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 1 Introduction Recently, much research has been fo-
cused on developing compact high-performance solid-state 
photodetectors in the ultraviolet (UV) spectral range [1–4]. 
High-tech applications of short-wavelength UV detectors 
range from commercial to military uses, and from biologi-
cal and chemical sensing to flame detection and space 
communications, etc. [3, 5]. One major factor, which 
stimulates the development of new UV photodetectors is 
the growing “ozone hole” near the Antarctic linked to a 
growing number of cancer and skin illnesses [6]. 

 UV detection using photomultiplier tubes [7] requires 
bulky, fragile and heavy equipment. Solid-state UV 
photodetectors are more efficient and lightweight [1, 8] 
and can be easily incorporated in different novel types of 
micro/nanosystems, such as in devices integrated in cell 
phones. These portable devices can help people to monitor 
their exposure to solar UV radiation. 
 With the development of optoelectronic nanodevices 
fabricated on wide-bandgap nanomaterials, high-per-
formance UV photodetectors with high responsivity, line-

ZnO nanorods and nanowires are promising candidates as 
new types of high-sensitivity ultraviolet (UV) photodetectors 
due to their wide bandgap and large aspect ratio. In this study, 
single-crystalline ZnO nanorods were grown on glass sub-
strates by a hydrothermal method. Specific structural, mor-
phological, electrical, and optical measurements were carried 
out. A single ZnO nanorod-based photodetector was fabri-
cated using the in-situ lift-out technique in a focused ion 
beam (FIB/SEM) instrument and characterized. With a source 
wavelength of 370 nm and an applied bias of 1 V, the respon-
sivity of the ZnO nanorod is 30 mA/W. The single ZnO nano-
rod photodetector exhibits an ultraviolet (UV) photoresponse 
promising for potential applications as cost-effective UV de-
tectors. 

 

 
Secondary electron images in the focused ion-beam system 
showing the steps of the in-situ lift-out fabrication procedure 
in the FIB/SEM instrument. 
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arity with optical power, low noise and high spectral selec-
tivity can be produced. Analogous to III–V materials, ZnO 
possesses high UV photosensitivity that is most important 
for UV photodetection. 
 Zinc oxide is one of the most widely used oxide mate-
rials owing to its versatile characteristics like radiation 
hardness [9], high chemical stability, high optical gain 
(300 cm–1) [10, 11], high-temperature resistance, and flexi-
bility in fabrication [12, 13] that are extremely important 
for practical optoelectronic devices. However, fabrication 
of ultraviolet photodetectors using zinc oxide is still diffi-
cult due to the high cost of synthesis for high-quality ZnO 
single crystals. 
 ZnO nanorods/nanowires as optoelectronic materials 
are promising for next-generation UV photodetection  
applications due to their wide and direct bandgap 
(Eg ∼ 3.3 eV at room temperature) and large surface-to-
volume ratio. The large exciton binding energy of 60 meV 
makes ZnO a potential candidate for low-threshold 
blue/UV lasers that can be integrated with photodetectors 
[14, 15]. Nanosensors fabricated from ZnO with a larger 
surface-to-volume ratio have better characteristics [12, 
16–18] and have the additional advantage of being insensi-
tive to visible light [1]. 
 In this letter, we report the growth of ZnO nanorods by 
a hydrothermal method and the focused-ion-beam fabrica-
tion of single ZnO nanorod-based UV photodetectors. The 
physical properties of the as-grown ZnO nanorods and the 
optical properties of fabricated photodetectors are dis-
cussed. 
 
 2 Experimental The ZnO nanorods in this study were 
synthesized via the hydrothermal method, which has been 
reported in our previous work [19]. This technique was 
found to be quite advantageous from the viewpoint of envi-
ronmental impact, easy scalability, time saving and low 
production cost in comparison with other techniques. 
 In the synthesis process, all the reagents were analy-
tically pure and used without further purification. Zinc  
sulfate Zn(SO4) ⋅7H2O and ammonia solution NH4OH 
(29.6%) were dissolved in 50 ml of DI water until com-
plete dissolution was achieved at room temperature. The 
solution was stirred vigorously to obtain a transparent solu-
tion. Then, the glass substrates were placed inside the 
aqueous solution in a hydrothermal reactor. The setup  
temperature was quickly increased to 90–95 °C and kept 
constant for 10 min without any stirring. Variation of the 
synthesis conditions such as overall concentration of pre-
cursors and temperature allow a certain degree of control 
on the growth rate and morphology of the obtained nano-
rods/nanowires. 
 The resulting ZnO nanorods were then annealed for 
20 s at 650 °C in air. The crystalline quality and orienta-
tions of as-prepared ZnO nanorods were analyzed by X-ray 
diffraction (XRD). The stoichiometry was measured by 
energy-dispersive X-ray analysis (EDX) and the morphol-
ogy of the products was analyzed by scanning electron  

