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Abstract

Aerosol assisted CVD (AACVD) is a self-catalyzed method that allows for growing single crystalline metal oxide nanowires
at moderate temperatures (i.e. up to 380°C). This is employed here to grow either Pt or Au-decorated tungsten oxide nanowires
directly on flexible polymeric hotplates. E-SEM, EDX and XRD analysis have been used to investigate the morphology and the
composition of the nanostructures grown. The functionality of the devices has been demonstrated by testing their gas sensing
properties to ethanol, hydrogen and nitrogen dioxide. These flexible sensors show excellent and fast responses, good baseline
recovery and repeatability. Tested over a few months, they show also excellent stability. These sensors are good candidates for
being integrated in flexible tags for air quality control.
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1. Introduction

Owing to their low cost, lightness, flexibility, easiness of processing and conformability, electrically and
chemically inert polymeric or plastic sheets, represent an interesting opportunity for the fabrication of a new
generation of gas sensors to be integrated in widespread, portable devices and smart objects. Aerosol assisted CVD,
as shown by our prior results [1, 2], is a flexible, inexpensive and high-yield technique for growing metal oxides
with remarkable gas sensing properties. Here we show the success of this technique in the growth of low-
dimensional metal oxide nanostructures directly on flexible polymeric hotplates [3,4], e.g. suitable for integration in
low cost tags. Furthermore, we show that the resulting devices exhibit a highly enhanced sensitivity towards small
concentrations of hydrogen, ethanol and nitrogen dioxide, which represents a clear improvement in comparison to
our previous works [1, 2].
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2. Experimental

Tungsten oxide nanowires functionalized with gold and platinum nanoparticles were directly co-deposited on a
flexible polymeric microhotplate, via AACVD of tungsten hexacarbonyl (25 mg, W(CO)6, Sigma—Aldrich, >97%)
dissolved in acetone (9 ml Acetone , Sigma-Aldrich, >99.6%) and either tetrachloroauric acid trihydrate (3,5 mg,
HAuCl,-3H,0, Sigma—Aldrich, 99.9%) or hexachloroplatinic acid hydrate (3,5 mg, H,PtCls-xH,O, Sigma—Aldrich,
99.9%) dissolved in methanol (3ml Methanol, Sigma-Aldrich, >99.6%). Substrates were cleaned with acetone and
then with ethanol, dried in air and then placed inside the reactor. The solutions were kept in a glass flask and placed
in an ultrasonic humidifier. The aerosol of solvents and precursors mixture was transported to the heated zone inside
the reactor (380 °C), by using 500 ml/min of nitrogen as a carrier gas. The exhaust from the reactor was vented
directly into the extraction system of a fume cupboard. The deposition time was between 15 to 20 min, until all the
precursor had passed through the reactor. After deposition, annealing of the films was carried out at 350°C for 3h
with a constant flow (200 sccm) of synthetic air (Praxair, 99.99%).

Fig. 1 shows the flexible polymeric microhotplate mounted on a TO-8 package. Fifty micrometer thick Upilex-
508 polyimide foil from UBE Industries, Ltd, was used as a gas sensor substrate. This material can withstand higher
temperatures up to 450 °C. A double spiral shape-heater (Ti/Pt (20 nm/130 nm)) was deposited on the substrate by
sputtering and patterned by a lift-off technique. A 700 nm thick photo-definable polyimide layer was spin-coated on
the top of the heating area to electrically insulate the heater from the electrodes. And finally, interdigitated
electrodes (Ti/Pt with a gap of 5um and a square shape) were deposited on the top of the insulated film by
sputtering and patterned by lift-off [3,4].

Fig. 1. Images of the nanowire flexible polymeric gas sensor before
and after wire bonding to a TO-8 package for testing.

The morphology and the structural composition of the films were examined using Enviromental Scanning
Electron Microscopy, X-ray Diffraction Analysis and Energy Dispersive X-ray Spectroscopy (E-SEM, XRD and
EDX).

