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Abstract:

To mimic biological olfactory receptor arrays, a three dimensional (3D) “electronic nose” was
fabricated by using well-aligned ZnO nanowire arrays modified with different metal oxides. Metal oxide
nanowire arrays share 3D structures similar to mammalian olfactory receptor arrays, with thousands of
vertically aligned nanowires providing a high reception area which can significantly enhance the
sensors’ sensitivity. Meanwhile, with different material decorations, each array of nanowires can
produce a distinguishable response for each separate analyte, which would provide a promising way
to improve the selectivity. We have successfully fabricated gas sensors based on SnO,, In,03, and
WO; coatings which have discriminated five gases which are NO,, H,S, H,, NH3, and CO. The
sensitivity to NO, and H,S has reached down to the ppb level.
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Introduction

Highly sensitive and selective chemical agent
detectors have important applications in the
areas of environmental emission control, public
security, automotive applications, workplace
hazard monitoring, medical diagnosis, and so
on [1-2]. Among most of the detection
technologies, including conductive polymer
sensors, metal oxide conductometric sensors,
and microcantilever sensors, metal oxide
conductometric sensors comprise a significant
part of the gas sensor component market. The
reason is that metal oxides possess a broad
range of electronic, chemical, and physical
properties that are often highly sensitive to
changes in their chemical environment. As
nanotechnology has developed, metal oxide
nanostructures have attracted much attention
for applications in highly sensitive and selective
gas sensors due to their high aspect ratio, large
surface area, and availability of versatile
structures as compared to their thin film
counterparts [3-4]. For example, in gas sensors
formed with individual In,O3; nanoparticles, a
nanowire or nanowire networks can detect NO,
down to the ppb level at room-temperature [5-
6].

For the purpose of mimicking the biological
olfactory system with a diversity of receptor
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arrays, vertically aligned 3D nanowire arrays
have great potential for sensor applications,
due to their extremely large surface area which
provides a much stronger capability of capturing
target molecules in the atmosphere [7-8]. To
realize multiple receptor arrays, different metal
oxides were coated onto well-aligned ZnO
nanowire arrays, which can be readily grown by
hydrothermal synthesis [8-9]. The electrical and
gas-sensing properties of individual nanowire
arrays were characterized. The electronic nose
was fabricated with ZnO nanowire arrays
decorated with the different metal oxides (SnO,,
In,O3, and WO3) and the gas discrimination of
this electronic nose was studied in detail.

Experimental

The  fabrication of  vertically aligned
semiconductor core-shell nanowire arrays
generally starts with  well-aligned ZnO
nanowires grown by hydrothermal synthesis
[10]. Fig.1 shows the schematic of the
fabrication procedures for 3D sensor devices.
The substrate was cleaned by a standard
process, followed by the well aligned growth of
ZnO nanowire arrays by hydrothermal synthesis
[8]. Common thin film techniques, such as
sputtering, PLD, or CVD, can be used to
deposit the shell layers [8]. In this experiment,
50 nm SnO;, In,03, and WO; were sputtered in
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a Lesker PVD75 system and a metal mask was
employed to ensure selective deposition.
Finally, the top electrodes connecting the
nanowire  arrays were  prepared by
microfabrication processes [8].

Start with SiO,/Si ZnO nanowire array growth

(iv) (iii) U

s

Electrodes deposition

(M

Differentmaterials coating
on selected areas

Fig. 1. Schematic diagrams showing the procedures
of metal oxide coatings on ZnO nanowire arrays for
selective detection. (i) The procedures start with a
cleaned substrate; (i) Followed by well aligned ZnO
nanowire array growth; (iii) Different material
coatings on selected areas; (iv) Electrode deposition.

To test the sensor performance, the nanowire
array sensors were loaded onto the gas sensor
testing system and the conductance for all the
devices was continuously monitored when
different air-diluted chemicals were introduced.
The devices were connected by 0.02 mm gold
wires and silver paste. The Keithley 2400
source measurement unit cooperating with a
7001 switch module can continuously monitor
the conductivity of all the nanowire array
devices. The gas sensors were recovered by
flushing with a constant dry air flow.

