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In this paper we report the synthesis of ZnO nanowires via chemical vapor deposition (CVD) at 650 °C. It
will be shown that these nanowires are suitable for sensing applications. ZnO nanowires were grown
with diameters ranging from 50 to 200 nm depending on the substrate position in a CVD synthesis
reactor and the growth regimes. X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), photoluminescence
(PL), and Raman spectroscopy (RS) have been used to characterize the ZnO nanowires. To investigate the
suitability of the CVD synthesized ZnO nanowires for gas sensing applications, a single ZnO nanowire
device (50 nm in diameter) was fabricated using a focused ion beam (FIB). The response to H, of a gas
nanosensor based on an individual ZnO nanowire is also reported.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, low-dimensional systems have attracted
tremendous research interest for nanosensor applications due to
their gas sensitivity, ultraviolet (UV) photoresponse, optical
transparency in the visible region, etc. [1-14]. In particular,
quasi-one-dimensional (Q1D) nanowires/nanorods are promising
as a low-cost material for high-speed UV photoconductive
nanoscale detectors and gas sensors [3,7-14].

Current research efforts are focused on the UV light and
chemical sensing properties of metal oxide nanowires, such as zinc
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oxide (ZnO), tin oxide (Sn0O,), indium oxide (In,03), aluminum
oxide (Al,03), gallium oxide (Ga,0s), tungsten oxide (WOs), and
vanadium oxide (V,0s) [5,7,15-17]. In particular, several authors
have demonstrated that zinc oxide nanowires (NWs) have unique
properties, such as high sensitivity under ambient conditions, and
that they are a potential candidate for use as a sensing material
[7,8,15-17].In addition, ZnO is a low-cost material which is simple
to fabricate, making it attractive for research and industrial
applications.

Recently, Tien et al. [18] used Pt-coated ZnO nanorods as
sensors capable of detecting ppm concentrations of hydrogen at
room temperature. Heo et al. [19] used Au islands for site-selective
growth of ZnO nanowires by Molecular Beam Epitaxy (MBE) at
600 °C. Wang et al. [20] studied the response of Pd-coated ZnO
nanorods to H, at ppm levels in N, and found them to be suitable
for practical applications in hydrogen selective sensing at room



0. Lupan et al./Materials Research Bulletin 45 (2010) 1026-1032 1027

temperature. In another study by Son et al. [21] ZnO nanowires
synthesized by pulsed laser deposition (PLD) were used, and
sensitivity to low concentrations of ethanol was reported. ZnO
nanorods/nanowires synthesized by different techniques were
also reported as sensors of a variety of gases like ammonia,
formaldehyde, hydrogen, nitrogen dioxide, and carbon monoxide
[7,8,19-25]. According to previous reports the sensitivity of ZnO to
gas could be affected by nanostructure, surface defects and post
growth annealing in H, or O, ambient [1,24-28].

At the same time it is necessary to mention that many
researchers dealing with the growth of ZnO nanowires use gold
nanodrops as a catalyst. Although the ensembles of nanowires
obtained in this manner are quite uniform in size, gold is always
present as an impurity and alters the crystalline and optical
properties of ZnO, possibly affecting also its sensing capabilities
and long term stability. Therefore, to improve the emissivity and
electrical properties of ZnO nanowires, one has to consider the
possibilities of their synthesis without depending on metal
catalysts.

Here, we present the controlled synthesis of ZnO nanowires by
chemical vapor deposition (CVD) without the use of a catalyst. In
addition, we report details related to the systematic characteriza-
tion of the as-synthesized zinc oxide nanomaterial for sensor
applications. To investigate the sensing properties of the CVD-
fabricated ZnO nanowires and their feasibility for nanoscale
multifunctional sensor applications, we used a focused ion beam
(FIB) set-up to deposit metal electrodes for external contacts. A
nanodevice is fabricated from an individual zinc oxide nanowire
(50 nm in diameter) and characterized.