microscopy (SEM). The morphology is considered to  
play a vital role in nanodevice applications. Transmission 
electron microscopy (TEM) confirmed that the nanorods 
are crystalline. High spatial resolution cathodolumines-
cence spectroscopy measurements were carried out at  
room temperature using a Gatan MonoCL3 cathodolumi-
nescence system, which is integrated with a Philips XL  
30 SEM. The emitted radiation was analyzed using a  
single grating (1200 lines/mm, blazed at 500 nm) and a 
Hamamatsu photomultiplier tube with sensitivity in the 
185–850 nm range. An electron-beam accelerating voltage 
of 10 kV was used, corresponding to an electron penetra-
tion depth of about 0.5 μm. The focused ion beam (FIB) 
in-situ lift-out technique was employed for the photodetec-
tor fabrication. Current–voltage (I–V) characteristics were 
measured using a semiconductor parameter analyzer with 
input impedance of 2.00 × 108 Ω. The UV sensitivity was 
measured using a two-terminal ZnO nanorod device. The 
readings were taken after a UV light was turned on. The 
UV source is a Hg lamp with an incident peak wavelength 
of 370 nm. 
 

3 Results and discussions 
 3.1 Structural characterization Indexed XRD 
scans on the ZnO nanorods in the range of 25–90° show a 
dominant sharp peak at 34.4°, which confirms the c-axis 
oriented (002) plane growth (Fig. 1). It can be seen that  
all diffraction peaks are from crystalline ZnO with the  
hexagonal wurtzite structure. The scattering data are in 
agreement with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card for ZnO (JCPDS 036-1451) 
[20]. 
 In Fig. 1, the detected (hkl) peaks are at 2θ values of 
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, and 62.8°, corresponding 
to the following lattice planes: (100), (002), (101), (102), 
(110), (103), respectively. The lattice constants a and c  
 
 

 

Figure 1 Indexed XRD scan for ZnO nanorods on a glass  
substrate synthesized by the hydrothermal method showing the 
preferential orientation of crystallites. The inset is an SEM image 
of a single ZnO nanorod showing a perfect hexagonal cross sec-
tion. 
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Figure 2 SEM images of the ZnO nanorods grown by the hydro-
thermal method from zinc sulfate and ammonia aqueous bath on 
glass substrates at 90–95 °C. The insert reveals the hexagonal 
symmetry of a rod. 
 
were determined as a = 0.3249 nm, c = 0.5206 nm by us-
ing the following equation [21] 
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 3.2 Morphological characterization The general 
morphologies of the as-synthesized ZnO nanorods were 
studied by scanning electron microscopy (SEM). A typical 
SEM image of the ZnO nanorods is shown in Fig. 2. The 
ZnO nanorods have an average radius of 300 nm and show 
perfectly flat surfaces with hexagonal symmetry. The 
lengths of ZnO nanorods are about 10 µm. According to 
our experimental results, the nanoarchitectures obtained by 
our process can be easily transferred to other substrates and 
can be handled by a focused-ion-beam (FIB) instrument. 
 

 

Figure 3 TEM image at a side edge of an as-synthesized ZnO 
nanorod and a typical SAED pattern of a single nanorod (see in-
sert). 

