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The monitoring of atmospheric pollution needs network of gas sensors in order to increase
the number of measuring points. For this goal, tin dioxide sensors have been evaluated.
Their potentials and limitations (selectivity and stability), are presented via on-site
experiments of urban pollution control. The study shows that some global information
indicating mainly the traffic pollution can be obtained. The general problem of long-term
stability and selectivity of SnO, sensors is discussed. Some specific solutions are proposed,
for example, a chemical treatment in the case of instability due to SO,. The problem of the
dual response to oxidising and reducing gases is discussed, especially in regard to CO/NO,
detection. To solve this problem, the use of active filters is proposed. For example, a thin
film of rhodium deposited above the sensing material allows to filter NO,. The use of a
platinum filter has also been applied to improve the selectivity for the reducing gases. The
results point out the difficulty to control this type of device in thin film technology. On the
contrary, with thick films obtained by screen-printing, the possibility to separate HC from
VOC (CH,4 from CO and C,Hs0H) is demonstrated. Some preliminary results concerning the

use of a MnO, filter are also presented in order to control the ozone reaction. The
possibilities offered by signal processing are finally discussed using a multi-variable
approach with 90 days aged sensors. AC measurements are exploited to improve the
selectivity for the oxidizing gases NO, and Os. The results obtained with a model built with
atmospheric air as carrier gas appear promising. © 2003 Kluwer Academic Publishers

1. Introduction

Following the new EU directive [1], air quality predic-
tion appears as an urgent need that explains the great
emphasis for atmospheric transport and dispersion
models [2]. These models must take into account many
parameters such as meteorological conditions and
relief [3]. For some particular applications, for example
urban air quality modeling, more local conditions
must be also considered, especially the frame of the
town, its infrastructure and the traffic. Effectively,
in order to have a better understanding of pollution
creation and of the movement of the pollutants, it
becomes necessary to study the spatial distribution of
the pollution and consequently to increase the number
of measurement nodes [4]. Due to this complexity, it is
important to have data to develop the models but also
to check their quality. In reality, the measurements
for urban air pollution are performed by the networks,
thanks to stations equipped with selective analysers
for many pollutants. Although these stations are very
reliable, it is unrealistic to see an increase in the
number of measurement nodes because of the high
cost of acquisition and maintenance of such stations
and equipment. An alternative solution would be to use
low-cost chemical micro-sensor arrays and distribute
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them across the network and to validate the models
[5-7].

Contrary to specific analysers using physical proper-
ties (for example UV and IR spectroscopy), the micro-
sensors are based on physico-chemical principles.
Usually, their sensitivity is sufficient for most of the
applications, but their selectivity is often only partial
and this constitutes the main limitation for applications
requiring a selective detection of one constituent. How-
ever, by considering the low-cost and the miniaturiza-
tion of a micro-sensor compared to an analyser and the
possibility to use sensor networks to multiply the infor-
mation, chemical micro-sensors can sometimes consti-
tute a cheaper alternative or a complementary technique
for gas detection depending on the application
requirements.

In the case of urban pollution, the pollutant gases
are mainly CO, NO, (NO and NO;) and HC (mix-
tures of burned and unburned hydrocarbons). The chal-
lenge for the development of gas sensors is becoming
increasingly important with the requirements of the car
manufacturers to use such devices directly in the cars.
Many applications are currently being considered. On
one hand, there is a need for monitoring the air quality
in the passenger compartment with a control of the
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ventilation by filtration of the incoming air in case of
pollution [8—10]. On the other hand, it becomes neces-
sary to measure the gas concentrations directly in the
exhausts for combustion control [11]. This latter aspect
is strategically more important for the car manufactur-
ers because sensors are needed for the control of the
engine, as well as the control and diagnosis of the dif-
ferent devices used for post-treatment (OBD II rules)
[12].