2. Experimental details
2.1. Synthesis and nanosensor fabrication

ZnO nanowires were grown on a Si(100) substrate by the
chemical vapor deposition (CVD) procedure at a low pressure
(Fig. 1). Metallic zinc of high purity (99.999%) and an oxygen-argon
mixture (15 vol.% of oxygen) were the starting reactants [29]. Fig. 1
schematically shows the CVD set-up for the growth of ZnO
nanowires on Si substrates. The synthesis was performed in a two-
zone quartz flow reactor. In the first zone zinc was evaporated
(position 2 in Fig. 1). In the second zone zinc vapors interacted with
oxygen. Silicon [(1 0 0)-oriented wafer] substrates were arranged
in the second zone (position 4 in Fig. 1). The temperature of zinc
evaporation was 670 °C and the growth temperature was 650 °C
(second zone in position 4 from Fig. 1). An oxygen-argon mixture
was fed to the reactor at a rate of 11/h. The consumption of zinc
was 20-28 g/h. The synthesis of ZnO nanowires/nanorods pro-
ceeded at approximately 30:1 Zn-to-O molar ratio. The pressure in
the reactor was maintained at a level of 5 Torr. The synthesis was
conducted for 30 min on substrates located at different distances
from the zinc source.

Fabrication of an individual ZnO nanowire (50 nm in diameter)-
based nanosensor, is described next. First, the ZnO nanowires were
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Fig. 1. Set-up of chemical vapor deposition for the growth of ZnO nanowires on a Si
substrate: (1) flowing quartz reactor, (2) Zn source, (3) internal quartz retort, (4)
substrates, (5) electric heaters.

released from the initial substrate by sonication in ethanol. Then,
they were transferred to a SiO,-coated Si substrate cleaned as
described in [9,30]. The separated ZnO nanowires were transferred
via direct contact with a clean substrate with predeposited Cr/Au
external electrodes. Focused Ion Beam (FIB) was used to pattern
metal electrodes that contacted both ends of a single ZnO
nanowire, as reported elsewhere [7,8,10].

2.2. Characterization

The as-prepared ZnO nanowires on the Si substrate were
characterized by X-ray diffraction (XRD) using a Rigaku ‘D/B max’
X-ray diffractometer (Cu Ko radiation source with A = 1.54178 A).
The operating conditions were 30 mA and 40 kV at a scanning rate
of 0.04°/s. The morphology and chemical composition of the
samples were studied using a VEGA TESCAN TS 5130MM scanning
electron microscope (SEM) equipped with an Oxford Instruments
INCA energy dispersive X-ray (EDX) system. Transmission electron
microscopy (TEM) was performed with a FEI Tecnai F30 TEM at an
accelerating voltage of 300 kV. To prepare the TEM samples, the
nanowires were scraped from the Si substrate onto an amorphous
holey carbon film covering a copper TEM grid.

The ex situ prepared samples were mounted on a molybdenum
sample holder and subsequently transferred into a modular
ultrahigh vacuum (UHV) system (SPECS GmbH) specially designed
for the preparation and characterization of nanoscale materials. The
X-ray photoelectron spectroscopy (XPS) measurements were
conducted in the analysis chamber equipped with a hemispherical
electron energy analyzer (Phoibos 100, SPECS GmbH) and a dual-
anode (Al Ko, 1486.6 eV and Ag Lo, 2984.4 eV) monochromatic X-
ray source (XR50M, SPECS GmbH). For the quantitative analysis of
the peak positions and relative spectral areas of the Zn-2p and O-1s
components, the raw XPS spectra were fitted with Gaussian-
Lorentzian (G-L) functions. The intensity ratio of the Zn-2ps;»/2p-1,2
spin-orbit doublet was held constant at a value of 2.

The continuous wave (cw) PL was excited by the 351.1 nm line
of an Ar" SpectraPhysics 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 was employed for the nanoscale sensor
fabrication. The gas sensing measurements were performed using
an individual ZnO nanowire-based sensor fabricated in the FIB
system. The nanosensor was placed in a closed quartz chamber
connected to a gas flow system. The concentration of test gases was
measured using a pre-calibrated mass flow controller. The test
gases were allowed to flow through a pipe network with a
diameter of 5 mm to a test chamber with a sensor holder in which
the nanosensor was placed [7,8].

