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Pure and Pt doped WO; thin films were studied as active layers for resistive type microhotplate gas
sensors. The layer of WO; was deposited by reactive rf magnetron sputtering on four element
micromachined sensor array and was defined using lift-off method. The obtai ned film was doped with
Pt employing the same deposition technique. An anneding process at 400 °C for 2 h in air was
realized to ensure the film stability. The morphology of the layer was studied by SEM. Transmission
electron mi croscopy was used to anal yse the platinum thickness and distribution. The WO; phase was
determined by XRD. The obtained sensors were used to detect traces of pollutantsin a carbon dioxide
stream. The results showed that the sensors were capable to detect the sulphur compounds in the
presence of hydrocarbons. The pure WO; sensors were sensitive to very low concentretions of H,S
(100 ppb), while the doped ones presented high response to 1 ppm of SO,. The influence of the
operating temperature and the el ectrodes confi guration was also studied.
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1. Introduction

Nowadays, there is an increasing social concern about the quality and safety of foodstuffs,
which has led to food industry associations and/or governments to establish quality and safety
standards. This is what the beverage industry has done with the quality of CO,, for which the
International Society of Beverage Technologists (ISBT) has established quality guiddines [1]. The
carbon dioxide is one of the main components of many of the beverages produced today, including
soda, beer, sparkling water, and sport drinks. The procedures employed in the production of carbon
dioxide involve such pallutants as oxygen, hydrocarbons (e.g. methane, ethylene, BTX compounds)
and sulphur compounds (e.g. sulphur dioxide and hydrogen sulphide) which may be present at trace
leves.

Many commercial andysers are availableto control the CO, quality. Among them, the more
used are based on gas chromatography and mass spectroscopy [2]. The inconvenience is that these
equipments are expensive, volumetric and require a qualified personal. That is why, a low-cost,
small size, portable anayser will be of great interest. In this context, the use of an array of meta
oxide gas sensors could be an appraopriate solution.

It iswell known that the primary mechanism responsible for gas detection with metal oxide
semiconductorsin air a € evated temperatures is the change in the concentration of adsorbed oxygen
at the semiconductor [3]. Nevertheless, in the last years severa authors have reported on detectionin
inert gases such as argon [4] and nitrogen [5]. In this context, Vilanova & al. [6] developed a system
of tin dioxide based sensors doped with different materials to detect traces of ethylene, methane and
sulphur dioxide in CO, stream. However, their sensors showed low sensitivity to sulphur
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compounds. For that reason, to improve the capability of the anayser, we developed sensors based
on pure and Pt doped WO;. Tungsten trioxide was chosen as active materid because it was
demonstrated that it exhibits a good sensitivity to hydrogen sulphide [7-10] and sulphur dioxide [11]
in air. We opted for micromachined sensor substrate because of the advantages that this presents.
The sensitive layer of micromachined meta oxide gas sensors is deposited onto a thin didectric
membrane of low therma conductivity, which provides good therma isolation between substrate
and the gas-sensitive heated area on the membrane. In this way the power consumption can be kept
very low (typical values lie between 30 and 150 mW [12-14]) and the substrate itsdf stays nearly at
ambi ent temperature

2. Experimental

2.1. Substrate fabrication

An array of four microsensor € ements was fabricated on p-type <1 0 0> slicon substrate.
First, a membrane layer consisting of 0.3 um-thick SizN4 layer was growth by LPCVD. Next, a
POCI;-doped polysilicon heater of 6 Q/ and 0.47 um was deposited and patterned. The heater was
used a'so as temperature sensor. A 0.8 um-thick SiO, film was deposited as insulation layer between
the heater and the electrodes made of sputtered Pt (0.2 um) and patterned by lift-off. Two different
configurations of interdigited € ectrodes were used (with interd ectrode gap of 50 and 100 um; see
Fig. 1). The éectrode area was 400 x 400 um and the membrane sizewas 1 x 1 mm.

ol

Fig. 1. Planar view of the different electrode configuration. Left- with 50 um gap; right- with
100 pm gap.

In the next step the backside mask was patterned. Following, the active layer was deposited
(the process is described in the next part). Silicon micromachining from the backside was carried out
with KOH at 70 °C. Finally, the sensors were bonded and packaged.