 The detailed structural characterization of a single ZnO 
nanorod was performed by high-resolution transmission 
electron microscopy (HRTEM) with a FEI Tecnai F-30 
microscope operating at 300 kV. A TEM image and a  
selective-area electron diffraction (SAED) pattern of an in-
dividual ZnO nanorod are shown in Fig. 3. The lattice 
fringes in all examined regions reveal no dislocations or 
stacking faults, illustrating that the nanorod is a defect-free 
single crystal. 
 The nanorods are straight and their surfaces are very 
smooth. A typical SAED pattern (inset in Fig. 3) taken 
from a ZnO nanorod can be indexed as a hexagonal struc-
ture of zinc oxide recorded along the [1210]  zone axis, 
which indicates that the as-synthesized ZnO nanorods are 
single crystals. 
 From the TEM analysis, as in Fig. 3, it is clear that the 
ZnO nanorods are single crystalline and grow along the 
[0001] axis. The HRTEM image displays clearly resolved 
lattice distances of 0.52 nm along the long axis of a nano-
rod coinciding with the (0001) lattice spacing. These  
results confirm the XRD analysis that the ZnO nanorods 
are preferentially oriented in the [001] direction. 
 
 3.3 Nanofabrication of a photodetector by the 
in-situ lift-out technique Here, the in-situ lift-out pro-
cedure for the photodetector fabrication is described. A 
Keindiek Micromanipulator was mounted beside the stage 
in the FIB/SEM instrument. For the nanosensor prepara-
tion, a glass substrate was used and Al electrodes were de-
posited as templates with external electrodes/connections. 
The needle used for the lift-out step was an electropolished 
tungsten wire. The ZnO nanorods are transferred from the 
initial glass substrate to the Si/SiO2 substrate in order to 
avoid charging problems during the fabrication process. 
 The next step in our procedure is to scan the surface of 
the intermediate Si/SiO2 substrate for a conveniently ori-
ented ZnO nanorod (Fig. 4a). Once found, the needle is 
lowered and brought into the FIB focus and its tip posi-
tioned at the close end of the intermediate nanorod as 
shown in Fig. 4b. In the in-situ lift-out process [19, 22–24], 
the attachment of a single intermediate nanorod (see 
Fig. 4b) on the top of the FIB needle [22, 23] permits an 
easy pick-up of the selected nanorod to be further pro-
cessed. This step makes it possible to fabricate nano-
devices much faster. 
 Once the desired nanorod is identified it is recom-
mended to push the nanorod with the micromanipulator tip 
in order to make sure that it is not firmly attached to the 
substrate and is transferable. The W needle with the inter-
mediate ZnO nanorod attached is then moved until it 
touches the desired ZnO nanorod. Then, the selected ZnO 
nanorod is attached to the end of the intermediate ZnO 
nanorod on the FIB needle as shown in Fig. 4b with Pt 
deposition to the joint. After the nanowelding of the  
selected ZnO nanorod with the micromanipulator the W 
needle and specimen is raised away from the substrate 
(Fig. 4c). 
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Figure 4 Secondary electron micrographs showing the steps of the in-situ lift-out fabrication procedure in the FIB/SEM system. (a) 
An intermediate ZnO nanorod on a Si/SiO2 substrate; (b) needle with intermediate ZnO nanorod placed close to a single ZnO nanorod 
selected for UV photodetector fabrication; (c) a ZnO nanorod picked up by the needle, next to the FIB needle; (d) nanosensor substrate 
template (glass with Al contacts as contact electrodes); e) placement of the ZnO nanorod on substrate; (f) single nanorod welded to 
four electrode/external connections as final nanophotodetector. The scale bar is 5 µm. 
 

 
 Figure 4d shows the nanophotodetector substrate tem-
plate (glass with Al contacts as contact electrodes). Using 
the micromanipulator, we carefully position the nanorod 
between the electrodes (Fig. 4e). In the last step, the nano-
rod is fixed to one of the predeposited electrodes/external 
contacts. The nanorod is cut (Fig. 4e) and the needle 
moves away from the substrate. Figure 4f shows a novel 
single ZnO nanorod-based photodetector fabricated by this 
in-situ lift-out technique in the FIB/SEM system. By this 
technique differently shaped photodetectors have been pre-
pared. 
 