3. Results and discussion

ZnO nanowires were synthesized with high yield by controlling
the flow rates and partial pressures of oxygen, argon, and zinc
vapor at 650 °C. XRD measurements were performed on the ZnO
nanowires to assess their structure and phase purity. Fig. 2 displays
the XRD spectra of the ZnO nanowires with indexed peaks. It shows
that all the nanowires grown on the Si(1 0 0) substrate are pure
ZnO with hexagonal structure. No diffraction peaks from metallic
Zn or other phases were observed in these samples. The diffraction
peaks in the pattern are indexed as the hexagonal wurtzite ZnO
structure with lattice constants in accordance with values in the
standard card (JCPDS number 36-1451 for ZnO). The measured
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Fig. 2. XRD pattern of ZnO nanowires grown by CVD at 650 °C for 30 min. The indexing
of the different XRD peaks was done using as reference a database from the Joint
Committee on Powder Diffraction Standards, Powder Diffraction File No 36-1451.

lattice parameters of a = 0.326 nm and c = 0.521 nm are consistent
with the standard values.

To see the entire length of ZnO nanowires and whether it is
possible to separate each one from another, cross-sectional images
of the obtained nanomaterial were acquired. The SEM image in
Fig. 3a shows that high densities of 200 nm nanowires grow over
the entire ZnO seed layer on the Si substrate positioned at the
entrance of the growth zone (higher O/Zn ratio, Fig. 1). It can be
seen that a high density of 200 nm nanowires grow over the entire
ZnO film predeposited on Si. Fig. 3b shows a cross-sectional SEM
view of the samples grown on a Si substrate positioned at the exit
zone (lower O/Zn ratio, Fig. 1). Fig. 3c and d shows top-view SEM
images of the samples grown on the Si substrate positioned at the
exit of the growth zone (position 4 in Fig. 1). Fig. 3c demonstrates

that nanowires grow on the entire surface of the Si substrate.
According to the magnified image shown in Fig. 3d, each ZnO
nanowire is 50-100 nm in diameter. The average length of the
nanowires is about 5-10 pm. These sizes are highly interesting for
gas sensing applications.

As suggested by electron microscopy images, Fig. 3a and b, the
grown ZnO is a mixture of vertical nanowires/nanorods of different
lengths (the length varied from 1 to 20 wm, depending on the
position of the silicon substrate in the reactor). The mean diameter
of individual nanowires is about 0.05-0.25 p.m and crystal faceting
is fairly well developed. The following peculiarities were observed
in the ZnO nanowires/nanorods growth: (1) growth of vertical
NWs started for a certain critical ratio of oxygen/zinc vapors R; for
R < R, we observed the growth of randomly oriented nanowires/
nanorods, (2) a morphological transition from a nanorod shape to a
nanoribbon shape (not shown) is observed for a larger temperature
difference of about 80K between the evaporation zone and
deposition zone. Fig. 3 demonstrates the first peculiarity: Fig. 3a
presents ZnO nanocrystals grown at the entrance zone and Fig. 3b
shows ZnO nanocrystals grown at the exit zone. The shape and the
size of the ZnO nanowires/nanorods were found to depend on the
position of the substrate in the growth zone.

To study the as-synthesized ZnO nanowires, transmission
electron microscopy (TEM) was employed. Fig. 4a shows the high-
resolution transmission electron microscopy (HRTEM) image of a
ZnO nanowire grown by CVD. Fig. 4b presents a selected area
electron diffraction (SAED) pattern of a ZnO nanowire grown by
CVD. SAED pattern and HRTEM image reveal that the ZnO
nanowires are uniform and have single crystal structure. As
indexed in the SAED pattern, the nanowire is grown along the
direction of the c-axis of ZnO, in agreement with the HRTEM result.
The HRTEM image indicates that the entire as-grown ZnO
nanowire has crystalline wurtzite structure grown along the
[0 0 1] direction, which is consistent with the XRD results. Fig. 4
reveals that, in this region, the nanowire possesses a crystal
structure without dislocations and stacking faults.

