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ZnO nanowires were synthesized by the CVD procedure and

have been investigated by SEM, TEM, SAED, Raman, and cw

PL spectroscopy. The fabrication of an ultraviolet (UV)

photoconductive detector based on single ZnO nanowire

(100 nm in diameter) is presented. This nanostructure detector

is prepared in an Focused Ion Beam (FIB) set-up by using

nanodeposition for metal electrodes. The photoresponse of the

UV sensor are studied using a UV source with an incident peak
wavelength of 365 nm. It was demonstrated that the output

signal of the sensors is reproducible under UV irradiation. The

photoresponse and characteristics of the ZnO nanowire-device

demonstrates that focused ion beam process offers a way to

fabricate novel nanodevices on a single ZnO nanowire with

diameters as small as 100 nm. The presented single ZnO

nanowire sensor proves to be promising for application in

various processes.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Recently, wide-gap semiconducting
oxide micro- and nanostructures based on ZnO, SnO2, TiO2

have attracted tremendous research interest due to their
ultraviolet (UV) photoresponse and their optical transpar-
ency in the visible spectral range [1–9]. In particular, quasi-
one-dimensional (Q1D) ZnO nanowires/nanorods are prom-
ising as a new type of low-cost and high-speed UV nanoscale
photoconductive detectors and optical switches [1, 2, 6, 7, 9].
The low dimensions of such nanostructures promise increase
in electronic device packing density, low power consumption,
and also enhanced UV sensing properties. Q1D nanostructures
with small diameters (<100 nm) exhibit a large surface-to-
volume ratio which makes them highly susceptible to altered
electrical properties by means of electron–hole generation or
recombination during UV exposure.

UV detection with nanowires is normally realized by
monitoring the current–voltage or the electrical conductance
variation when exposed to UV radiation. Due to the unique
geometry of nanowires the active volume contributing to
dark current (as a source of noise) is one thousandth of a
normal size detector. This allows one to reach a higher
sensitivity by using a single nanowire in devices.

In particular, Yang and co-workers [1] used electron-
beam lithography to fabricate nanowire-based UV
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 XRD spectrum for ZnO nanowires grown by CVD on a Si
substrate.

Figure 2 SEM image taken from ZnO nanowires grown on Si
substrate by CVD process at 650 8C.
photodetectors and optical switches. Harnack et al. [10]
studied photoresponse to 366 nm UV light of the ZnO
nanorods electrically aligned between interdigitated gold
electrodes on SiO2. Suehiro et al. [11] reported dielectro-
phoretic fabrication of an individual ZnO nanowire based
UV sensor with a relatively slow response, but a high UV
sensitivity of 10 nW cm�2. Law and Thong [12] fabricated a
ZnO nanowire UV photodetector with a photoresponse time
of 0.4 ms by growing it between two patterned zinc
electrodes. It is known that the UV photoresponse of ZnO
can be affected by nanostructure size, aspect ratio, crystal-
lographic orientation, Zn� or O� terminated surface, surface
defects, and post-annealing [13–15]. So far, a large number
of techniques have been exploited to fabricate ZnO nanos-
tructures/nanowires [16–18] and photodetectors [1, 7, 9–10].

The goal of this paper is to demonstrate that chemical
vapor deposition (CVD) can be used for the preparation of
transferable ZnO nanowires with high crystallinity, good
optical properties, and sensitivity to UV radiation, which
allows one to construct nanoscale photodetectors by using a
FIB instrument.

2 Experimental The ZnO nanowires were synthes-
ized by the CVD procedure on a Si(100) substrate. Metallic
zinc of high purity (99.999%) and an oxygen–argon mixture
(20 vol.% oxygen) were used as starting reactants [19]. The
synthesis was performed in a flowing type two-zone quartz
reactor. In the first zone zinc evaporated, while in the second
zone zinc vapors interacted with oxygen. Substrates of (100)-
oriented silicon wafers were placed in the second zone. The
temperature of zinc source evaporation was 670 8C, the
growth temperature was 650 8C (2nd zone). The oxygen–
argon mixture was fed to the reactor at a rate of 1 l/h. The
synthesis was conducted for 30 min.