In both cases, urban pollution and automobile ap-
plications, the main gases to be detected are the ones
previously mentioned (CO, NO,, and HC), but also
some other gases like SO;, CO,, O3. The sensors must
be low-cost, should have high sensitivity, and be stable
and selective. The two last requirements are generally
more difficult to satisfy at the moment and they con-
stitute the main limitations for the use of gas sensors.
There is a current effort to develop and to use chemi-
cal micro-sensors for the atmospheric pollution control.
The research and development are primarily focused on
CO sensors [13, 14], NO, sensors with a special atten-
tion to the dual response between oxidizing and re-
ducing gases, HC and VOC sensors and more recently
the CO, sensors. The problem of SO, detection seems
now less important compared to 1980’s situation, tak-
ing into account the reduction of sulphur content in fuel
[15]. For the CO; detection, which is becoming more
and more important in relation to the global warm-
ing, the studies are mainly focused on the potentio-
metric sensors based on ionic materials like 8-alumina
[16] NASICON [17], and more recently LIPON
[18].

Among the various types of micro-sensors (cat-
alytic, electrochemical or potentiometric, semiconduc-
tor, etc.), the semiconductor sensors based on tin diox-
ide are the only sensors (except the oxygen sensors
based on YSZ for automotive applications), which have
been commercially well developed. Nevertheless, their
use is limited because of their dual response: decreasing
response (electrical conductance of the material) with
oxidizing gases and increasing response with reducing
gases [19]. This is particularly the case for automotive
applications where high concentrations of CO and NO,
can be simultaneously present. To solve this problem,
several types of sensing materials are currently being
studied. For example, it has been recently proposed to
use perovskite films [6] for the separation of NO, and
CO contributions for environmental monitoring, or InP
resistive structures [20] for the monitoring of oxidizing
gases such as NO; and O3 in environmental pollution,
or FET structures with Au and Pt films for O3 detection
[21]. For pollution control, the problem of the detection
of ozone becomes a key point. For oxidizing gases, and
especially for ozone, WO3 is a material which presents
interesting sensing properties with regards to interfer-
ing reducing gases, for example, for O3 detection [22]
or for NO, detection [23]. WO3 is also proposed for
the combined detection of reducing gases NH3 and NO
[24].

For air quality monitoring, there are several studies
dealing with the improvement and use of tin dioxide gas
sensors. For example, the doping by Pd [25] or by Au
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and Pt [26] can be used to differentiate CO and NO,.. Of
course, the multi-sensor devices also offer some inter-
esting possibilities for these differentiations. The com-
bination of SnO, sensors for CO and In, O3 sensors for
NO; has been proposed [27] for the air quality moni-
toring in cars (flap regulation) and more recently an ar-
ray using SnO,, TiO, and In,O3 sensing materials has
been developed for atmospheric pollutant monitoring
[28]. Even if tin oxide sensors suffer from poor perfor-
mance compared to analytical techniques like gas chro-
matography or IR and UV spectrometry, these types of
sensors will be certainly used in the future for various
applications in connection with pollution control, espe-
cially in order to develop networks of low-cost sensors
with an increased number of measuring nodes. Tin ox-
ide sensors are the only one currently being marketed
(e.g., Japanese products by Figaro or Nemoto, Euro-
pean products by MiCS, Capteur or UST, etc.). This
fact will certainly contribute to the real development of
applications with such sensors. In this sense, it is im-
portant to test and evaluate the potentials of tin oxide
sensors for atmospheric pollution control, as well as
their limitations.

The aim of this paper is to show the potentials of
tin oxide micro-sensors for air pollution measurements
and several possibilities to improve their performances.
The results of on-site experiments concerning traffic
pollution monitoring in urban roads, tunnels, city cen-
tre are presented. The problem of long-term stability is
discussed. The use of filters to improve the selectivity
is presented with various examples in relation to the
pollution control, especially for the dual detection of
oxidizing and reducing gases. Finally, new possibilities
offered by the signal treatment is discussed, in partic-
ular the AC measurements and the exploitation of the
argument of the conductance versus the AC frequency.

2. On-site experiments for urban

pollution control
2.1. Tin dioxide sensors preparation

and laboratory tests

Tin oxide sensors are n-type semiconductor materials
with an electronic conductivity which depends on the
nature of the surrounding atmosphere and temperature.
The resistance variation is the result of the chemisorp-
tion of the gas on the material surface. With an
n-type semiconductor, such as SnO,, for which the
main charge carriers are electrons, the adsorption of
a reducing gas donates electrons, and thus increases
the electrical conductivity. On the contrary, an oxidant
gas, such as NO,, will lead to a decrease of the con-
ductivity. The charge transfer between the gas and the
material requires the gas ionisation and thus a good cat-
alytic activity of the sensing material. The selectivity
depends on the sensor temperature and on all the chem-
ical processes on the surface of the sensing material.
Consequently, the performance of this type of sensors
depends on the microstructure of the sensing materials
and on the technology used for heating the substrate.