Fig. 3. SEM images of the cross-section of ZnO nanowire arrays with respect to the substrate position in the growth zone: (a) at the entrance of the growth zone (ratio O/Zn is
larger), (b) at the exit of the growth zone (ratio O/Zn is smaller). Next are the SEM top-view images: (c¢) of the ZnO nanowires grown on ZnO/Si placed at the exit of zone (ratio

O/Zn is smaller), (d) zoom in view image of the ZnO nanowires.
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Fig. 4. (a) HRTEM image of ZnO nanowire grown by CVD method and (b) its
corresponding selected area electron diffraction SAED pattern.

The EDX analysis of the produced structures demonstrates a
stoichiometric ZnO composition (within a precision of 1 at.%). The
characterization confirmed that the nanowire arrays are highly
crystalline, regular and distributed throughout the substrate
surface.

XPS was used to characterize the composition of pure ZnO
nanowires and to investigate whether any undesirable chemical
residues from our synthetic route remained on the sample surface.
Positive binding energy (BE) shifts were observed in the XPS
spectra due to sample charging. Therefore, the BE scale was
calibrated using the adventitious carbon peak (C-1s)at 285 eV asin
Refs. [17,31]. In our samples, residual amounts of adventitious
carbon and carbonyl compounds are unavoidable due to their
exposure to air prior to the XPS analysis [32]. In addition to the
adventitious carbon peak, the C-1s XPS spectrum of our samples
(not shown) also displays two additional peaks at 286.6 and
288.7 eV corresponding to (=0 and O=C-0, respectively [32-34].
As will be described below, those peaks were also used as reference
in the determination of the different O species present in our
samples.
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Fig. 5. Survey XPS spectrum corresponding to ZnO nanowires supported on SiO,/
Si(0 0 1). Only Zn, O and adventitious C (from sample transport in air) are detected.
The different photoelectron and Auger electron peaks (AES) peaks observed for the
latter elements are labeled in the graph.

Fig. 5 shows a survey XPS spectrum from the pure ZnO
nanowires indicating the presence of the following elements: Zn, O
and adventitious C. No contaminants from the ZnO nanowire
synthesis were detected on the sample surface. The XPS spectra of
the (a) Zn-2p and (b) O-1s core level regions of our sample can be
seen in Fig. 6. The ZnO nanowires display a doublet at 1021.4 and
1044.5 eV (vertical reference lines) corresponding to the Zn-2psp,
and 2pq; core levels [35,36]. The linewidths observed
(FWHM = 1.7 eV) are in agreement with previous data acquired
on pure ZnO nanorods [17,31]. The asymmetric peak observed in
the O-1s region, Fig. 6b, was deconvoluted by four subspectral
components: (i) ZnO (530.2 eV, 63% spectral area, solid line), (ii)
defective ZnO, (531.6 eV, 21%, dashed line), (iii) adventitious CO
(531.1eV, 6%, dotted line) [37], and (iv) adventitious CO,
(532.5eV, 10%, dashed-dotted line) [38,39]. Armelao et al. [43]
and Ligiang et al. [44] observed similar components in their O-1s
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Fig. 6. XPS spectra (Al Ka = 1486.6 eV) corresponding to the (a) Zn-2p and (b) O-1s
core level regions of ZnO nanowires supported on SiO,/Si(00 1).
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Fig. 7. Emission spectra of the ZnO nanowires with diameters of 50 nm (1) and
200 nm (2). T=10K.

spectra and attributed the high BE peak to Zn-OH species.
Considering their O-1s/Zn-2p XPS intensity ratios, a ZnO,(OH),
stoichiometry was suggested [43]. In our studies, the total O-1s/
Zn-2p ratio was found to be 1.7 + 0.2. Thus, the 531.6 eV component
could be attributed to the presence of partially reduced ZnO (ZnOy)
[40-42] or ZnOH [43,44].

