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Microelectrode array systems for their use
in single nanowire-based gas sensor platforms
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Microelectrode array systems for their use in single-nanowire-based gas sensor platforms are developed. The topology
of the system is designed with the aim of determining the optimal conditions and the factors involved in the selective
integration of gas sensitive semiconducting metal oxide nanowires via dielectrophoresis method. Thus various electrode
geometries with electrode gaps between 2 and 10 µ m and electrode tip-end shapes are investigated employing tungsten oxide
nanowires synthetized via aerosol-assisted chemical vapor deposition. Results obtained from SEM, optical microscopy and
electrical tests demonstrate that the integration and electrical contact of single nanowires across the electrodes is achieved
in the systems with electrode gaps below 3 µ m. These results are discussed and further improvements in the design of these
systems are suggested.
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1 Introduction
In recent years, nanomaterial-based chemical sensors
have shown great potential for their application in areas such as medicine, industry, environment, agriculture
or security, to cite a few. The use of nanostructures
(eg nanowires, nanotubes, nanorods or nanobelts) has
shown to play significant role in the functionality of these
devices, not only due to their high surface area to volume
ratio, but also due to the formation of specific crystal
facets and in turn specific electronic structure at their
surface, which have shown to provide enhanced chemical and physical properties to the material. [1] Particularly in gas sensors, nanostructures have demonstrated to
improve the functionality of the sensor providing better
sensitivity, selectivity and stability. [2] [3] Nanostructures
have also allowed for miniaturization of the sensor device,
and in this line (single) nanowire-based gas sensors have
shown potential for reducing fabrication cost, material
and power consumption. [4]
Generally, two methods are used to fabricate nanowirebased sensors. The first based on top-down processes,
which often increase the fabrication cost, and the second based on the re- deposition of nanowires, previously
synthesised by bottom-up processes either using vapourphase or liquid-phase routes. [5] Present work focuses
on the second approach and makes use of a bottomup process via aerosol-assisted chemical vapor deposition (AACVD) to synthesize nanowires and the dielectrophoresis method to integrate and interconnect the
nanowires into microelectrode arrays designed to operate in resistive mode. AACVD is a variant of traditional

CVD in which a precursor solution is transported to the
substrate in the form of aerosol. This method has shown
to produce nanostructured metal oxides (eg WO 3 ) [6] by
controlling the degree of homogenous and heterogeneous
gas-phase reaction via different process conditions such
as the deposition temperature, carrier solvents and concentration of reactive species. [7,8]
The dielectrophoresis technique consists in applying a
controlled volume of nanowires suspended on any liquid
(eg water, isopropyl alcohol) to enable the nanowires to
reach the microelectrode system with applied electrical
potential. This technique uses an alternate electric field to
induce nanowire movement effect on the substrate surface
and thus provide an accurate control of the alignment and
contact of nanowires across a couple of electrodes. [9,10]
Here, we develop a chip based on microelectrode systems for the fabrication of single- nanowire-based sensor
arrays using dielectrophoresis method, and discuss the
favorable and the unfavorable factors of this design for
the optimal integration of tungsten oxide nanowires synthetized via AACVD.

2 Fabrication process
Microelectrode system
Several microelectrode systems (1 × 1 cm, Fig. 1)
were fabricated in a 4-inch silicon wafer (525 µm thick,
Microchemical, fused silica, arsenic doped), electrically
isolated by a thermally grown silicon dioxide layer (500
nm thick). Gold (100 nm thick) was used as conductive
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Fig. 1. Chip topology; (a) – microelectrode array, (b, e) – test contacts, (c, d, e) – electrode pad contacts, (c, d) – hydrophobic stop
layer, and (f) – parallel-connected microelectrode array

