incident light intensity.

The time-domain photoresponse characteristics of the optimum self-
powered UVPD based on ITO/l-ZNRAs/l-ZNRAs/Ti structure were fur-
ther investigated. As shown in Fig. 10 (a), the optimum UVPD exhibits a
rise-time (tr) of 4.78 s and a fall-time (td) of 0.33 s. The chemisorption
and photo-desorption of oxygen could be responsible for the different
photoresponse behaviors [25,39,40].

Furthermore, the stability of the photodetector was investigated by
an on/off cyclic photoresponse tests. Fig. 10(b) shows 20 cycles of on/
off cyclic photoresponse of the optimum UVPD under a 0.05 Hz and
1.08mW cm−2 of UV irradiation, which is extracted from the tail of a
4250-s cyclic test. The device exhibits uniform and repeatable photo-
response with a high on/off current ratio of 6.4× 105 and relative
balance (Iph/Imax× 100%) as high as ~ 93.5% after over 4250 s test.
This excellent reproducibility and stability shown in cyclic photo-
response test implies a potential application in photosensing and optical
communication.

When compared with the ZnO-based UVPDs with applying external
DC voltage, e.g. Ref. [41], the relative low photoresponse in our devices
is due to the fact that the devices were measured without applying any
external DC voltage to the devices. In our previous work [25], it has
been demonstrated that the external bias can promote the improvement
of photoresponse of ZnO-based UVPDs. Table 1 presents a comparison
of characteristic parameters of current study and the reported works
related with ZnO-based self-powered UVPDs without applying external
DC voltage.

4. Conclusion

In summary, we report a self-powered UVPDs based on the face-to-
face hybrid ZNRAs nanostructure. Large-area free-standing ZNRAs were
prepared on ITO and Ti substrates using a facile hydrothermal method,
and the well crystal quality and the vertical orientation to the substrate
have been verified by the measurements of SEM and XRD. Different
geometric dimension of ZNRAs/ITO and ZNRAs/Ti structures were
designed to pair hybrid each other for achieving the optimum photo-
electric performance. Experimentally, it was found that the optimum
UVPD based on face-to-face hybrid ITO/l-ZNRAs/l-ZNRAs/Ti structure
exhibits ‘1+1>2’ enhancement in photoelectric conversion without
external power source when compared with single-face ZNRAs-basedTa
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UVPDs, and the optimum UVPD demonstrates a responsivity of
2.45 mA W−1 and on/off current ratio of 6.6× 105 under a UV irra-
diation of 3.06 μWcm−2 as well as a high durability with a cyclic
balance of no less than 93.5% in a 4250 s of on/off irradiation. Owing to
the Schottky junctions in ITO/ZnO interface as well as the formation of
extensive ZnO NR-NR homojunction, the photo-exited EHPs are sepa-
rated by two effective built-in potential significantly decrease the re-
combination of EHPs. All of these results indicate that this novel self-
powered UVPD can be a promising candidate as a low-cost UVPD for a
potential application in photosensing and optical communication.

Photographs of the photodetectors based on face-to-face ZNRAs;
SEM images of different face-to-face ZNRAs; Calculation of Schottky
barrier height in face-to-face ZNRAs-based UVPDs.
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