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Ultraviolet (UV) photodetector is an important optoelectronic
devices, the development of high-performance UV detector,
however, has been impeded by lacking stable p-type wide-
gap semiconductors. Here, an extremely high UV response
for ZnO nanorods/phenanthrene(Phen) photovoltaic
detector has been realized utilizing phenanthrene as a p-
type wide-gap organic semiconductor, a detectivity (D*) as
high as ~9.0x1013 cm Hz1/2W-1 has been reached, showing
significant potential optoelectronic applications.

Introduction

Ultraviolet (UV) photodetector is a kind of important optoelectronic
device which can be widely used in fire warning,'” environmental
monitoring,*®  missile  approach  warning,” ® ultraviolet
communication,’™'! astronomical observation,'? missile guidance,13
etc. Photovoltaic detector has a number of advantages including
larger array, lower power consumption, faster response, simpler
integration with ROIC efc. over the photoconductive device.
However, the development of UV photovoltaic device has been
impeded by lacking p-type wide-gap semiconductors, making it
difficult to fabricate photovoltaic detectors.

In this communication, a novel UV photovoltaic (PV) detector has
been designed and fabricated using ZnO nanorods and phenanthrene
as n-type and p-type UV sensitive materials, respectively. ZnO
nanorods that vertically grown on the bottom electrode ITO play two
important roles in the device, one is to absorb UV light, the other is
to transport photogenerated carriers higher efficiently. The other
important material phenanthrene in this device functionalized as UV
light absorber and photogenerated-hole transporter. Importantly, a
detectivity (D*) as high as ~9.0x10" Jones (1 Jones =1 cm Hz'?
W) has been reached for our un-optimized device,'* the
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performance of our UV PV detector is superior to the
conventional UV detectors, showing significant potential
applications in UV optoelectronics devices.

Experimental section

All the chemical reagents used in the experiments were used as
received without further purification. Zinc acetate dihydrate
(99%) was purchased from Tianjin BoDi Chemical Co., Ltd.,
phenanthrene was purchased from Tianjin Guangfu Fine
Chemical Research Institute, hexamethylenamine (99%) was
purchased from Tianjin FengChuan Chemical Reagent
Technologies Co., Ltd. The details of solvents and other
chemicals are listed in ESI.

Indium tin oxide (ITO) glass substrates (30 Q/sq) were rinsed
in an ultrasonic bath with detergent, acetone, ethanol for 15 min,
sequentially, followed by rinsing with deionized water (DI)
several times. ZnO seed layer was prepared on ITO substrate by
spin-coating of sol-gel solution (2 g zinc acetate dehydrate
dissolved in a mixture solvent of 60 mL ethanol, 1 mL
ethanolamine, 2 mL ethylene glycol and 1 mL
glacial acetic acid), then annealed at 400°C for 2 h in the air.
ZnO nanorods were grown on ZnO seed layer in the 0.02 mol
L' zinc acetate dihydrate: hexamethylenetetramine (mole ratio
1:1) solution at 90 for 6 h, then rinsed with DI water several
times. The ZnO Nanorods/Phen heterojunciton was fabricated
by spin-coating ZnO nanorods with 0.2 mL phenanthrene
solution (2.5g L', solvent: ethanol), then the heterojunction
was placed in an oven heated at 50C] for 20 min. Finally, the
heterojunction was coated with silver paste (1mm?) as the top
electrode.

The morphology and the nano-texture of the active layer and the
detector were examined by scanning electron microscope (SEM,
Hitachi S-3400N). The X-ray diffraction (XRD) patterns of the
samples were measured by Rigaku D/Max-23 at room temperature.
The transmission electron microscope (TEM) and high-resolution
TEM (HRTEM) characterizations were performed using the JEOL
JEM-2100 transmission electron microscope. The current density-
voltage (J-V) characteristics were tested with a Keithley 2400 source
meter. The Raman scattering spectrum was recorded at ambient
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temperature using a Renishaw inVia Raman microscope with an
argon-ion laser at an excitation wavelength of 514.5 nm. The UV-
Vis absorption spectra were recorded by a Shimadzu UV-2401 PC
spectrometer. The photoluminescence (PL) emission and
Photoluminescence excitation spectra were recorded using a Hitachi
F-4500 spectrometer.

Results and discussion

We have designed a novel structure to upgrade the performance
of UV detector, Fig. 1 is the energy band diagram of the device,
in which we choose ZnO Nanorods/Phen heterostructure as the
composite photoactive material, where phenanthrene is acted as

an UV absorbing, photogenerated-hole transporting and
collecting layer.'> 16
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Fig. 1 The schematic diagram of energy band for the ZnO/Phen UV
organic photovoltaic detector.