layer due to its high conductivity and non-corrosive properties that allow for the use of a liquid media during
the re-deposition of nanowires on the chip. Titanium (5
nm thick) was used as adhesive layer, between the conductive gold layer and the silicon oxide dielectric layer.
Both layers were sputtered by ion-beam deposition system (Bestec) equipped with RFICP Kaufman ion-beam
source (Kaufman & Robinson - KRIr). The deposition
parameters (thickness and rate of deposition) were monitored by Inficon SQM-242 card with a quartz crystal sensor as reported previously [11].
The lithography process was carried out using UV direct write laser system (Heidelberg Instruments, DWL 66fs), and the process conditions of development steps were
set according to the specifications provided by the producer of the photoresist (Allresist, AR-N 4340). This process led to a minimal resolution of 1 µm approximately.
The gold layer was also used as hydrophobic layer to avoid
liquid expansion through the whole chip surface and confine the drop containing the suspended nanowires in the
area of electrodes during the dielectrophoresis process,
thus whole chip was fabricated with only one lithographic
step, Fig. 1(c) and 1(d) show the hydrophobic stop layer
in the chip. After developing process of photoresist, gold
layer was wet-etched (Sigma-Aldrich, Gold etchant - standard). Subsequently, the titanium layer was etched by solution of hydrofluoric acid, nitric acid and deionized water
in ratio 1 HF : 1 HNO 3 : 20 H 2 O. The etching time of the
titanium layer with thickness about 5 nm was dependent
on the thickness of native oxide above, as the native oxide
turns to be more resistant for etchant than the titanium
layer. Thus the time adjusted for this etching step was
30 s. Then the samples were electrically tested on a probe
station (Cascade Microtech, M150). After development
process, the whole silicon wafer along with the structures

was spin- coated with a positive photoresist S1813 (MicropositTM). This layer was used as a protecting layer
to avoid scratches and impurities during the cutting step,
which was performed using ohmical trimming laser (Aurel
Automation, ALS300) to divide the silicon wafer to chip
pieces of 1 × 1 cm. Finally, the silicon wafer was cleaned
from resists residual and other organic compounds using PG Remover solution (Microchem). The solution was
heated to 80 ◦C and introduced into sonication for more
than 30 min. To achieve maximum cleaning effect and to
prevent the re-depositions of resist residues this process
was repeated twice. Then, the silicon wafer was two times
rinsed with deionized water and dried with nitrogen.
To integrate several nanowires in one step via dielectrophoresis method, the chip contained 12 test contact arrays, Fig. 1(f) with different specification ie electrode gap
and electrode tip-end shapes. As we found the nanowires
after sonication have maximum lengths about 12 µm,
we determined to use electrode gaps below this value,
with the minimal and maximum electrode gap fabricated
about 2 µm and 10 µm, respectively. Thus, each chip
consisted of two test structures, each with 4 lines of electrode arrays, shown in Fig. 1(b), 1(e). The electrodes
were designed with a constant width but different electrode gaps to find out the optimal gaps for the AACVD
deposited nanowires. Then, each array contained 10 electrodes with different spacing between electrodes (50 and
100 µm), Fig.1(a), Fig 2. Different tip-end shapes eg in
the form of round or triangle, shown in Fig. 2, were also
designed to study their influence on the dielectrophoresis
processes. Each array of electrodes was provided of two
contact pad (100 × 100 µm) as shown in Fig.1(c), 1(d),
and 1(e).
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points of the as-deposited films indicated O/W ratios of
Round tip

Triangle tip

≈ 2.7 suggesting the formation of partially reduced tungsten oxide films, and the XRD patterns (Fig. 3) displayed
intense diffraction peaks at 23.5 deg 2 θ (d = 3.77 Å)
and 48.2 deg 2 θ (d = 1.88 Å) associated to a monoclinic
phase WO 3 (P21/n space group, ICCD card no. 72-0677)
with preferred orientation in the [010] direction, consis-

gap 4 mm
gap 10 mm

gap 8 mm

tent with the XRD patterns observed in our previous
work. [6] Top and cross sectional SEM images (Fig. 4) of
the films revealed the formation of non-aligned nanowire

Fig. 2. Detailed view of the array with different electrode gap and
contact types

structures with diameters of 50 - 150 nm and lengths of
15 µm, approximately.