 3.4 Optical and UV sensing properties The room-
temperature cathodoluminescence (CL) spectra of the ZnO 
nanorods are shown in Fig. 5. The CL emission spectrum 
of a single ZnO nanorod (Fig. 5) reveals a strong UV emis-
sion at 389 nm, which corresponds to the near-band-edge 
emission of ZnO. This strong ultraviolet emission coupled 
with a weak broad green emission band, suggests that the 
nanorod structures posses high crystal quality with mini-
mum oxygen vacancies. High-quality ZnO nanorods are 
very important for UV sensors. Our results demonstrate 
that this hydrothermal method is capable of the growth of 
high-quality nanostructures with few defects for future op-
toelectronic nanodevices applications. 
 Here, we measured the current–voltage (I–V) curves 
of the ZnO nanorod fabricated acoording to the procedure 
outlined in Fig. 4. Figure 6 illustrates the characteristics of 
a four-terminal ZnO nanorod photodetector in ambient  

air. The four-probe I–V electrical measurements were per-
formed by changing the bias voltages from +5 mV to  
–5 mV and vice versa. The voltage increment and delay 
time were set to 0.50 mV and 3 s. 
 Current–voltage measurements of the samples show 
linear characteristics in this range. The electrical resistivity 
of the ZnO nanorod was estimated to be about 0.20 Ω cm 
from the four-probe dc measurements. The I–V curves are 
linear, and the contact resistance was calculated to be 
about 200 Ω per contact, which is small compared to the  
 

 

Figure 5 Cathodoluminescence (CL) spectrum of a one-dimen-
sional ZnO nanorod. 
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Figure 6 I–V characteristics of a single ZnO nanorod photo-
detector. 
 

nanorod resistance of approximately 1 kΩ (between their 
middle contacts). 
 The room-temperature sensitivity of the single nanorod 
ZnO nanophotodetector to UV light is shown in Fig. 7. 
When the ZnO nanorod photodetector is illuminated by 
370 nm UV light, the conductance increases with a time 
constant of a few minutes, as shown in Fig. 7. When the 
UV light is turned off, the conductance decreases back to 
within 10% of the initial value. The UV response is rela-
tively fast for a ZnO-nanorod photodetector. 

 The UV response time is found to be around a few 

minutes and can be explained by the adsorption and photo-

desorption of ambient gas molecules such as O2 or H2O [25, 

26]. As-grown ZnO nanorods adsorb oxygen molecules on 

the surface. This will take free electrons from the n-type 

ZnO nanorod to form a depletion region. After UV illumi-

nation of the photodetector the electron–hole (e––h+)  

pairs will be generated. The holes (h+) will migrate to the  

 

 

Figure 7 Conductivity response of the ZnO-nanorod-based UV 
photosensor fabricated by the in-situ lift-out technique in the FIB 
system. 

surface to discharge the chemisorbed oxygen ions and 
lowering the depletion layer near the surface 

2ad 2
h O O (g) .+ -

+ Æ  

Due to the fact that the photon energy is higher than the 
bandgap of ZnO, UV radiation is absorbed by the ZnO 
nanorod, creating electron–hole pairs, which are further 
separated by the electric field inside the ZnO nanorod con-
tributing to the increase of the conductivity. 
 After the exposure to UV radiation, the sensor is main-
tained for a recovery period. The sensor shows a relatively 
fast response and baseline recovery for UV detection. This 
suggests a reasonable recovery time. The quantity of pho-
togenerated e––h+ pairs depends on the intensity of UV ex-
posure, and the discharge effect of the photogenerated 
holes on the chemisorbed oxygen. The holes will recom-
bine with oxygen ions chemisorbed on the surface and 
eliminate the depletion region [25]. At the same time the 
electrons produced will contribute to conductivity. The 
oxygen adsorption at the surface of ZnO may also affect 
the response time [27–29]. 
 Several photodetectors have been fabricated by the in-
situ lift-out technique and have been investigated under 
identical conditions. Similar UV responses were observed. 
 The spectral response demonstrates that such a 
photodetector is indeed suitable for detecting UV radiation 
in the range of 300–400 nm. 
 

 4 Conclusions In summary, fabrication of a single 
ZnO-nanorod UV photodetector is demonstrated for the 
first time. An in-situ lift-out technique has been presented 
in detail to fabricate the single ZnO-nanorod-based photo-
detector. The photoresponse measurements indicate that 
the nanorod-based photodetector has reasonable recovery 
time and responsivity. 
 The prototype device shows a simple method for 
nanowire synthesis and demonstrates the possibility of 
constructing nanoscale photodetectors for nano-optics ap-
plications. 
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