It is known that point defects in zinc oxide strongly influence
the electrical properties which are extremely important for the gas
sensor applications. For instance, ZnO with a high density of
oxygen vacancies has been shown to have a high electrical
conductivity [45]. According to previous theoretical predictions
the surface defects such as oxygen vacancies can dominate the
electronic/chemical properties and adsorption behaviors of metal
oxide surfaces [46,47]. To reveal the presence of deep levels (DL) in
ZnO nanowires we compare the intensities of the visible and
ultraviolet (UV) luminescence.

Fig. 7 displays the photoluminescence (PL) spectra of the ZnO
nanowires with diameters of 50 nm and 200 nm. Usually zinc
oxide exhibits an ultraviolet emission (at about 380 nm at room
temperature) due to near band edge electron transition [48,49].
The low temperature spectrum of the near band edge emission is
dominated by the excitonic luminescence in the nanowires
independently of diameter. However, the ratio of the intensity
of excitonic emission to the donor acceptor pair recombination
(DA) emission varies from 7 to more than 200 upon increasing the
nanowire diameter from 50 nm to 200 nm (Fig. 7). The origin of the
DA luminescence band has been previously investigated in detail
[50].

The intensity of the near band edge luminescence is around four
orders of magnitude higher as compared to the visible emission of
the nanowires with a diameter of 200 nm. At the same time, the
ratio of the intensity of the near band edge luminescence to the
intensity of the visible emission is only around 6 for nanowires
with a 50 nm diameter. The visible emission is a combination of a
red (~1.8 eV), a yellow (~2.2 eV), and a green (~2.5 eV) PL bands.
Usually, the visible emission from ZnO is attributed to different
defects such as oxygen vacancies (Vg), zinc vacancies (Vz,) or a
complex defect involving interstitial zinc (Zn;) and interstitial
oxygen (0;) [48,49,51]. The extremely low intensity of the visible
emission as compared to the near band edge emission in
nanowires with a diameter of 200 nm is an indication of low
defect concentration. However, the concentration of defects is
strongly dependent on the nanowire diameter.
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Fig. 8. The neutral donor- and free-exciton lines in the luminescence (1) and
reflectivity (2) spectra of ZnO layers grown by CVD. T=10K.

The optical quality of the produced ZnO nanowires is indicated
also by the presence of the free-exciton (FX) luminescence in the
emission spectra as evidenced from the analysis of the near band
edge PL spectrum of ZnO nanowires in combination with the
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Fig. 9. Room temperature micro-Raman spectra of the ZnO nanowires: (a) non-
polarized Raman spectrum measured in the quasi-backscattering geometry in the
region of the TO phonons. (b) The polarized Raman spectra measured in-plane, i.e.
from the edge of the sample (in the x-direction).
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reflectivity spectrum of a smooth ZnO layer produced by CVD
(Fig. 8). The PL and the reflectivity spectra are superimposed on the
same graph. The ground states of the free A and B excitons in the
reflectivity spectra are in good agreement with the two PL bands in
the high-energy region of the donor-bound exciton lines. The
neutral donor exciton lines (D°X) are identified as the previously
reported Iy, 14, and I lines [52].

Fig. 9 shows the room temperature micro-Raman spectra of the
ZnO NWs grown on a ZnO/Si template. The Raman scattering study
also demonstrates the high crystallinity of the produced nano-
wires. The non-polarized Raman spectrum measured in the quasi-
backscattering geometry in the region of the transverse optical
(TO) phonons in the out plane of the sample surface, i.e. in the z-
direction, is illustrated in Fig. 9a. Apart from the A,(TO), E{(TO) and
E-(high) modes, a peak at 331 cm™~! is observed in the spectrum
which is attributed to second order Raman processes involving
acoustic phonons [53]. The peak corresponding to the Ex(high)
mode has a linewidth of about 6 cm~! which is comparable to
values reported for high quality ZnO bulk crystals [54]. The
position of the E, (high) peak corresponds to the phonon of a bulk
ZnO crystal [54] indicating a strain-free state of the nanowire. The
polarized Raman spectra measured in-plane, i.e. from the edge of
the sample (in the x-direction), are shown in Fig. 9b.