Results and Discussion

Fig.2 (a) and (b) shows FESEM images of ZnO
nanowire arrays. The pristine ZnO nanowires
have 100 ~ 400 nm diameters and are 5uym in
length.

Fig. 2. FESEM images. (a) Top view; (b) View by
30° tilting. (Scale bar is 1um.)

After different metal oxide coatings, I-V
characteristics were obtained when the sensor
arrays (ZnO/Sn0O,, Zn0O/In,0O3, and ZnO/WO3)
were loaded into testing systems. The linear I-V
plots in Fig.3 indicate that the contact between
the electrodes and nanowires are all ohmic.
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Fig. 3. |-V curves for nanowire arrays coated by
different metal oxides.

The sensing responses were measured with
air-diluted NO,, H,S, NH;, CO, and H, of
different concentrations at room-temperature.
All normalized sensing responses, (Ggas-Gair) /
G.i, are plotted in Figure 4 (a-e). The devices
show high sensitivity to NO, and H,S at room
temperature, and the lowest detection limits are
as low as 20 ppb and 50 ppb, respectively.

The sensing responses of metal oxide
conductometric gas sensors can be explained
by the processes of oxygen absorption and
desorption onto the metal oxide surfaces [2].
Trapping of electrons at adsorbed molecules
and band bending induced by these charged
molecules are responsible for a change in the
conductivity. When O, molecules are adsorbed
onto the surface of metal oxides, they would
extract electrons from the conduction band E.
and trap the electrons at the surface in the form
of ions which will lead to a bending of the band
and an electron depleted region which can be
described by

0,+e—>n0O" (1)

Reducing gases (H.S, NHj3;, CO, and H,) can
react with these oxygen species, which will
release the electrons back to the metal oxides
and reverse the band bending. This results in
an increased in conductivity. As described by

H,S+30" - H,0+S50, +3e (2)
2NH,+30" - 3H,0+N, +3e (3)
CO+0 - CO, +e (4)
H,+O — H,O+e (5)

On the contrary, oxidizing gases like NO, would
decrease the device conductance. As described
by this reaction:

NO, +e—> NO; ®)
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Fig.4.  Sensing responses to different gases. (a) NOy; (b) H2S; (c) Hz; (d) CO; (e) NHs.

As one of the statistical methods, principal
component analysis (PCA) is widely used to
display the sensing responses of sensor arrays
because it is a linear unsupervised method that
requires little or no prior knowledge.
Furthermore, in most cases only response
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variables (i.e. response strength, speed) are
needed [11]. Fig. 4 is the PCA analysis of the
sensing responses from the sensor arrays. Both
H.S and H; are easily distinguished from the
plot. Since NQO, is an oxidizing gas, it is readily
picked up from the signal trend. So far, NH; and
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CO are overlap at the low concentration region.
However, by judging the response speed and
sensitivity from Fig.4 (d) and (e), they can also
be discriminated. We are currently exploring
more metal oxide materials to discriminate them
directly at low concentration.
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Fig. 4. PCA analysis of sensing responses from the
sensor arrays.

Conclusions

An electronic nose system based on ZnO
nanowire arrays with different gas sensing
metal oxide coatings has been demonstrated
for the gas discrimination of NO,, H,S, Hy, NH3,
and CO at room temperature assisted with
principal components analysis (PCA). The
Sn0O,, In,O;, and WO; coated ZnO sensors
show responses to NO, and H,S with
concentrations as low as 20 ppb and 50 ppb,
respectively. These results demonstrate a
strong potential for highly sensitive sensor
fabrication. Our method for engineering ZnO 3D
nanowire arrays with different metal oxides
provides a promising way to adapt more
semiconductive materials on the novel route
towards 3-D nanosensors for various gas
detections.
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