The micro-sensors used in the first part of this study
for on-site experiments are constituted of a tin oxide bar
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Figure 1 Photograph of the sintered sensor on an alumina substrate.

(1 x 0.5 x 0.2 mm?) obtained by sintering of tin ox-
ide powder compact. Two gold electrodes are deposited
by screen-printing on this bar in order to ensure good
electrical contacts. The resulting sensing element is at-
tached with gold paste on a heating substrate made of
alumina. The heater is a screen-printed platinum resis-
tor deposited on the back side of the alumina substrate
and the whole sensing element is inserted in a casing
(Fig. 1). The sensor is monitored by an electronic card
which performs the thermal regulation in the range 20—
500°C and which can deliver a signal proportional to
the conductance of the sensor. These sintered sensors
and the electronic unit have been developed in collab-
oration with a French company [29, 30].

Laboratory test benches allow the characteriza-
tion under various gases (carbon monoxide, methane,
ethanol and also nitrogen oxides) of the different types
of sensors after their fabrication. A portable device
(300 x 250 x 200 mm?) has been developed for on-
site experiments. It includes two gas sensors with their
own electronic circuits, a pump for the gas circulation
and a data recorder (Fig. 2). The system, which can
work either with a 220 V AC or 12 V DC supply, is
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self-contained and can be easily set on various sites
for measurements. The data recorder has a capacity of
12000 points, sufficient for example to record 4 signals
during 1 month with a 1/4 h frequency. The data are
then transferred to a computer to be analysed in the
laboratory.

Typical responses of the sintered sensors on a lab-
oratory test bench to ethanol (50 ppm in air), carbon
monoxide (300 ppm in air) and methane (1000 ppm
in air) are shown in Fig. 3, which represents the varia-
tion of the conductance versus the sensor temperature.
The gas flow is set at 5 1/h and cycles consisting of
an isotherm at 500°C for 30 min and a decrease of
the temperature to 20°C in 5 min are performed for
each gas. The conductivity measurement is performed
during the temperature decrease via an electrical cir-
cuit. These tests are performed to control the sensor
behaviour. It is noted that the sensor is not selective
as it gives responses to all gases. However, the sen-
sitivity for each gas depends on the temperature. It is
maximum at 500°C for methane (representative of hy-
drocarbons) and at around 320°C for carbon monoxide.
Consequently, it is possible to modify the selectivity by
adjustment of the operation temperature.

2.2. First set of on-site experiments
(city of Lyon, 1988)

SnO, sensors have been used for experiments in city
environment with the first set of experiments in Lyon
about fifteen years ago. The sensor was placed directly
along a street in the downtown and also in a road tun-
nel. The signal was recorded and compared with the
response of an IR analyser used for CO measurement.
Over a period of one day, two peaks of pollution were
generally observed corresponding to the maximum traf-
fic of cars in the morning and in the evening rush hours.
The typical curves recorded during this first set of ex-
periments have previously been reported [31].

The correlation between the gas sensor and the IR
analyser is very good (Fig. 4) and shows potential of
such sensors for monitoring of the urban pollution.

(@
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Figure 2 (a) Photograph of a sensor with its casing, a ADF head and electronic unit and (b) Photograph of the portable device including 2 sensors, a

data recorder and a PC to transfer data.
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Figure 3 Response (conductance $2~!) versus temperature of a sintered
sensor on a laboratory test bench in air, ethanol (50 ppm in air), carbon
monoxide (300 ppm in air), and methane (1000 ppm in air).
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Figure 4 Correlation between the response of a sintered SnO, sensor
and CO concentrations measured by an IR analyser during the Lyon
experiments (1988).

