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a b s t r a c t

An ultraviolet photosensor has been successfully constructed by the in situ lift-out method in a focused
ion beam system. The prototype consists of individual naturally self-assembled crossed ZnO nanorods
grown by an aqueous solution process. The current–voltage (I–V) characteristics show linear behavior.
The photosensor exhibits a response of ∼15 mA/W for UV light (361 nm) under 1 V bias. Response mea-
surements showed that such a photosensor is suitable for low levels of ultraviolet detection. The method
is simple, rapid and applicable to research prototypes for further studies of crossed ZnO nanorods for
nano-device applications.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Ultraviolet (UV) photosensors are devices that have a range of
pplications in medicine, ecology, commercial, space communica-
ions, high-temperature plasma research, chemical and biological
ensing, and in military as flame and missile launching detection,
tc. [1–4]. UV detectors are used to monitor and determine the
arth’s ozone layer thickness. This wide area of UV sensor appli-
ations implies multiple requirements that cannot be satisfied by
single device. Solid-state UV photodetectors are more efficient

nd lightweight [3,4] and can be easily incorporated in differ-
nt novel types of micro/nanosystems and MEMS/NEMS. These

ortable devices can help people to monitor their exposure to solar
V radiation, etc.

In the last few years there was an increased interest in solid-
tate UV sensors based on the fact that miniature detectors for
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the UV range in comparison with other spectral ranges are so far
not commonly used. Although now several kinds of photosensors
are provided for the UV range, the development of nanosensors for
these applications will enable more portable detectors.

Usually, direct wide-band-gap materials like GaN [5], ZnSe [6],
and AlGaN [7] are used as sensing material. Analog to III–V mate-
rials, ZnO also possesses high UV photosensitivity which is most
important for ultraviolet photodetection. Thus, zinc oxide is also a
potentially strong UV sensing material [8–11].

ZnO attracted great interest for such applications due to its
large binding energy of 60 meV, wide band gap of 3.37 eV at
300 K, its capability to operate at a high temperature and in harsh
environment [2]. In addition, ZnO exhibits the most abundant con-
figurations of nanostructures.

Recently, one-dimensional zinc oxide nanorods, nanowires
demonstrated potential applications as next-generation of UV sen-
sors [9–11]. However, its photocarriers life-time is long and it has
lower photosensitivity [8].
To date, only a few papers report on single zinc oxide nanorods,
nanowires [8,11–13], but none addresses the UV sensitivity of self-
assembled crossed ZnO nanorods grown by aqueous solution.

Recently, the physical properties of nano-structured ZnO mate-
rials, such as nanorods [12], nano-tripods [13], nano-ribbon [14]
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The chemical composition of the as grown ZnO nanorods was
determined by energy dispersive X-ray (EDX) spectrometry for the
cross-nanorod material synthesized in large quantity which fully
covers the substrates. It can be seen in Fig. 1. Only Zn and O, and no
other elements are detected. It is concluded that the obtained ZnO
G. Chai et al. / Sensors and

nd nano-tetrapods [15–17] have been studied. In particular, nano-
etrapods have demonstrated their potential applications [15–17]
n gas sensing, and UV sensing. It should be noted that there are
wo main advantages of these types of nano-structures: (a) these
re multi-terminal devices, so potentially a bias can be applied,
b) because of the junctions between the different terminals, new
unctionality can be envisioned. For example in a recent report,
he importance of the junction has been demonstrated for ZnO
etrapods [18].

In this work, we report a self-assembled ZnO nanocross based
V photosensor. The present study shows a simple and cost-
ffective method to fabricate a crossed ZnO nanorods device,
ossibly leading to a next generation of photosensors for a wide
ange of applications.

. Experimental details

The crossed ZnO nanorods in this study were synthesized
n a hydrothermal reactor with an aqueous solution deposition
echnique. As a starting materials, zinc sulfate Zn(SO4)·7H2O and
mmonia solution NH4OH (29.6%) were used. All chemicals were
nalytical reagents and without further purification. The proce-
ures of the preparation were as follows: the complex solution
as placed in a reactor, and then glass or Si substrates were

ntroduced. The reagents were stirred vigorously to obtain a trans-
arent solution. This technique has been reported in details in our
revious work [19]. The only difference is that we employed a
ifferent preparation route of the substrates. The glass substrates
ere treated in H2SO4/H2O (3:1 volume) at 75 ◦C for 40 min and in
2O/NH4OH/H2O2 (5:1:1 volume) of 75 ◦C for 45 min and another

tep of deionized (DI) water (H2O): hydrochloric acid (HCl): hydro-
en peroxide (H2O2) 5:1:1 ratio to increase the hydrophilicity of
he glass surface. The substrates were stored in deionized water
or later use. The final products were washed in deionized water
nd dried at 150 ◦C for 3 min. Then ZnO nanorods were annealed at
50 ◦C for 20 s in air.

The crystalline quality and orientations of as-prepared ZnO
anorods were analyzed by an X-ray diffraction (XRD) and the
orphology of the products was studied by scanning electron
icroscopy (SEM). Transmission electron microscopy (TEM) con-

rmed that the nanorods are crystalline. For the device fabrication
e used an in situ lift-out technique in a focused ion beam

FIB/SEM) instrument. Current–voltage (I–V) characteristics were
easured using a semiconductor parameter analyzer with an input

mpedance of 2.00 × 108 �. The UV sensitivity was measured using
two-terminal ZnO nanorod device. The UV source used in the

hotosensitivity responses and current–voltage (I–V) characteris-
ics measurements consists of an LED with a peak wavelength of
61 nm. The peak power output of the LED is 0.7 mW at 20 mA. The
eadings were taken after a UV light was turned on.