Gas sensing test of the sensors was carried out in a Teflon/Stainless steel test chamber (2 x 10° m’), with
continuous flow of 200 sccm. The desired concentrations of test gases were obtained employing calibrated gas
bottles and PC-controlled mass flow controllers (Bronkhost Hitech 7.03.241). The sensors were exposed to the test
gas during 10 min, and subsequently the chamber was purged with air during 30 minutes, which enabled recording
the recovery of their baseline resistance. After this process, the sensors were ready for a new measurement. The
sensor response (R) was defined as R= Ra/Rg for reducing gases and R= Rg/Ra for oxidizing gases, where Ra and
Rg are the sensor resistance at stationary state in air and after 10 min of exposure to analytes, respectively.

3. Results and discussion
3.1. Surface morphology and structural characterization
A direct AACVD growth of functionalized WO; nanowires on a flexible polymeric microhotpale results in the

formation of a thicker uniform bleu-black layer with homogenous distribution over the substrate. Fig. 2. a, shows an
example of the synthetized WO3; NWs, doped with Au nanoparticles grown at a temperature of 380°C. These Au or
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Pt-decorated NWs are similar to the ones obtained in our previous works [1, 2]. The XRD pattern of the films
(Fig.2.b) indicates the formation of monoclinic WO; NWs with preferred orientation in the [020] direction, and

energy dispersive X-ray analysis confirms the presence of Pt or Au in the deposited layers, with an atomic ratio of
0.26 and 0.45 at.%.
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Fig. 2. (a) E-SEM image of the obtained WO; NWs doped with Au nanoparticles; (b) XRD pattern of functionalized
WOj3 nanoneedles.

3.2. Gas sensing analysis

Ethanol, hydrogen and nitrogen dioxide were used as target gases to study the sensing characteristics of the
fabricated sensors. The later exhibit an n-type semiconductor behavior (see Fig.3), i.e. decreasing electrical
resistance when exposed to a reducing gas such as ethanol or H,, and increasing electrical resistance when exposed

to an oxidizing gas like NO,. Moreover, the sensor responses were stable and reproducible with a fast response and
recovery time.
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Fig. 3. Example of a Pt/WO; sensor response and recovery cycles toward
500 ppm of H, at a heater temperature of 200 °C.

We have studied the effect of the temperature of the heating element on the sensor response. Pt-WO; NWs show
very high hydrogen sensitivity and remarkable selectivity to this gas when the heater was operated at a power
consumption of SO0mW (see Fig. 4.a). On the other hand, Au-WO; NWs show good ethanol and NO, sensitivity and
selectivity (see Fig. 4.b and c¢) when operated at higher temperature.
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Fig. 4. (a) Sensor responses (R= Ra/Rg) to 80 ppm of EtOH and 500 ppm of H> as a function of the heater
power consumption; (b) Sensor responses to 80 ppm of EtOH and 0.5 ppm of NO, as function of the heater
power consumption; (¢) Sensor responses (R= Rg/Ra) to 0.2, 0.5 and 1 ppm of NO; at a heater temperature of

4. Conclusion

Tungsten oxide nanowires functionalized with gold or platinum nanoparticles were directly deposited via
AACVD on flexible polyimide transducers. These results demonstrated the capability of this technique to grow one
dimensional nanostructure on this type of substrates. The microsensors fabricated showed appreciable responses to
H,, Ethanol and NO,, with high sensitivity and good reproducibility. Furthermore, sensor based on Pt nanoparticles
showed a remarkable selectivity toward H,, while Au- functionalized WO; sensor showed good ethanol and NO,
sensitivity and selectivity. As a future work, we will study the effect of humidity on the gas sensor responses, we
will functionalize the WO; NWs with new metal additives such as Pd and Cu, and we will characterize the material
morphology with other techniques like XPS, TEM, ect.
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