On the basis of such correlation, a possible conclu-
sion could be that the sensor is selective to CO. In fact,
it has been proved that all the gases are produced by
the cars with the same ratio. When the CO concen-
tration increases, the concentrations of the other gases
increase also in the same ratio. As a consequence, even
if the sensors are not completely selective for CO, their
response constitutes a good measurement for the inten-
sity of the urban pollution due to the traffic. Similar
experiments have also been performed in a road tunnel
with the same type of devices. The only difference is
the range of CO concentrations which are higher in the
tunnel: from 20 to 200 ppm in the tunnel against 1 to
20 ppm on the street. Concerning the interfering gases,
it can be noticed that no difference is observed between
the two sites: the two sets of measurements are in good
agreement with a cross-over near 20 ppm (Fig. 5).

2.3. Drifts of SnO, sensors and solution

to stabilize the sensors
On top of poor selectivity, poor stability of tin dioxide
sensors is a major limitation for their use in industrial
applications. The drift observed can be the consequence
of various phenomena such as the morphological evolu-
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Figure 5 Response of a sintered SnO; sensor versus CO concentration
for road (0-20 ppm) and tunnel (20-200 ppm) during Lyon experiments
(1988).
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Figure 6 Instability of the signal (increase) of a pure sintered SnO;
sensor during experiments in a tunnel (for 1 month in Lyon, 1988).

tion of the sensing material (grain growth) or chemical
irreversible reactions of some gases. During the first set
of experiments in the city of Lyon, such instabilities of
the sensors were observed. They were believed not to be
connected to the morphological evolution because the
sensors were aged before their use for several weeks in
the laboratory test bench. The drift was observed in both
applications (street and tunnel) and the evolution was
always an increase of the conductance of the sensors in
the range of 20 to 50% over a period of one month. An
example is reported in Fig. 6 for a tunnel experiment:
after 20 days the signal of the sensor is multiplied by a
factor of 4.

After ageing in streets or tunnel, the sensing materi-
als were analysed with different chemical analysis. The
major results have been obtained with TPD (Thermal
Programmed Desorption): some sulphate species are
present on the surface of the tin dioxide only for the aged
sensors. These species are certainly the consequence of
the irreversible reaction of SO, [32, 33] which is al-
ways present is the atmospheric pollution, even if the
concentrations are very low (generally less than 1 ppm).
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Figure 7 Stability of the signal of a SO, pre-treated SnO; sensor during
experiment in a tunnel (for 1 month in Lyon, 1988).

To confirm this irreversible effect, complementary tests
were carried out in the laboratory bench with SnO.
Even at a high operation temperature (500°C), the con-
tinuous pollution of the air by 0.5 ppm SO, produces
an irreversible increase of the sensor signal (50% after
5 days under a flow of 50 cc/mn).

In order to avoid such instability, the sensors were
pre-treated in SO, before their use. Such a gaseous
treatment had been used in the past to improve the sta-
bility (and also the selectivity) of sintered tin dioxide
sensors, especially with respect to the effect of humid-
ity. For the tunnel experiments, a typical result obtained
with a pre-treated sensor is reported in Fig. 7. Such sen-
sors are very stable compared to the untreated sensors.
It was verified that the effect of the pre-treatment is
stable and no drift was observed for a 6-month period
with these sensors.

2.4. Second set of on-site experiments

(city of Saint-Etienne, France in 1998)
A new set of on-site experiments were conducted in the
center of another city (Saint-Etienne) in collaboration
with AMPASEL association (Association de Mesure
de la Pollution Atmosphérique sur I’agglomération de
Saint-Etienne et le département de la Loire), which is
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in the network of pollution control node in France. The
portable device described previously was put inside a
station of the network and connected at the outlet of the
analysers (CO,NO, NO;, SO;). Thus, the pollutant con-
centrations determined by the analysers could be com-
pared with the sensor signal. Two measurement cam-
paigns were conducted from May 20th through June
10th and from August 11th through 31th in 1998. Two
sensors were set under the same conditions at 320°C and
their signals were recorded every 10 min. These signals
were issued from the electronic card (analog output in
millivolts) and were not calibrated, but the comparison
of their relative variation was possible. A good repro-
ducibility between the two sensors was observed dur-
ing both the measurement periods. This is illustrated in
Fig. 8, which shows their signals of two different days
of the first campaign (May 28th and June 5th).