. Results and discussion

.1. Characterization

Fig. 1 shows the typical growth result of self-assembly for
rossed ZnO nanorods in the SEM micrograph. A close view of the
nO nanorods illustrates a hexagonal cross-section of these nanos-
ructures.

Further structural characterization was carried out using a

00 kV high-resolution transmission electron microscope (FEI-
ecnai F30). A high resolution TEM image at the edge of a single leg
f single-crystalline crossed ZnO nanorods is shown in Fig. 2. The
pacing of 0.26 nm between adjacent lattice planes corresponds to
0 0 2) lattice planes and confirms the growth along the predomi-
Fig. 1. SEM image of the self-assembly crossed ZnO nanorods.

nant [0 0 1] direction of ZnO. No dislocations or stacking faults were
found. The single-crystalline nature and hexagonal configuration of
the crossed nanowires were confirmed using selected area electron
diffraction (SAED). Electron diffraction patterns obtained from dif-
ferent parts of the nanorod indicate the same pattern without tilting
of the nanorod, which demonstrates single-crystallinity across the
whole nanorod. From these results lattice constants a = 3.24 Å and
c = 5.20 Å was calculated which are within limits of the experimen-
tal error in agreement with XRD data presented in details in our
previous works [11–13,19].
Fig. 2. TEM image of the edge of an as-synthesized ZnO nanorod and a typical SAED
pattern of a single nanorod (inset). The long axis of the nanorod is parallel to the
[0 0 1] direction.
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Fig. 3. Secondary electron images showing the steps of the in situ lift-out fabrication procedure in the FIB system. (a) The tungsten needle with an intermediate nanorod and
is attached to a single cross ZnO nanorods selected for sensor fabrication; insert is the nanosensor substrate template (glass with Cr/Au contacts as contact electrodes); (b) the
crossed ZnO nanorods is placed on the substrate and connected to the external electrodes; (c) the single crossed ZnO nanorods after welding to the four electrode/external
connections as final nanosensor. The scale bar is 3 �m.
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Fig. 4. I–V characteristics of the

anocrosses are in a 0.55:0.45 stoichiometry of zinc and oxygen and
re composed of Zn and O only.

.2. Nanofabrication of a photodetector by the in situ lift-out
echnique

The in situ lift-out procedure is described here for photosensor
abrication. A focused ion beam system FEI-200TEM was used to
ontact single crossed ZnO nanorods.

Fig. 3a shows a single nanorod cross attached to an intermedi-
te ZnO nanorod on the tungsten needle tip in the FIB system. In
rder to realize the easy attachment the nanorod is deposited and

icro/nanomanipulated onto a SiO2/Si substrate already processed

o have respective distribution of pre-patterned external electrodes
inset Fig. 3a).

In Fig. 3b, the single crossed ZnO nanorods is shown as it is placed
n the substrate and attached to one of external electrodes. All four

ig. 5. The resistance change of the crossed ZnO nanorod-based UV photosensor fabrica
ystem. Notations of external connections are from 1 to 4 according to Fig. 3.
d ZnO nanorods photodetector.

contacts in each end of the crossed ZnO nanorods are connected
using the gallium beam to deposit the Pt strip (Fig. 3c).

3.3. UV sensing properties

We measured the current–voltage (I–V) curves of the crossed
ZnO nanorods with contacts realized by the in situ lift-out method.
Fig. 4 illustrates the characteristics of a four-terminal crossed ZnO
nanorod photodetector in ambient air. The I–V measurements were
performed by changing the bias voltages from +5 mV to −5 mV
and vice versa for different connections (from 1 to 4 according to
Fig. 3). The voltage increment and delay time were set to 0.25 mV

and 2 s.

The room temperature sensitivity of the crossed ZnO nanorods
based-sensor to UV radiation is shown in Fig. 5.

We observed photoresponse at a smaller fraction of UV light
from sunlight. In order to understand the device sensing mech-

ted from a single crossed ZnO nanorods by the in situ lift-out technique in the FIB
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nism we considered that oxygen chemisorption on ZnO surface
lays an important role in control the photosensitivity [9,20]. When
he crossed nanorods sensor is placed in the dark, oxygen molecules
dsorb on the surface extracting free electron from ZnO

2(g) + e− → O−
2 (ad) (1)

2(g) + 2e− → O2−
2 (ad) (2)

This creates a depletion layer with low conductivity near the
ross ZnO nanorods surface. When the photosensor is exposed to UV
ight it starts to generate electron–hole pairs. Holes will recombine

ith e− from adsorbed oxygen ions through surface recombination
eleasing oxygen atoms from the surface:

−
2 (ad) + h+ → O2(g) (3)

2−
2 (ad) + 2h+ → O2(g) (4)

The remaining electrons in the conduction band will con-
ribute to an increase in the photoconductivity of the crossed ZnO
anorods. By using thinner crossed ZnO nanowires, the UV sen-
itivity may be improved and single photon detectors could be
abricated. The receiving UV is proportional to the surface area and
he UV effect is inverse proportional to the volume (excited electron
ensity). Thus, thinner wire means more sensitivity.

. Conclusion

In summary, the first single crossed ZnO nanorod–UV photo-
ensor is demonstrated. An in situ lift-out technique has been
mployed to fabricate this photosensor based on a self-assembled
rossed nanorods. The photoresponse of the photosensors suggest
hat they can be considered as candidates for optoelectronic devices
nd may be used for UV switches and position sensors.

The prototype device provides a simple method for nanowires
ynthesis and demonstrates the possibility of constructing
anoscale photodetectors for nano-optics applications.

.1. Future work

The research will explore the possibility of widening the band
ap by doping with Mg in order to cover UV-A (315–400 nm), UV-
(280–315 nm) and UV-C (100–280 nm) regions of the ultraviolet

pectrum.
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