Nanowire synthesis
Tungsten oxide nanowires were grown from tungsten
hexacarbonyl (W(CO) 6 , 20 mg, Sigma- Aldrich, ≥ 97 %)
on tiny silicon tiles (1 ×1 mm) employing the AACVD
system described previously [6] (tiny substrates were used
to reduce the number of suspended nanowires in the solution after removal, and thus suppress the large number of
re-deposited nanowires on the surface during the dielectrophoresis process). Briefly, the conditions to grow tungsten oxide nanowires from W(CO)6 via AACVD involved
a screening of deposition temperatures, solvents and solution concentrations finding the optimal condition for
the growth of nanowires at 390 ◦C using methanol (5 ml,
Penta, ≥ 99.8 %). A commercial piezoelectric ultrasonic
atomizer was used to generate aerosol from the methanolic solution of W(CO) 6 , and the aerosol droplets were
transported to the heated substrate using a controlled
nitrogen gas flow (200 sccm) that took about 70 minutes
to transport the entire volume of solution.
Characterization and nanowire integration
The samples were examined using scanning electron
microscopy (SEM; Tescan FE Mira II LMU) equipped
with EDX, and the phase of the AACVD deposited
films using X-ray diffraction (XRD; Rigaku SmartLab 3
kW, Cu Kα radiation). To integrate the nanowires with
the microelectrode system by dielectrophoresis method,
firstly, the as-deposited nanowires were removed from the
silicon substrate and suspended in water using sonication (Bandelin SONOREX TM , Digital 10P), and then a
contact-angle measurement station (SEO, Phoenix 300)
and a probe station provided of a signal generator (Agilent, 33220A, 20 MHz function/arbitrary waveform generator) were employed.
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Fig. 3. Typical XRD patterns recorded on the as-deposited tungsten oxide nanowires films deposited via AACVD
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3 Results and discussion
The AACVD of W(CO) 6 at 390 ◦C resulted in the
formation of adherent uniform bluish films. The formation of tungsten oxide films from AACVD of W(CO) 6 is
attributed to the use of oxygen-containing solvent, such
as methanol, and the decomposition of W(CO) 6 via the
loss of the carbonyl group.[12] EDX analysis in different

Fig. 4. Top (a) – and sectional, (b) – view of the as-deposited
nanowires on silicon tiles using SEM
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Fig. 5. Typical alignement of nanowires accross two diferent electrodes of the array
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drop was connected to the probe station, where an alternating voltage potential was applied. These tests showed
that by using short holding voltage time cycles from 10
to 20 seconds with applied voltage of 5 V and frequency
of 7 MHz, single nanowires are able to contact across the
microelectrode. Fig. 5 displays a typical SEM view of the
single nanowires connected across the electrodes after the
dielectrophoresis process.
Electrical measurements of a system containing an array of two nanowires (1) and another containing more
than three nanowires (2) are shown in Fig. 6. These results indicate an asymmetric and non-linear characteristic for the I-V curves in both systems suggesting that
the contact between the nanowire and the electrode has
a Schottky nature. In gas sensors the response is defined
as the relative changes of electrical resistance before and
after exposure to gaseous analysts, and generally two
components contribute to these changes: the nanowire
channel and the contact resistance between nanowire and
the electrode. These contacts may have a Schottky or
ohmic nature, and although ohmic contacts tend to be
more popular in gas sensors, there is evidence that Schottky contacts are more appropriate for reducing gases enhancing the sensor response, for instance up to four orders of magnitude, as demonstrated previously for carbon
monoxide sensors.[13,14]

4

Fig. 6. I-V characteristics tested at room temperature for an array
of two nanowires (1) and more than three nanowires (2)

To set up optimal conditions for the dielectrophoresis process, firstly we optimized the removal of the asdeposited nanowires from the substrate by sonication
(Bandelin SONOREXTM, Digital 10P), preventing damages of the structures in particular avoiding the shortening of the nanowire length. To this end, we investigated
several time periods (1, 3, 5, 10 and 15 seconds) and power
intensities for sonication (10, 20 and 100%) using deionized water. The maximum of sonication (ie 100%) damaged the nanowires reducing them into small size pieces,
below the minimum electrode gap fabricated. Thus, the
optimal conditions for this process were found when using a power intensity for sonication of 10% and 35 kHz
during 5 seconds. These conditions allow the separation
of nanowires with maximum lengths of 12 µm approximately, consistent with the electrode gaps fabricated
in our chip. After removal and suspension of the asdeposited nanowires in water, a suitable volume of drops
(1 µl approximately) were adjusted and controlled using
the contact angle measurement station (we noticed that
this small volumes are relevant to control and encourage selective integration of single nanowires across each
couple of electrodes). Consequently, the chip containing a

4 Conclusions
A microelectrode array system for the fabrication of
single nanowire-based sensors has been developed. This
microarray has shown to be suitable for the alignment
and electrical connection of single nanowires across the
electrodes using a dielectrophoresis process with adjusted
bias voltage and frequency to 5 V and 7 MHz, respectively, for 10 to 20 seconds. We found that the electrodes
with gaps below 3 µm are the most convenient to build
these systems as the nanowire length were highly dispersed and the probability to place the longer nanowires
across the structure was very low. The influence of the tipend shape on the integration process of nanowires was not
evident in this work, most likely due to its microscale features. Further work on the fabrication of electrodes with
electrode finger-widths closely related to the diameter of
nanowires is in progress.
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Jaromı́r Hubálek received his PhD degree in 2003 from
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