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ABSTRACT

Currently, the development of UV photodetectors has been hindered by the scarcity of p-type wide band gap materials.
Here, a nanostructured ultraviolet photodetector based on the organic/inorganic heterojunction, consisting of the p-type
Bu-PPP polymer and n-type ZnO nanorods, is proposed and demonstrated to have high performance. In the
heterostructure, both Bu-PPP polymer and ZnO nanorods acted as the light absorber due to their suitable bandgap in the
UV region, and the large contact area of the heterojunction facilitated charge transfer. Its current density-voltage
behavior was investigated when exposed under different UV light (365 nm) intensities and in the dark. The responsivity
of the devices was measured to be as high as 23 A W' at -1 V bias under UV irradiation. The heterostructure shows huge
potential for development of high-performance optoelectronic and optical devices.
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1. INTRODUCTION

One-dimensional (1D) nanostructured materials have aroused a vast interest owing to their unique properties and
contribution to electronic devices. > Compared with some typical semiconducting materials such as GaN, SiC and GaAs,
zinc oxide (ZnO) stands out due to its large exciton binding energy of 60 meV at room temperature in addition to its
solution processability.*> Therefore, ZnO has been widely utilized in many fields, such as piezoelectric nano-
generators,*’ ultraviolet light emitting diodes (LEDs),? sensors,>!? solar cells,!!"!* photodetectors '*!5 and so on.

Moreover, 1D ZnO nanostructures (e.g., nanorods) can provide increased surface area for charge transfer and absorption
of ultraviolet light when used as electron collectors.'® Though some ultraviolet detecting devices with inorganic/organic
heterojunction based on ZnO nanorods (NRs) are demonstrated with high performance, '7-'° it is still difficult to find
stable p-type materials with wide band gap to combine with the n-type ZnO effectively for UV photodetectors (UV PD).
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Previous reports showed that the polymer, poly (2, 5-dibutoxybenzene-1, 4-diyl) (Bu-PPP), not only can absorb
ultraviolet (UV) light, but also has a smooth surface for electron transport.? 2! In this work, a novel organic/inorganic
UV PD based on Bu-PPP/ZnO nanorods heterostructure were fabricated and characterized, in which both the organic
Bu-PPP film and ZnO NRs array were adopted as light absorber. The heterojunction formed between the two
components facilitated charge transfer. ZnO NRs array was synthesized by hydrothermal method and was oriented
perpendicularly to the substrate, which implies that the carries can effectively transport along the vertical direction.
Electrical measurements showed that the UV PD possessed high performance with a responsivity of 23 A W! and a
detectivity of 1.0x10'2 cm Hz"? W-!, which revealed great potential for optoelectronic application.

2. RESULTS AND DISCUSSION

2.1 Preparation of ZnO NRs and its structural characterization

All the chemicals were used as-received without further purification. Ethanol (99.8% AR), ethylene glycol (AR) and
glacial acetic acid (99.5% AR) were purchased from Chengdu Kelong Chemical Co., Ltd. (Sichuan, China).
Ethanolamine (99%-100% AR) was purchased from Tianjin Fengchuan Chemical Reagent Co., Ltd. (Tianjin, China).
Zinc acetate dihydrate (99.0% AR) was purchased from Bodi Chemical Co., Ltd. (Tianjin, China). Poly (2, 5-
dibutoxybenzene-1, 4-diyl) (Bu-PPP) was purchased from Xi’an Polymer Light Technology Co., Ltd. (Xi’an, China).

Indium tin oxide (ITO) glass substrates (MTI, 30 Q sq-1) were cleaned in an ultrasonic bath with detergent, acetone and
ethanol for 15 minutes each and then rinsed with deionized (DI) water for several times. ZnO sol-gel solution (2 g zinc
acetate dihydrate dissolved in a mixed solvent of 60 mL ethanol, 1 mL ethanolamine, 2 mL ethylene glycol and 1 mL
glacial acetic acid) was sealed and stored for 12 hrs as the seed solution. Then it was spin-coated (3000 rpm, 60 s) on
ITO glass, and heated at 300 °C for 2 hrs in the air. For the growth of ZnO NRs on ZnO seed layer, 0.01 M
hexamethylenetetramine and 0.02 M zinc acetate dihydrate (molar ratio 1:1) were mixed in DI water for the growth of
ZnO NRs. During the hydrothermal growth process, ZnO NRs were grown on the ZnO seed layer in the reaction solution
at different temperatures (80, 85, 90 °C) for 6 hrs, and then naturally cooled to room temperature.