Sensor signals and values of the mean hourly concen-
trations of CO, NO, NO, measured by AMPASEL can
be seen in Figs 9 and 10 over the two campaign periods
of three days (2628 May, 16-18 August). The experi-
mental curves representative of the sensor signal were
computerized with a period of ten minutes and were not
smoothed. This explains the noisy aspect of the sensor
signal compared to the curves representative of the gas
concentrations which are a mean concentrations over
one hour.

It can be observed that the variations of the concentra-
tions of the three gases (CO, NO, NO,) are qualitatively
very similar. As mentioned for previous experiments
close to an urban street, when the pollution is mainly
the result of the traffic, all the gases are produced with
similar ratio. This is the case for the pollutants measured
in this station situated in the city centre, close to an im-
portant street. Moreover, a close correlation between
the pollutant concentrations and sensor responses can
be established from Figs 9 and 10. This good agree-
ment is obtained over the whole measurement period
of the two campaigns. The response time of the sensor
is in the same range of that of the analysers (checked
in laboratory test bench). It is also possible to detect
without any problem short pollution peak such as the
ones observed on August 17th (Fig. 10).

Contrary to the results obtained during the past first
set of tests in Lyon, no particular problems of stability
were noted over the duration of these campaigns (23
and 21 days) although the sensors were not pre-treated.
The correlation between the CO concentration and the
sensor signal can be seen in Fig. 11, which represents
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Figure 8 Reproducibility of the signals (acquisition period of 10 min) of two sensors over 24 h for 2 days of the campaign of measurement in the

centre of Saint-Etienne.
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Figure 9 Comparison of gas concentrations (CO, NO and NO;) deter-
mined by gas analysers of AMPASEL station and of the sensor signal
for the period from 26 to 28 May, 1998.
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Figure 10 Comparison of gas concentrations (CO, NO and NO,) deter-
mined by gas analysers of AMPASEL station and of the sensor signal
for the period from 16 to 18 August, 1998.
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Figure 11 Correlation between CO concentration (IR gas analyser) and
the sensor signal (mV) for 5 days of the measuring campaign in Saint-
Etienne centre (1998).

this correspondence for different days during the 1998
campaign. No major drift in signal is observed. The
sensors were very similar for the two sets of experi-
ments, especially for the sensing material, which was a
small bar of sintered material prepared from the same
commercial tin oxide powder. The difference in stabil-
ity is certainly related to the SO, contamination of the
urban atmosphere, which was higher in Lyon in 1988
than in St-Etienne in 1998. This fact can be explained
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by the differences of atmospheric pollutions for the two
cities (many plants and big industrial companies near
Lyon), but also certainly by the consequence of the re-
duction of sulphur contents in the fuel consistent with
the regulations and legislations in the EC.

3. Selectivity improvement using gas filters

and membranes
3.1. Dual response with CO and NO,

and rhodium filter solution

The difficulty to detect nitrous oxides with SnO; sen-
sors is well known [34, 35]. The problem is related to
the dual response of such metallic oxides to reducing
or oxidizing gases [36, 37]: on one hand reducing gases
(CO, HC, NO, etc.) increase the conductance of SnO,
(n-type) and on the other hand oxidizing gases (NO;
or O3) decrease the conductance. Consequently in the
presence of both types of gases the response signal of
the sensor can be close to zero. Many authors have re-
cently described this behaviour [34]. This is especially
the case in automotive applications for the detection of
CO or HC in the presence of NO, and also for the de-
tection of NO in the presence of NO, (or NO; in the
presence of NO).

We have observed such dual response in past experi-
ments for air quality control in automotive application
with the goal to filter the incoming air in the passenger
compartment when the pollution is too high (AQS ap-
plication: Air Quality Systems). As a consequence of
the results exposed in the previous section concerning
the on-site experiments in cities, the response of SnO,
sensors could be considered as a good indication of the
CO concentration and consequently could be used with
success for the AQS. Nevertheless, that it is not the case
in the AQS experiments. When the car is directly placed
behind a diesel car, the signal of the sensor is close to
zero resulting from the presence of NO,, even if the
concentration is very low. This behaviour is due to the
very large influence of NO; on tin oxide regardless of
the sensor type (sintered, thin or thick films). An exam-
ple is reported in Fig. 12 in the case of SnO; thin film
sensors. These sensors are prepared by the deposition
of a CVD film [38] on an alumina substrate equipped
with a platinum heater on the other side. The response