2.2. Active layer deposition

An active layer of tungsten trioxide was deposited by reactive rf magnetron sputtering. The
used target was W (99.95 % of purity) with a diameter of 100 mm and thickness of 0.125 inches.
The target substrate distance was fixed & 70 mm. The deposition was performed a room
temperature. Argon was used as carrier gas and oxygen as reactive gas. By separate flowmeters the
ratio Ar:O, was controlled to 50%:50%. The rf forward input power was maintained at 200 W with
zero reflected power. The depaosition process took 2 h. Half of the wafer was doped with Pt. For the
dopant deposition, the same technique of rf sputtering was applied. For this purpose a Pt target
(99.99 % of purity) was used. The deposition temperature and the target distance were remained
unchanged. The sputtering atmosphere for this second deposition consisted just of Ar. The rf power
was maintained at 50 W with zero reflected power. This deposition took 10 s. Both WO; and Pt were
defined by lift-off process. Finally, the devices were annealed at 400 °C for 2 hindry air.

2.3. Activelayer characterization

The morphology of the layer was studied by SEM. The used microscope was Joel JSM 6400
with resolution of 0.3 nm and magnification from 15 to 300k. Before introducing the sample in the
equipment, it was coated with a thin gold film to avoid charging effects. Transmission eectron
microscopy was use to observe the distribution of the doping material and to measure the thickness
of the Pt layer. For this study a Pt doped WO; was deposited directly on S wafer and annea ed for
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2h at 400 °C. This was undertaken because of the impossibility to make the preparation of the
micromachined sample for TEM anaysis (because of the rupture of the membrane). The used
equipment was Hitachi H-800-MT microscope with Gatan Multiscan camera, working a 200 kV.
The TEM has magnification from 200 to 500k and resolution of 0.3 nm. To obtain the WO; phase
structure, a XRD was carried out. XRD measurements were made using a Siemens D5000
diffractometer (Bragg-Brentano parafocusing geometry and vertical 8-86 goniometer) fitted with a
grazing incidence (o: 0.52°) attachment for thin film analysis and scintillation counter as a detector.
The angular 26 diffraction range was between 21.0 and 70.0°. The data were collected with an
angular step of 0.05° at 3 s per step and sample rotation. Cuk, radiation was obtained from a copper
X-ray tube operated at 40 kV and 30 mA.

2.4. Gas senditivity measurements

To characterize the gas sensing properties two arrays (one of pure and one of doped WO,
sensors) were connected in athermally controlled chamber (16 cm?® of volume). Each array consisted
of four sensors (two with 50 um gap and two with 100 pum gap). First, pure CO, flowed through the
chamber and the sensor base line was established. Then the flow, set to 90 ml/min, was swapped to
CO, with a given pallutant (from a calibrated bottle), and the sensor resistances were acquired.
Table 1 summarises the pollutants measured and their concentrations in CO, as baance gas.

Table 1. Studied gases and concentrations

Pollutant Concentration
Sulphur dioxide 1 ppm
Hydrogen sulphide 100 ppb
Methane 30 ppm
Ethylene 20 ppm

The sensors were operated a 110, 200 and 380 °C for devices with intereectrode gap of
50 um and 150, 250 and 480 °C for those with gap of 100 um. Differences in the operating
temperatures are due to the fact that the membranes with different € ectrode gap had different values
of the heaters (550 and 650 Q for 50 and 100 um gap, respectively) and the same current was
applied to them. Each pollutant was measured at the three temperatures considered and each
measurement was repli cated five times.

3. Results and discussion

3.1. Structural characterization
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Fig. 2. SEM image of: (a) pure WOg3; (b) WO; doped with Pt
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Fig. 2 shows the morphology of the pure and Pt doped layer after the annealing process.
From the figure it can be observed that the mean grain diameter for the pure layer
(21.101+2.028 nm) is a little bit smaller that that for the doped layer (22.53+2.136 nm). Both sizes
can be considered as equal, which fact suggests that the platinum deposited on the surface does not
promote the agglomeration.

20 nm 20 nm
. %00 05008 1R080Y0D

Fig. 3. TEM images of WO4/Pt layer. (a) a cross-section sample; (b) a plane sample

By the means of TEM two samples were studied (a cross-section and a plane). From the first
of them we obtained the thickness of the platinum layer (fig. 3a). The film was superficia and 3-
4 nm thick. From the second, the platinum distribution can be observed (see fig. 3b). The dopant
film was uniform with mean grain diameter of 2.636+0.387 nm. It can be seen that this valueis very
closed to the thickness of the layer.
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Fig. 4. XRD spectrum for WOz, The diffractograms for monodinic (Pc) and triclinic (P-1)
are shown for comparison.