The morphology of the samples was studied by a
scanning electron microscope (SEM, Hitachi, operating at
10 kV) equipped with an EDX spectroscope. The EDX
spectroscope was used to explore the ZnO chemical
composition (within a precision of 1 at.%).

The crystalline quality of ZnO nanowires were analyzed
by X-ray diffraction (XRD). The structural characterization
of a single nanowire was performed by high-resolution
transmission electron microscopy (HRTEM) with a FEI
Tecnai F-30 microscope operating at 300 kV.

The continuous wave (cw) photoluminescence (PL) was
excited by the 351.1 nm line of a Spectra-Physics Arþ laser
and analyzed with a double spectrometer ensuring a spectral
resolution better than 0.5 meV. The samples were mounted
on the cold station of a LTS-22-C-330 optical cryogenic
system. The Raman scattering was investigated at room
temperature with a MonoVista CRS Confocal Laser Raman
System in the backscattering geometry under the excitation
by a 532 nm DPSS laser.

The focused ion beam (FIB) was employed for the
photodetector fabrication. The UV sensitivity was measured
using a two-terminal ZnO nanowire device excited by the
365 nm line of an Hg-lamp.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
3 Results and discussions
3.1 Structural characterization Figure 1 presents

an indexed XRD scan in the range of 30–808 on the ZnO
nanowires grown by CVD. One can see that all the diffraction
peaks correspond to crystalline ZnO with the hexagonal
wurtzite structure [20]. The calculated lattice constant
c¼ 0.522 nm is consistent with the standard values. No
characteristic peaks from other impurities are detected. In
Fig. 1, the strongest detected (hkl) peak is at 2u values of 34.48,
corresponding to the lattice plane (002) in ZnO. It also was
detected lower intensity ZnO peaks at 31.7, 36.2, 47.5, 56.6,
62.7, and 72.68 corresponding to the following lattice planes:
(100), (101), (102), (110), (103), (004), respectively.

3.2 Morphological characterization A typical
SEM image taken from ZnO nanowires grown by CVD is
shown in Fig. 2. The ZnO nanowires have an average radius
of 50 nm and the mean length is about 5mm.
www.pss-a.com
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Figure 3 TEM image taken from a side edge of CVD synthesized
ZnO nanowire and a typical SAED pattern (see inset).

Figure 4 PL spectrum of the ZnO nanowires grown by CVD
process and measured at T¼ 10 K.

Figure 5 Micro-Raman spectrum of ZnO nanowires measured at
room temperature.
According to our experimental results, the nanowires
obtained by CVD process can be transferred to other
substrates and can be handled by a Focused Ion Beam
(FIB) instrument in order to fabricate test devices.

A TEM image and a selective-area electron diffraction
(SAED) pattern of an individual ZnO nanowire are shown in
Fig. 3. The lattice fringes in all examined regions reveal no
dislocations or stacking faults, illustrating that the nanowire
consists of a defect-free single crystal. The TEM analysis
(Fig. 3) demonstrates that single crystalline ZnO nanowires
grow along the [0001] axis.

The HRTEM image displays clearly resolved lattice
distances of 0.52 nm along the long axis of a nanowire
coinciding with the (0001) lattice spacing. A SAED pattern
(inset in Fig. 3) taken from a ZnO nanowire showed both
single crystalline nature of distinct diffraction spots plus
nanocrystalline nature of diffusive diffraction rings. The
[001] crystallographic direction shown in the inset indicated
the preferential growth direction of the ZnO.