The ZnO/Phen UV organic photovoltaic (OPV) detectors were
fabricated as shown in Fig. 2, firstly, ITO/glasses were
ultrasonically rinsed by acetone, ethanol, DI water sequentially.
The ZnO seed layer was prepared at 400°C for 2h by a sol-gel
method, the ZnO nanorods were grown vertically on the ZnO
seed layer at 90°C for 6h. Then phenanthrene was deposited on
ZnO nanorods by spin-coating phenanthrene solution onto ZnO
nanorods. Finally, the metal electrodes were deposited onto the
ZnO Nanorods/Phen heterostructure. The vertical structure of
device facilitates photocarriers collection.

The structure of the ZnO Nanorods/Phen UV OPV detector is
schematically shown in Fig. 3a, ITO and Ag were acted as
bottom and top electrodes, respectively. The SEM image of the
ZnO Nanorods/Phen heterostructure was shown in Fig. 3b, the
deposition of Phen on ZnO nanorods does not change the
morphology of ZnO nanorods observably. The SEM cross-
section image of the ZnO Nanorods/Phen heterostructure was
shown in Fig. 3c, it is obvious that the heterostructure is
perpendicular to the ITO, the length of ZnO nanorods is ~ 2.8um,
the thickness of ITO is 180 nm.

The XRD pattern of the ZnO Nanorods/Phen heterostructure is
shown in Fig. 3d, the strongest diffraction peak is ZnO (002)
located at (260 =34.46 °), showing that ZnO nanorods were grown
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Fig. 2 The schematic illustration of the fabrication process for the
ZnO/Phen UV OPV detector. The devices were fabricated on ITO
substrates, briefly, ZnO seed layer was prepared on ITO by sol-gel
method, ZnO nanorods were grown on the seed layer by chemical
solution method at 90°C for 6 h, the ZnO Nanorods /Phen heterostructure
was prepared by spin-coating phenanthrene solution onto ZnO nanorods,
the metal electrode was deposited onto the heterostructure.

perpendicularly to the substrate. The phenanthrene (001)
diffraction (260 =9.32 °) has also been observed.

As shown in Fig. 3e, the J-V curves of ZnO Nanorods/Phen
UV OPV detector show good rectifying properties both in the
dark and under UV illumination.

Importantly, it is found that the ZnO Nanorods/Phen UV OPV
detector shows a remarkable increase in current density under an
UV illumination (4=365 nm) with a power density of 1.650 mW

2 (Fig. 3e), which means that the detector may exhibit an
excellent device performance.

A series of UV light power densities (0, 0.002, 0.175, 0.550,
1.350 and 1.650 mW cm™) have been used to illuminate the
detector to test the device performance, as shown in Fig. 3f that
the current density increases with UV light power density.

Fig. 4a is the SEM image of the ZnO nanorods on the
substrate, it is obvious that the nanorods were grown vertically on
the substrate, the end of rods takes on a hexagon shape. Fig. 4b is
the XRD pattern of ZnO nanorods array, it can be observed that
both (103) and (004) diffraction peaks are rather weak compared
to (002) diffraction peak, indicating the nanorods were preferably
grown along (002) orientation.

The Raman spectrum of ZnO nanorods is shown in Fig. 4c,
obviously, there are two vibration peaks centered at 439 and 1095
em™, respectively, corresponding to (E,y, TO) and (E,, 2LO)
vibration modes. '”"" Fig. 4d and 4e are the TEM images of ZnO
nanorods under different magnifications, it can be seen that the
diameters of the nanorods are uniform, the typical diameter is ~
70-80nm. The lattice fringes of ZnO can be clearly observed in
Fig. 4f, showing good crystalline structure of ZnO nanorods, the
spacing between the fringes is 0.261nm, which is the crystal
plane spacing of ¢ axis, meaning that the growth direction of the
nanorods are along (002) orientation. The fast Fourier transform
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Fig. 3 (a) The schematic diagram of the ZnO/Phen UV OPYV detector. (b)
The SEM image of the ZnO nanorods/phenanthrene heterostructure. (c)
The SEM corss-section image of the ZnO nanorods/phenanthrene
heterostructure. (d) The XRD pattern of the ZnO nanorods/phenanthrene
heterostructure. (¢) The J-V curves of the ZnO/Phen UV OPV detector in
the dark and under the illumination of 365 nm UV LED with a power
density of 1.650 mW cm?, respectively. (f) The effect of UV power
density (1=365 nm) on the ZnO/Phen UV OPV detector.

of the selected area (red square) is shown in the inset of Fig. 4f,
the hexagonal wurtzite structure has been demonstrated.?® Fig. 4g
is the electron diffraction (ED) pattern of the ZnO nanorods,
many diffraction spots have been observed, corresponding to
(002), (004) and (103) diffraction planes, respectively. It can also
be seen that the strongest plane is (002).