The phase composition of the WO; was obtained by XRD. The result of this analysis is
shown in figure 4. The peaks labdled on this figure correspond to monoclinic (Pc) tungsten oxide.
However, some of the picks characteristic of the monoclinic phase are absent and other peaks, which
are characteristic of triclinic (P-1) WO;, are present. This allows us to conclude that the main phase
of the tungsten oxide is the monoclinic one, but some triclinic tungsten oxide coexists.
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3.2. Gas sensing properties

The capability of the sensors to detect pollution of CO, by hydrocarbons and sulphur
compounds was studied. The results obtained showed that the sensors were almost insensitive to
methane and ethylene. On the other hand, they presented very good responses to H,S and SO..
Particularly, pure WOj; sensor was very sensitive to H,S, but not to SO,, whilethe doped devices had
the opposite behaviour. Moreover, when the flow is returned to pure CO,, the sensors recovered
their initial resistance value, which proves the reversibility of the sensng mechanism for these
pdlutantsin CO,.

To study the effect of the operating temperature and the dectrode geometry, the sensor
response was defined as |Ry-Ra|/R«, where R, is the base line resistance in pure CO, and Ry is the
sensor resistance in presence of the polluted carbon dioxide. The term R, corresponds to R, for
oxidizing gases (SO, in this case), while for reducing gases (the case of H,S) correspondsto R,. The
results (the average for five measurements) are shownin Fig. 5.

Fig. 5. Dependence of the sensor response on the operating temperature. (a) for H,S. (b) for
SO,. Labels G50 y G100 denote inter-electrode gap of 50 and 100 pm, respectively.

Fig. 5(a) shows that the doped sensor are almost insensitive to H,S, although the response
decreases when the temperatures increases. On the other hand, the pure tungsten trioxide sensor
shows high responsivity to this gas with a maximum response at the intermediate temperature
(200 °C for dectrodes with 50 um gap and 250 °C for dectrodes with 100 um gap). In this unique
case the dectrode geometry has no dear effect in the response, while for the other two working
temperatures the devices with 50 um gap electrodes present higher response than the ones with
100 um gap dectrodes. This result is logical and is in accordance with the theory of the eectrode
geometry, which predicts an increase in sensor response if eectrode spacing is reduced and film
thickness and dectrode length are kept unchanged [15].

Figure 5(b) shows a high response for SO, of the doped sensors, while the pure ones show
very low responsiveness to this contaminant for all the temperatures considered. The response of the
doped sensors to the sulphur dioxide reaches a maximum at intermediate temperatures (200 °C for
the sensors with 50 um dectrode gap and 250 °C for the sensors with 100 um dectrode gap).
Comparing the results for the pure and doped devices, it can be seen that the behaviour with
temperature is the same for both types of dectrodes. Nevertheless, the response for devices with
50 um gap is higher than for the ones with 100 pm gap.

All these results show that an array of two sensors with 50 um gap € ectrodes (composed by
one Pt doped and one pure WO3) working at 200 °C, can be used to monitor the quality of CO, for
beverage industries and detect the pollution by sulphur compounds (SO, and H,S). The results also
prove that the presence of hydrocarbons (as methane or ethylene) will not affect this capability.
Nevertheless, the possible interference of nitrogen oxides or ammonia must be considered and
analysed, since WO; has shown good sensitivities for these gasesin air.
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4. Conclusions

A micromachined sensor array has been fabricated. Pure and Pt doped WO, deposited by rf
magnetron sputtering has been used as sensing layer. The morphology of the films has been studied
by SEM. The layers show a pol ycrysta line structure formed by grains with average diameters of the
order of 21-22 nm. By TEM, the mean grain diameter of the Pt was obtained (about 3 nm). Using
XRD it was found that the WO; was mainly present in monaoclinic phase, athough triclinic phase
coexisted.

The capability of pure and Pt doped WO; to detect the presence of sulphur compounds as
pallutants in CO, has been investigated. The sensors have shown high and reversible responses to
the presence of H,S and SO, diluted in CO,, in absence of oxygen (concentration below 15 ppm).
The intrinsic sensors presented very good response to H,S (100 ppb in CO,) and poor response to
SO, (1 ppm in CO,), while the doped ones showed a reversed behaviour. Besides, H,S behaves as a
reducing gas (decreasing sensor resistance), while SO, behaves as an oxidizing species (increasing
sensor resistance). The best results have been obtained for an operating temperature around 200 °C.
Taking into account these results, an array combining these two active layers is a promising system
to detect the CO; pallution by sulphur compounds. Neverthd ess, the probable interference of other
gases as ammonia or nitrogen oxides has to be analyzed to assure this application, since WO; has
been proved to be very sensitive to these gasesin air.

In order to optimize the sensors geometry, an analysis of the influence of the parameters on
the sensor behaviour was studied. The results obtained state that interdigitated dectrodes with
smaller gap show, in general, better performance than the ones with larger gap. So the first type of
eectrodesis preferred for further studies and sensor devel opment.
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