These ZnO NRs substrates were washed for several times with DI water and then dried. Then, the Bu-PPP solution (0.1 g
Bu-PPP was dissolved in 1 mL chloroform) was spin-coated on the ZnO NRs array. The Al top electrode was deposited
by thermal evaporation. Finally, Au wires were bonded to Al and ITO electrodes using Ag paste to give electrical lead
out.

The top-view and cross-sectional view of the ZnO NRs and the ZnO NRs/Bu-PPP heterojuction were characterized by
scanning electron microscopy (SEM, Hitachi S-3400N). Ultraviolet-visible-near infrared (UV-Vis-NIR) absorption
spectra were measured by a Shimadzu UV-2401 PC spectrophotometer. The Raman spectra were recorded at ambient
temperature using a Renishaw inVia Raman microscope with an argon-ion laser of 514.5 nm. The X-ray diffraction
(XRD) patterns of the samples were obtained by a Rigaku D/Max-23 diffractometer. The transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) characterizations were performed
using the JEOL JEM-2100 TEM. The surface morphology and roughness were studied by atomic force microscope
(AFM) (SPA-400). The photoluminescence (PL) emission and photoluminescence excitation (PLE) spectra were
recorded by a Hitachi F-4500 spectrometer. The current density-voltage (J-V) was tested by a Keithley 2400 source
meter under both dark environment and UV light irradiation (A=365 nm).

Firstly, the growth of the ZnO nanorods (NRs) was investigated. The growth process of ZnO NRs and ZnO NRs/micro-
rods are schematically shown in Figure la. In order to fabricate different shapes of ZnO NRs, the ZnO seed layer
substrates were placed in 0.01 M reaction solution face-down and face-up at 85 °C for 6 hrs, respectively. Figure 1b
presents the top-view SEM image of the ZnO NRs based on the face-down ZnO seed layer substrates, where uniform
ZnO NRs array was obtained. The cross-sectional SEM image of the ZnO NRs is shown in Figure 1c. According to the
SEM image, ZnO NRs with the length of ~1.72 um were synthesized perpendicularly to the substrate. In contrast, both
ZnO NRs and micro-rods were co-synthesized on the face-up ZnO growth substrates as shown in Figures 1d and le,
which suggests that the ZnO NRs were formed from heterogeneous nucleation (preferred orientation) and the micro-rods
were formed from homogeneous nucleation (nucleation center). Since the uniform ZnO NRs array with high surface
areas and vertical structure is more suitable for homogeneous contact with polymer, it was adopted as the active layer of
UV photodetector instead of the ZnO NRs/micro-rods.
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Figure 1 (a) The schematic diagram of the growth process of ZnO NRs and ZnO NRs/micro-rods. (b) Top-view and (c)
cross-sectional SEM images of the uniform ZnO NRs array. (d)Top-view and (e) cross-sectional SEM images of the ZnO
NRs/micro- rods.

The ZnO seed layer substrates were treated in different conditions for investigating the growth mechanism of the ZnO
NRs array. Figure 2 shows the top-view and cross-sectional SEM images of the ZnO NRs array grown on the ZnO seed
layer substrate face-down in different concentrations of reaction solution: 0.01 M for Figures 2a and 2c¢ and 0.02 M for
Figures 2b and 2d at 80 °C for 6 hrs. According to the top-view SEM images in Figures 2a and 2b, the diameters of the
ZnO NRs grown in 0.02 M reaction solution ranges from 84-182 nm, which were larger than that growth in 0.01 M
reaction solution (55-97 nm). In addition, the increased reaction concentration (i.e. from 0.01 M to 0.02 M) also results
in an increased length of ZnO NRs as indicated Figures 2¢ and 2d.
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Figure 2 (a) and (b) The top-view SEM images of ZnO NRs grown in reaction solution with different concentrations (0.01,