Fig. 5a is the UV-Vis absorption spectra for phenanthrene
solution samples, it can be observed that phenanthrene has a
strong UV absorption ranged in 200-300 nm, both ethanol and
methanol phenanthrene solutions show similar spectra. The UV-
Vis absorption spectra for ZnO nanorods and ZnO
Nanorods/Phen are shown in Fig. 5b, clearly, there is an
absorption peak located at ~375 nm for both ZnO nanorods and
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Fig. 4 (a) The SEM image of the ZnO nanorods array. (b) The XRD
pattern of the ZnO nanorods array. (c) The Raman spectrum of the ZnO
nanorods array measured at room temperature (Ae=514.5 nm). (d) and (e)
The TEM images of ZnO nanorods under different magnifications. (f)
The HRTEM image of a single ZnO nanorod. Inset: the FFT pattern of
the selected area (red square). (g) The electron diffraction (ED) pattern of
the ZnO nanorods.
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the hybrid heterostructure. This peak is resulted from the exciton
absorption.

The photoluminescence (PL) spectra of ZnO nanorods were
measured using a series of excitation wavelength (A.,) (250, 280,
300, 330, 360 nm). The PL emission peaked at ~ 400 nm, the
wavelength is longer than UV absorption, due to stokes shift (Fig.
5¢). The visible PL emission is correlated with defects of ZnO
nanorods.”"?*> The PL excitation (PLE) spectra were measured at
a number of receiving energies (A.,) (400, 420, 450, 480, 530
nm) as shown in Fig. 5d, the PLE peak locates at ~237 nm.

The phenanthrene doped ZnO nanorods show enhanced PL
emission compared with undoped ZnO nanorods, as shown in
Fig. 5e, the PL emission spectrum presents a Ao, dependent
properties, a shorter (240 nm) or longer (360 nm) A, cannot
result in the strongest PL emission, only at a proper A, (e.g. 270
nm) may lead to the strongest emission. Fig. Se also shows
similar shape (multipeak) in PL emission spectra under different
Aex, the multi-peaks of the heterojunction are mainly resulted
from the multi from the ZnO/Phen
heterojunction where Phen contains a number of the molecular

electron transitions

orbital energy levels. Phenanthrene-sensitised ZnO nanorods also
show dissimilar PLE spectra, the PLE peaks of the heterojunction
are red-shifed to ~290nm compared to ZnO nanorods (~237 nm)
as shown in Fig. 5f.
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Fig. 5 (a) The UV-Vis absorption spectra of phenanthrene in ethanol and
methanol. (b) The UV-Vis absorption spectra of ZnO nanorods and ZnO
nanorods/phenanthrene heterostructure. (¢) The PL emission spectra of
ZnO nanorods. (d) The PL excitation spectra of ZnO nanorods. (¢) The
PL emission spectra of ZnO Nanorods/Phen heterostructure. (f) The PL
excitation spectra of ZnO Nanorods/Phen heterostructure.
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The novel heterojunction based UV detector shows a very
good performance, a series of power densities of UV LED light
(365 nm) were used to illuminate the device, as shown in Fig. 6a,
under a forward bias voltage, the responsivity (R) (R = Jph/Llight)M’
# increases with reducing in UV light power density, the highest
responsivity reaches ~ 2.0X10* A W' (0.002 mW c¢m™), which
is the highest reported value compared to the common UV
detectors. ** #* The effect of Phen thickness on the device
performance has also been investigated, it is found that a thinner
or a thicker Phen film is not effective for the photon-absorption
(thinner film), the transport and collection of photon-
generated carriers (thicker film). Only a proper thickness of Phen
in the heterojunction may get the high performance (as shown in
Fig. S1 of the ESD) .

Fig. 6b shows the effect of bias voltage on the responsivity of
device, it can be clearly seen that a bigger bias voltage results in a
larger responsivity, probably due to the photo-generated carriers
may be more efficiently collected at a higher bias voltage.

Detectivity (D*) is an important parameter to evaluate the
performance of photodetector. D* is defined as follows, D*=
RI(2qJy)"? :(Jph/Lligm)/(Zqu)l/z. Fig. 6¢ shows that D* increases
with increasing of bias voltage, the highest D* reaches ~9.0 X
10" Jones which is the highest performance compared with ZnO
based UV detectors (see ESI). It is also found that the
illumination power density may affect D*, for our device D*
increases with decreasing the illumination power density,
meaning that our device is suitable for detecting week UV signal.
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Fig. 6 The room-temperature device performances of the ZnO/Phen UV
OPV detector. (a) The effect of UV illumination power density (1=365
nm) on responsivity (R). (b) The effect of bias voltage on responsivity
(R). (c¢) The effect of UV illumination power density (A=365nm) on
detectivity (D*). (d) The effect of bias voltage on detectivity (D*).

Conclusions

In summary, a novel UV photovoltaic detector based on ZnO
nanorods/phenanthrene heterojunction has been designed and
fabricated, where ITO and Ag have been used as the bottom and
top electrodes. ZnO nanorods grown vertically on ITO were
served as UV light absorber and photogenerated carriers transport
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layer. Phenanthrene is functioned as both UV sensitive layer and
hole transport layer. The device is very sensitive to UV light,
reaching a detectivity (D*) as high as ~9.0X 10" c¢m Hz"> W™,
which is extremely high compared with conventional UV
detectors. This study paves the way for fabricating high-
performance, low-power-consumption, large-array, fast-response
UV focal plane array detector.
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