Sensor Response
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Figure 12 Dual response of a thin film SnO; sensor to oxidising (NO3)
and reducing gases (CO and CHy). Special behaviour of NO resulting
from a few ppm NO; in the NO injection.
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Figure 13 Principle of the use of thin film filter to improve the selectivity of sensors.

of such sensors is positive (increase of conductance)
under CO (150 ppm) or CHy (1000 ppm) and nega-
tive under NO; (100 ppm). It is noted that under NO
(30 ppm) the response is also negative, contrarily to the
expected positive response. The reason is the presence
of a few ppm of NO; in the flux of NO which are very
difficult to avoid because of the very quick transforma-
tion of NO to NO; in air at ambient temperature (NO;
is not stable above 450°C).

In order to improve the selectivity of tin dioxide gas
sensors, we have started a research program several
years ago, which consists of using filters above the
sensing material [39]. With thin film gas sensors it is
possible to filter the gases near the surface by the use of
porous films deposited directly onto the sensing mate-
rial (Fig. 13). These filtering layer can be either metallic
films with catalytic activity or porous ceramics (Al,O3,
Si0,, Si3zNy, etc.) with permeation ability. Some inter-
esting results have been obtained with platinum or pal-
ladium films deposited above tin oxide films to improve
the selectivity for the detection of CO or CHy4 and espe-
cially to reduce the sensitivity to C,HsOH. Previously,
we have published studies for H, detection with SiO;
filter [40] or the methane detection with a Pd filter [41],
and more recently those with catalytic filter on Ga, O3
sensors [42] or thick film of Pd on SnO, sensors [43].

A similar approach can also be used to solve the
problem of the dual response to the NO, gases. The
objective is to avoid or to reduce largely the negative
response to NO; in order to be able to use the SnO;
sensors in automotive applications to control the pol-
lution, for example by measuring the CO and NO con-
centrations. The choice of the metal for the filter has
been based on the catalytic metals generally added in
catalytic converters to transform the gases and reduce
the pollution after the exhausts. A part of these results
has been previously reported [39]. These experiments
have been realized with tin oxide thin film sensors cov-
ered with very thin films of various metals. The ex-
periments have been realised in laboratory tests bench
equipped with IR and UV analyzers for the measure-
ment of CO, NO and NO, concentrations. The met-
als are platinum, palladium, copper, molybdenum and
rhodium. In fact some of them are in the oxide form

TABLE I Sensitivities ((Ggas — Gair)/Gair) of pure and covered with
10 nm rhodium SnO; sensors thin films to CO, NO and NO, at 450°C

Sensor/gas CO 300 ppm NO 150 ppm NO; 100 ppm
Pure SnO, +0.40 —0.68 -0.92
+Rh +1.22 +0.1 —0.43

according to the working temperature (Pd and Cu) or
to the oxidation reaction (Mo). The best results were ob-
tained with rhodium (Table I): the negative sensitivity
to NO; is largely reduced and above all the sensitiv-
ity to NO remains positive although the gaseous phase
contains some low ppm NO;. To confirm this, further
experiments were carried out with two sensors one with
filter and the other without and the results are shown
in Fig. 14. We can easily observe that the curve corre-
sponding to the pure SnO, film shows the dual response
to CO (positive) and NO, (negative). On the contrary,
for SnO; film covered with rhodium film, the negative
response under NO, is virtually cancelled while the
positive response to CO remains constant.

