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Abstract. The paper deals with an important scientific problem of enhancement performances
of nanowire-based devices. Zinc oxide nanowires and nanorods were grown by electrochemical
deposition and hydrothermal techniques. X-ray diffraction, scanning electron microscopy, trans-
mission electron microscopy, X-ray photoelectron spectroscopy, sensing characterization, photolu-
minescence and el ectroluminescence demonstrates that the obtained nanowires/nanorods represent
crystalline zinc oxide. Nanowire-based nanosensors were fabricated by using FIB/SEM and it is
demonstrated that the doped nanorod/nanowire-based sensors have higher sensitivity and faster
response. Electroluminescence studies of nanowire-based LEDs showed that the emission wave-
length of the light can be tuned.
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. Introduction

Zinc oxide (ZnO) is a versatile wide band gap semiconductor and it has been extensively stud-
ied as the new material for optical-electrical and photovoltaic devices. Pure or doped ZnO nan-
owires have shown unique multifunctional properties promising for various applications in gas sen-
sors [1], light emitting diodes [2], dye-solar cells [3], field-effect-transistors FET [4], etc. ZnO nan-
owire nanosensors are very promising to detect hydrogen at elevated temperature [5]. At elevated
operating temperature, the conductivity of zinc oxide nanowires can be influenced by the ambient
atmosphere. It can aso be used to detect hydrogen and hydrocarbon gases at room-temperature. But
at low temperature, the oxygen-vacancies diffusion is frozen and gas response is low, as well as the
response/recovery time is long. The solution of these problems is surface functionalization and/or
doping of zinc oxide nanowires to obtain lower operating temperature, higher gas sensitivity and
faster response. Conseguently, single nanorod/nanowire ZnO-sensors show changes in the conduc-
tivity under exposure to gases, which makes it highly demanded for the development of an elec-
tronic nose. Herein, we report the synthesis, microstructure, and the gas sensing characteristics of
ZnO nanowires. The gas sensing shows that the ZnO multiple nanowire gas sensor and individual
nanowire nanosensor have reversible response to H, and CH,4 gases at room-temperature. The re-
sults demonstrate the possibility to develop ZnO nanowire-based low power consumption gas
nanosensors. Also, tunable-wavelength light emitting diodes based on nanowires have been demon-
strated.

[1. Nanotechnologies of nanowires/nanor ods synthesis and nanodevice fabrication
ZnO and Ag, Cd, Cu, Al-doped ZnO nanowires and nanorods were grown by an electro-
chemical procedure and by hydrothermal technique discussed in details in previous reports [1,6-8].
Slices of p-type Si (100) were used as substrates for the synthesis of the ZnO and Cu-ZnO material
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in hydrothermal process. For the electrodeposition of doped ZnO nanowire arrays, F-doped tin oxide
(FTO) film supported on a glass substrate with a resistance of 10 Q/[] [7-8]. More details can be
found in our papers as reported previously [7-9]. Manipulation and reactions were carried out in air
inside a fume hood.

The size and morphology of the samples with ZnO nanorods were observed with a JEOL
scanning electron microscope (SEM). The compositiona analysis of ZnO nanorods was carried out
using Energy dispersive X-ray spectroscopy (EDX), in combination with SEM. X-ray powder dif-
fraction (Rigaku ‘DB/MAX’ powder diffractometer) was used for structural analysis using Cu Ka
radiation (I = 1.54178 A). The ex situ prepared samples were mounted on a molybdenum sample
holder and subsequently transferred into an ultrahigh vacuum system (UHV) system equipped with
a hemispherical electron energy analyzer (Phoibos 100, SPECS GmbH) and a dual-anode (Al K,
1486.6 eV and Ag La, 2984.4 €V) monochromatic X-ray source (XR50M, SPECS GmbH). Vibra-
tional modes in pure and doped ZnO nanorods/nanowires were obtained from Raman backscattering
experiments in a micro-Raman setup Horiba Jobin Yvon LabRam IR spectrometer. Room-
temperature photoluminescence (PL) was excited by the 4™ harmonic (266 nm) of an YAG:Nd laser
and dispersed with a HR250 monochromator (Jobin - Yvon) coupled to an UV - enhanced Intensi-
fied Charge Coupled Device (ICCD) (Roper). The gas response was measured using a two-terminal
ZnO rod device [9]. Its characteristics were measured using a semiconductor parameter analyzer
with input impedance of 2.00x10% Q. The fabricated device structure was put in an environmental
chamber to detect different gasses (H,, O,, CoHsOH, CH4 and natural gas-LPG). The humidity of
the gas mixture was about 60 RH%. The gas flow was controlled by MK S mass flow controller and
test system as reported before [5,10]. The device electroluminescence was collected by an optical
fiber connected to a CCD Roper Scientific detector (cooled Pixis 100 camera) coupled with a Spec-
traPro 2150i monochromator. The monochromator focal lens was 150 mm, grating of 300gr/mm
blazed at 500 nm in order to record the emission of the ZnO in the whole near-UV-visible range.

[11. Resultsand discussions
Figure 1a shows a scanning electron microscopy (SEM) image of the quasi-aligned high as-
pect ratio Cd-doped ZnO nanowire array synthesized by electrodeposition on FTO substrate.
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Fig.1. (&) SEM micrographs (cross-section view) of the ZnO-Cd (6 mM CdCl, in the electrolyte)
nanowire layers electrodeposited on FTO substrate. (b) SEM image of the ZnO-Cd nanowire inte-
grated in an nanosensor. Scale bar is 2 mm. (c) Gas response to 100 ppm H. gas pulse of asingle
ZnO-Cd nanowire (80 nm) versus concentration of [Cd](0-6 mM CdCl, in the electrolyte) and ver-
sus diameter (80, 140 and 200 nm).