0.02 M respectively) at 80 °C for 6 hrs. (c) and (d) The cross-sectional SEM images of ZnO NRs grown in 0.01 and 0.02
M precursors respectively.
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Figure 3 (a) The normalized UV-Vis-NIR absorption spectrum for ZnO NRs. (b) The Raman spectrum and (c) the XRD
pattern of ZnO NRs. (d) The cross-sectional SEM image of ZnO NRs array. (¢) The TEM image of ZnO NRs. (f) The
HRTEM image of a single ZnO NR. Inset: the FFT pattern and magnification of the yellow box.
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ZnO NRs played an irreplaceable role in the device since apart from absorbing UV light, it also provided an effective
path for the transport of carriers. The UV-Vis-NIR absorption spectrum of ZnO NRs is shown in Figure 3a. The ZnO
NRs have a strong absorption in the UV region. The Raman spectra of the ZnO NRs in Figure 3b exhibits three
vibrational peaks at 439 cm!, 578 ¢cm!, and 1101 cm™, which corresponds to the E2H, E1L and E1L vibrational modes
respectively. #2223 From the XRD pattern of ZnO NRs shown in Figure 3c, it was found that the (002) diffraction peak
was much stronger than (103) and (104), indicates that the longitudinal growth of ZnO NRs was preferred, which would
enable effective carrier transport along the vertical direction. The wurtzite crystal structure of ZnO was also verified. The
ZnO NRs array grown in 0.01 M reaction solution at 80 °C for 6 hrs as shown in the cross-sectional SEM image in
Figure 3d was scratched from the substrate and observed under TEM as shown in Figure 3e. The diameter of the ZnO
NR is about 56 nm. In the HRTEM image of the ZnO NRs shown in Figure 3f, the lattice spacing can be calculated to be
0.26 nm, which corresponds to the (002) peak in the XRD spectrum. 2423

The fabrication process of the UV PD is schematically illustrated in Figure 4a. Figure 4b shows the cross-sectional SEM
image of the ZnO NRs/Bu-PPP heterostructure, which indicates that the spin-coated Bu-PPP layer on the top of ZnO
NRs was ~550 nm in thickness. Figure 4c is the top view of the ZnO NRs array filled with Bu-PPP. The corresponding
AFM image is shown in Figure 4d. The RMS roughness of the Bu-PPP/ZnO NRs is 14.9 nm. Figure 4e is the cross-
sectional SEM image of ZnO NRs/Bu-PPP heterostructure with the Al electrode, showing that ~500 nm Al was
deposited as the top electrode. Figure 4f is the top view of the Al film deposited on the ZnO NRs/Bu-PPP layer and its
corresponding AFM image is shown in Figure 4g. From the two images, it can be observed that the deposited Al
electrode presents a smoother surface with the RMS roughness decreases to 1.8 nm.
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Figure 4 (a) The schematic illustration of fabricating the ZnO NRs/Bu-PPP heterostructure UV PD. (b) The cross-sectional
and (c) the top- view SEM images of ITO/ZnO NRs/Bu-PPP functional layer. (¢) The cross-sectional and (f) the top-view
SEM images of ITO/ ZnO NRs/Bu-PPP/Al (d) and (g) are the AFM images of the ITO/ZnO NRs/Bu-PPP and ITO/ ZnO
NRs/Bu-PPP/Al respectively.
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2.2 Photovoltaic detector performance based on ZnO NRs/Bu-PPP heterostructure