3.3 Optical properties The cw PL characterization
revealed the high optical quality of the ZnO structures. The
spectrum is dominated by the donor excitonic (DX)
emission, while the emission related to the donor acceptor
pair recombination DA is two orders of magnitude less
intensive. Apart from the high intensity of the emission
related to the recombination of neutral donor bound excitons
D0X, the high optical quality of the nanowires is indicated by
well resolved I1, I4, and I6 lines related to different donors
[21] and the presence of the emission related to the
recombination of free excitons FX. The other PL bands
observed in the spectra are associated with the phonon
replica of the neutral donor bound excitons D0X and donor
acceptor pair recombination DA PL lines (Fig. 4).
www.pss-a.com
The exploration of vibrational properties of ZnO
nanowires is important for shedding light upon the transport
properties and phonon interaction with the free carriers,
which determine the optoelectronic device performance
[22]. It was demonstrated that carriers excited high in the
conduction band relax toward their ground state mainly by
Fröhlich interaction with the longitudinal optical phonons.
The dynamics of the phonon population strongly affects the
performance of optoelectronic devices [23].

The room-temperature Raman scattering spectrum of the
ZnO nanowires is illustrated in Fig. 5. This spectrum
demonstrates the good crystalline quality of the wurtzite
crystal structure in the produced material. Wurtzite ZnO
belongs to the C4

6v space group (P63mc). The primitive cell
includes two formula units with all atoms occupying 6b sites
of symmetry C3v. According to group theory, the corre-
sponding zone centre optical phonons are of the following
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Secondary electron micrographs showing the transferred
ZnO nanowires on a substrate for fabrication procedure in the FIB
system. Inset shows a single ZnO nanowire welded to two electrode/
external connections as final photoconductive nanodetector. The
scale bar is 2mm.

Figure 7 (online color at: www.pss-a.com) The UV response for a
single ZnO nanowire-based UV photoconductive sensor.
symmetry modes:A1þ 2B1þE1þ 2E2 [24]. The A1,E1, and
2E2 are the first-order Raman active modes, while 2B1

phonons are silent.
The A1 and E1 modes are also infrared-active and

therefore split into longitudinal LO and transverse TO
optical components. Except for the LO modes, all Raman
active phonon modes are clearly identified in the measured
spectrum (Fig. 5). The peaks at 100 and 437 cm�1 are
attributed to ZnO nonpolar optical phonon E2(low) and
E2(high) modes, respectively. The peak at 410 cm�1

corresponds to the E1(TO) mode. The peak at 331 cm�1 is
attributed to second order Raman processes involving
acoustic phonons [25]. There are several indicatives of a
good crystal quality of the produced nanostructures: (i) the
signal attributed to the two-phonon density of states (DOS)
expected in the spectral range from 500 to 700 cm�1 [26, 27]
is practically absent in the sample; (ii) the peak correspond-
ing to E2(high) mode has a linewidth of about 6 cm�1, while
the linewidth of the peak corresponding to E2(low) mode is
about 3 cm�1, which is comparable to values reported for
high quality ZnO bulk crystals [28]; (iii) the position of the
E2 (high) peak corresponds to the phonon of a bulk ZnO
crystal [28] indicating a strain-free state of the nanowire.

3.4 Nanofabrication of a sensor based on single
ZnO nanowire A FIB system was used for fabrication of a
UV photoconductive sensor. A micromanipulator was
mounted beside the stage in the FIB instrument and was
used for sample manipulation and lift-out process [30–32]. A
glass substrate with predeposited Au/Cr electrodes was used
as a template with external electrodes/connections. The ZnO
nanowire was transferred from the initial Si substrate to the
Au/Cr patterned substrate by sonication to disperse isolated
nanowires on second substrate with preformed electrodes.