One can see that in the (z,y) polarization for which the E;(TO) is
allowed and the A{(TO) is forbidden, the intensity of the E;(TO)
phonon is a factor of 3 higher than the A;(TO) phonon. An inverse
ratio is observed for the (z,z) polarization for which the A{(TO) is
allowed and the E;(TO) is forbidden. Thus, the Raman scattering
study demonstrates the high crystalline quality of the nanowires
and their predominant orientation perpendicular to the substrate
surface.

An SEM image of the transferred ZnO nanowires is shown in
Fig. 10. The nanosensor fabricated from an individual ZnO nanowire
with patterned metal electrodes contacting both ends is shown in
Fig. 10. The current-voltage curves (not included) show a linear
behavior, which is very important for sensing applications. For gas-
sensing studies, a nanosensor was mounted in a measuring
apparatus consisting of a closed quartz chamber connected to a
gas flow system. The concentration of test gases was controlled
using a pre-calibrated mass flow controller [7,8]. Fig. 11 shows the
H, gas responses (in %) of a single nanowire ZnO sensor with a
concentration of 100 ppm of H; in air. For the ZnO nanowire-based
sensor the response increased rapidly after gas was introduced into

Fig. 10. Scanning electron micrograph of transferred ZnO nanowires. The
insert shows device based on a single nanowire of 50 nm in diameter. Scale bars
are 2 pm.
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Fig. 11. Gas-response curve of the individual zinc oxide nanowire-based gas
nanosensor under exposure to 100 ppm of H, gas at room temperature.

the measurement chamber. The 90% gas response time (|t1gy —
too%inH,|) and recovery time (|tgoyinn, — t10%|) under exposure to
100 ppm of H, at room temperature were determined from Fig. 11.
The (|t10% — tooninn, |) is about 60 s and (|tgoyinH, — t10%|) is around
10 s.It should be noted that the H, gas response of this ZnO nanowire
sensor is about 10 times higher than our previous measurements of
ZnO nanorods sensors [7,8]. This could be attributed to the
nanowire’s higher surface to volume ratio and its superior quality
according to all charactersitics described above.

The obtained results demonstrate that CVD-grown ZnO
nanowires can be used as sensing material in nanosensors. An
individual nanowire-based sensor can have a 30-35% response to
100 ppm of H; at room temperature. Measurements are reproduc-
ible with time and several working nanodevices fabricated from
CVD ZnO nanowires have been measured. By using the developed
sensor structure one can avoid operating at high temperature to
achieve the desired gas response, especially in hazardous and
explosive atmospheres. Another strong argument is that the
demonstrated structure can operate at room temperature in a H,
medium. In this way changes of the ZnO nanowire parameters with
time can be avoided. This is important due to the fact that H,
strongly affects electrical characteristics of ZnO material even if it
is exposed at 200 °C as it was demonstrated in other works [55-
58]. Thus, by working at room temperature one can avoid
functioning at high temperatures in the presence of hydrogen
gas, which can act as an unintentional donor and at the same time
is an explosive gas.

4. Conclusions

We have developed a CVD technique to grow high quality ZnO
nanowires with diameters ranging from 50 to 200 nm. Through the
control of the oxygen/zinc ratio, vertically aligned nanowires have
been grown. The shape and the size of the ZnO nanorods were
found to depend on the position of the substrate in the growth
zone. This dependence is explained by rapid oxygen consumption
in the reaction zone. The structural and chemical (stoichiometric)
quality of the ZnO nanowires was verified through SEM, HRTEM,
XPS, Raman and PL measurements. The obtained nanowires are
transferable to another substrate with prepatterned external
contacts. A single ZnO nanosensor was fabricated using a FIB
set-up. FIB lithography was used to pattern metal electrodes
contacting both ends of a single ZnO nanowire. The individual ZnO
nanowires can be used as a sensing material in nanosensors with a
higher response to hydrogen gas at room temperature in
comparison with previous reports [7,8,59].
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