The photoluminescence (PL) and photoluminescence excitation (PLE) spectra for ZnO NRs, Bu-PPP and ZnO/Bu-PPP
heterostructure were shown in Figure 5. Figure 5a presents the PL spectrum of ZnO NRs with two emission peaks
located at 400 nm and 470 nm when excited by light with various wavelengths (1ex= 280, 300, 320, 340, 360 nm). In
Figure 5b, the Bu-PPP film exhibited two PL emission peaks at 380 and 470 nm, which were resulted from the electron
transition back to the ground state 2°. The efficient PL from ZnO NRs and Bu-PPP demonstrate that electron-hole pairs
were efficiently generated in both components in the heterostructure under UV illumination. The PL spectrum of the
ZnO NRs/Bu-PPP heterostructure shown in Figure Sc exhibits a similar shape and PL peak positions with ZnO, which
may be a result of charge transfer between ZnO and Bu-PPP heterojunction such that the radiation recombination from
Bu-PPP was significantly quenched. Figures 5d, Se and 5f are the PL excitation spectra of ZnO NRs, Bu-PPP, and ZnO
NRs/ Bu-PPP heterostructure, respectively. Clearly, the heterostructure has the similar PLE spectra shape compared with
Bu-PPP, indicating that Bu-PPP mainly contributes to the heterostructure for the PLE spectra.
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Figure 5 The PL emission spectra of (a) ZnO NRs, (b) Bu-PPP, and (c) ZnO NRs/ Bu-PPP heterostructure. The PL
excitation spectra of (d) ZnO NRs, (¢) Bu-PPP, and (f) ZnO NRs/ Bu-PPP heterostructure.

To study the properties of the UV PD, the effect of UV illumination intensity (0, 0.06, 0.47, 0.78, 0.95 and 1.45 mW cm’
2) on the photoresponse has been investigated. The current density-voltage (J-¥) are plotted in Figures 6a and 6b, from
which it can be obviously found that the photocurrent density increasing with the illumination intensity.

Two important device performance parameters (responsivity and detectivity) of the UV PD have been studied, the
responsivity (R) is defined as %’

R=Jw/Liight, (1)
and the detectivity (D*) can be calculated as 272
D*=RI(2aJ)"> =/ Lign) (20J) > )

where J,; is the photocurrent density, Ligh is the incident light intensity, q is the absolute electron charge (1.6 x 10-"°
coulombs) and Jq is the dark current density.

R was calculated to be as high as 23 A W' under 0.06 mW c¢m? at -1.0 V bias as shown in Figure 6¢c. As seen from
Figure 6d, D* reached 1.0 x 10'> cm Hz"? W' under 0.06 mW c¢m? at -1.0 V bias. The effects of bias voltages and
illumination intensities on the device performance were investigated. It was found that R increased with the bias voltage
as inferred from Figure 6e. Moreover, D* has been demonstrated to increase with the bias voltage and decrease with the
UV illumination intensities as concluded from Figure 6f.
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Figure 6 The room temperature device performance of the ZnO/ Bu-PPP UV PD. (a) and (b) are the J-V curves of the ZnO
NRs/Bu-PPP UV PD in the dark and under a series of UV illumination intensity (A=365 nm). (c) and (d) The effects of UV
illumination intensity (A=365 nm) on responsivity (c) and detectivity (d). (¢) and (f) The effects of bias voltage on the
responsivity (e) and detectivity (f).

3. CONCLUSIONS

In summary, high performance UV photodetectors based on the ZnO NRs array/Bu-PPP heterojuction has been
fabricated, in which the growth of ZnO NRs had been optimized to enable perpendicular growth onto the ITO substrate,
such that an uniform density and diameter of nanorods array can be obtained, which can also provide transfer pathway
for charges in the vertical direction simultaneously. Beyond that, polymer Bu-PPP had been introduced for enhancing the
absorption of UV light, and also to form a smooth surface for the final deposition of top electrode. The large contacting
surface area between the ZnO NRs and Bu-PPP enhanced the charge transfer efficiency. By taking the advantages of the
stability of inorganic material and the flexibility of organic material, the UV photodetector has been demonstrated with a
big responsivity of 23 A W' and a high detectivity of 1 x 102> cm Hz"? W', The various advantages of the
heterojuction for UV photodetectors may pave the way for other UV optoelectronics and optics applications.
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