These nanowires have uniform lengths of 2-3 mm and diameters of 50-200 nm. NWs are
well facetted with hexagona cross-sections (not shown). The aspect ratio of doped ZnO NWSs is
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about 30, which is 50% higher than that of pure ZnO NW under the same growth conditions [§].
XPS analysis was conducted to determine the presence of the Cd dopants and their chemical state
inside the ZnO matrix. According to XPS spectra there were detected Zn-2p and Cd-3d core level
regions of the Cd-doped ZnO nanowires. The Zn-2p region shows a doublet at 1021.7 eV and
1044.8 eV corresponding to the Zn-2pz> and 2py, core levels (not presented). The Cd-3d region
also shows a doublet tentatively assigned to cationic Cd (Cdd+, 3ds2 = 405.6 €V and 3da» = 412.4
€V). High-resolution TEM images taken from the edge of the sample and electron diffraction char-
acterization indicate that the ZnO nanowire is grown along the ¢- axis. XRD studies of the crystal
structure indicates only ZnO peaks which demonstrates that it matches the lattice spacing of crystal-
line zinc oxide in the wurtzite structure (space group: P6smc(186); a = 0.3249 nm, ¢ = 0.5206 nm).
A dlight shift of about 0.015° or 0.023° to lower 2q values for (002) peak for ZnO:Cd (2nM) and
ZnO:Cd (6nM) compared to pure ZnO were measured by XRD.

Figure 1b shows nanosensor structure of the single-nanowire contacted by FIB. Figure 1c
shows a comparison of the gas response of a pure- and a Cd-doped ZnO NW nanosensors. It clearly
demonstrates the dependence of the gas response on the concentration of Cd-doping of ZnO NW-
based sensors. It can be seen that by doping cadmium the sensitivity to H, at room-temperature op-
eration can be improved. The Figure 1c demonstrates the dependence of the gas response on the
diameter of ZnO NW-based sensors. The highest gas response (about 274%) was obtained from a
sensor based on asingle Cd (6 niM) - doped ZnO NW with diameter less than 100 nm. For compari-
son, 140 nm and 200 nm NW shows a lower gas response to Hy, less than 68% and 35%, respec-
tively. Our results demonstrate the importance of using thinner and doped nanowires to design
highly sensitive H, sensors, which can operate without need of elevated temperatures. Also, power
consumption of a nanosensor is ~5nW, which makes it very competitive for integration in wireless
nanosensors networks.

Another approach is surface functionalization to improve sensing response and to control
gas response in different ambient conditions. As mentioned in our previous reports, ZnO materia
was dipped in a palladium chloride solution and thermal treated at 400 °C before in-situ lift-out fab-
rication process for sensor structure. Afterwards, the zinc oxide samples were first transferred onto
the intermediate SI/SIO, substrate in order to reduce the sample density and avoid charging prob-
lems in the FIB system and fabricated a sensor structure [10]. The fabricated single ZnO wire gas
sensor was put in a test chamber to detect natural gas and other gases, such as H,, O,, CO,, CO and
ethanol. The maximum response was obtained for natural gas in this case. The room-temperature
sengitivity of the single ZnO wire sensor increases about 5% within 30 s. Afterwards, the NG gasis
turned off and the detector resistance decreases back to the initial value. The temperature depend-
ence of natural gas sensitivity of the fabricated single ZnO wire sensor structure demonstrated that
different operating temperatures of ZnO sensor lead to different responses to NG with a maximum
at about 400 °C. This observation could be explained by the phenomenon that at elevated operating
temperature methane more easily decomposes in species, which favour increase of response value.
The gas sensing mechanism can be explained by the charge transfer that takes place during adsorp-
tion/desorption of an oxygen species on surface. The sensing mechanism is based on interaction
between negatively charged oxygen adsorbed on the zinc oxide surface and gas to be detected. For
Cu-doped ZnO wire-based sensor it was measured the ~44% sensitivity to H,. Quick response, fast-
er recovery times (comparatively to pure ZnO), and selectivity were found to be significant useful
for further development of H, sensor at room temperature.

The room-temperature el ectroluminescence spectra of the device structures made from Zn.
xCdxO nanowires (grown in 2 and 6 "M CdCl; in the bath) were studied and compared with those
based of pure ZnO NWs/p-GaN used as reference. In each case, it was seen a single short wave-
length emission shifted towards the violet range with Cd-alloying of ZnO.
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V. Conclusion

In this work, the nanoscale sensor based on a single Cd-doped ZnO nanowire was fabricated
by using focused ion beam set-up. Nanosensor has been shown to have enhanced performance, e.g.,
high sensitivity (able to detect down to 100 ppm of H,), good selectivity (poor response to CHy,
C,HsOH, CO, and ammonia), and low power consumption of <5 nW at 2 mV compatible to a port-
able device. The diameter dependence of the gas response of a single Cd-ZnO nanowire synthesized
by electrochemical method was studied. It was shown that sensitivity depends of Cd-doping. It was
demonstrated the dependence of selectivity H, gas. A single Pd-functionalized ZnO wire natural gas
sensor structure for monitoring of natural gas was demonstrated.
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