We also used a direct contact technique to transfer
nanowires by direct contact of the sample with a clean Si/
SiO2 wafer prepared according to [29–32] and gently rub a
few times. These procedures allow us to obtain a low density
and uniformly distributed ZnO nanowires on the second
substrate. If one needs to lower the density of NWs, the above
procedure can be repeated [30, 31]. Pt lines with dimensions
of 0.5mm� 0.5mm� 5mm connected to one of the Au/Cr
external contacts were used to avoid charging problems
during the fabrication process. Then we scan the surface
of the substrate for a conveniently oriented ZnO nanowire
(Fig. 6). Afterwards, focused ion beam is used to deposit
Pt conducting lines to connect the ZnO nanowire with the
pre-deposited Cr/Au contact electrodes on the substrate.
Inset in Fig. 6 shows a single ZnO nanowire-based
photodetector fabricated in the FIB system.

3.5 UV sensing properties The room temperature
sensitivity of the single nanowire ZnO nanophotodetector to
365 nm UV light is shown in Fig. 7. When the ZnO nanowire
photodetector is illuminated by 365 nm UV light, the
electrical resistance decreases with a time constant of
2 min (as shown in Fig. 7). When the UV light is turned off
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the resistance increases back to within 10% of the initial
value with a recovery time of 3 min. Multiple experiments
were performed and similar results were obtained with an
accuracy of 7–10% for time constants.

The UV response and recovery times are relatively fast
for a single ZnO nanowire photodetector comparing to an
individual zinc oxide nanorod grown by aqueous chemical
deposition [3]. The measured resistance change of about
12% for single CVD ZnO nanowire is several times higher
than reported previously [3, 7].

The photodetection mechanism can be proposed as
follows. Initially, oxygen molecules adsorbed on the surface
www.pss-a.com
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of ZnO nanowire decrease the carriers’ density by trapping
free electrons (O2ðgÞ þ e� ! O�

2 ðadÞ). This leads to the
formation of a depletion region near the surface which
significantly decreases the conductance. The UV response
time is governed by adsorption and desorption of O2

molecules on the surface [2, 3, 7, 30]. After the photosensor
is illuminated by UV light, the electron–hole (e�–hþ) pairs
will be generated (hn ! e� þ hþ). The holes (hþ) will
migrate to the surface to discharge the chemisorbed oxygen
ions and lowering the depletion layer near the surface
(O�

2 ðadÞ þ hþ ! O2ðgÞ). The remaining unpaired electrons
will contribute to the current. After UV light is turned off, the
holes concentration is lower than that of electrons in the ZnO
nanowire. However, hþ recombines with e�, simultaneously
oxygen molecules readsorb on the surface and capture free
electrons. This will result in a decrease of the conductance
value. Several photodetectors have been fabricated by the
presented technique and have been investigated under
identical conditions. The levels of UV responses were found
to be very close to each other. The obtained results
demonstrate the feasibility of the single nanowire-based
device structures for detecting UV light.
4 Conclusions In conclusion, the ZnO nanowires
were synthesized by the CVD procedure with an average
radius of 50 nm and the mean length is about 5mm. TEM and
a SAED results from an individual ZnO nanowire reveal no
dislocations and a defect-free single crystal. The cw PL
demonstrates the high optical quality of the ZnO structures
and the spectrum is dominated by the DX emission. From the
Raman studies can be concluded several indicatives of a
good crystal quality of the produced nanostructures: (1) the
signal attributed to the two-phonon DOS expected in the
spectral range from 500 to 700 cm�1 is practically absent in
the sample; (2) the peak corresponding to E2(high) and
E2(low) modes are comparable to values reported for high
quality ZnO crystals [28]; (3) the position of the E2 (high)
peak corresponds to the phonon of a bulk ZnO crystal [28].

We have fabricated a UV photoconductive sensor based
on single ZnO nanowire grown by CVD with a diameter as
low as 100 nm. Focused ion beam FIB instrument is used in
the fabrication process. The UV response and recovery times
(of �2 min) of CVD ZnO nanowire detector were measured
and the feasibility of the individual nanowire–based
photodetectors was demonstrated. A sensing mechanism is
discussed based on the observed experimental results.
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