Such filters must certainly be optimized in order to
be used in real industrial applications. There are sev-
eral main difficulties to control their use. Firstly, such
solutions can be proposed only with thin and thick sens-
ing materials and consequently the problem is to con-
trol a multi-film structure, with all problems related to
chemical diffusions. The other problem is the thermal
stability of these complex structures and especially the
control of the long-term catalytic activity of the material
used as the filter. Similar to our studies, several other
studies are currently in development for other types
of applications, for example with success for domestic
sensors [41]. Moreover, the future sensing devices will
be certainly multi-sensor systems and the development
of sensors with selectivity modifications using gas fil-
ters is completely in agreement with such objectives.
Furthermore, we study membranes based on ceramic
materials, which can be used only as a protective layer.
For example, we have demonstrated with a potentio-
metric sensor that it can be used directly in automotive
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Figure 14 Comparison of the responses for a pure and a Rhodium
(10 nm) covered SnO; thin films to CO (300 ppm) and NO, (100 ppm).
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exhausts [44] with a thick porous alumina layer. The
future objectives are to incorporate catalytic elements
in thick film filters to obtain active membranes. We will
develop in the next section some aspects of the difficul-
ties and potentials of such filter solutions to improve
the selectivity of sensors.

3.2. Some aspects of the selectivity
improvement of SnO, sensors
by superficial Pt films

Some correlation between the responses of SnO, gas
sensors and the concentrations of CO, NO and NO,
have been exposed in Sections 2.2 and 2.4 for on-site
experiments. The problem of the dual response between
CO and NO; has also been previously discussed. Nev-
ertheless, and even if the contribution of oxidising gases
could be removed, it is a well established fact that
there are several reducing gases which contribute to
the positive response of SnO, sensors placed in urban
atmosphere. Of course, the CO contribution appears as
the main contribution and this is clearly demonstrated
with our on-site experiments reported above. But, it
can be expected that several HC compounds, aliphatic
CxHy, aromatic as BTX (benzene, toluene and xylene)
or VOC, are also present in these urban sites and con-
tribute to the electrical response of the sensors. In order
to have a more selective response to these gases than to
CO, we have applied filters for CO.

For this study, we have chosen to improve the selec-
tive detection of methane (representative of aliphatic
HC) versus CO and C,H5OH representative of many
VOC interfering gases. The catalytic activities of sev-
eral metallic filters have been tested and platinum ap-
pears as the best catalytic metal for this gas separation. It
is necessary to perform this study only with thin or thick
films and not with sintered materials, both for the sens-
ing material and for the filters. The first experiments
were conducted with CVD film of SnO, and sputtered
thin films of Pt (thickness between 1 and 50 nm). All
experimental conditions were described in a previous
paper [45]. The films were deposited onto several types
of substrates: alumina for physical characterisations,
porous ceramic substrates for catalytic activity and fi-
nally sensors substrates for validations. The catalytic
activity of a very thin Pt film is reported in Fig. 15.
The conversion rates for CO, C;HsOH and CHy are
obtained with vertical catalytic reactor with gaseous
transfer through the sample (thin film on porous ce-
ramic substrate).

The measurements of the catalytic activity of Pt show
that above 500°C, this metal is very efficient for the to-
tal oxidation of CO and C,HsOH, but CH,4 does not
react. Consequently, this behaviour can be used for the
selective detection of CHy4. The catalytic activity was
correlated to the sensing properties of the SnO, + Pt
structure. Firstly, the membrane strongly decreases the
sensor response to alcohol, which is in agreement with
the catalytic tests. In the CO case, at high tempera-
ture (500°C), although Pt is very efficient in regards of
CO oxidation, it does not strongly decrease the sensor
response. A mechanism has been proposed, based on
oxygen exchange between Pt particles and SnO, film
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Figure 15 Catalytic activity versus temperature for a 1 nm platinum film
under diluted gases in air (CO 300 ppm, C;HsOH 100 ppm and CHy4
1000 ppm).

during CO oxidation. On the other hand, at temper-
atures lower than 150°C, the Pt membrane induces a
strong increase of the conductance under CO. We have
shown that this electrical behaviour only results from
Pt particles and not from SnO, thin film. Finally, the
CH,4 response is slightly decreased, which is not in good
agreement with the catalytic properties of Pt.

For a small platinum layer thickness (10 nm) the
conductance of SnO, film decreases with increasing
platinum thickness. This effect is attributed to addi-
tional oxygen species on SnO,, resulting from an en-
hanced oxygen dissociation by Pt. Above the thickness
of 10 nm, the conductance of the film increases with
the thickness. It could be interesting to increase the Pt
thickness in order to increase the catalytic conversion.
But, the electrical measurements have shown that the
platinum membrane thickness has to be limited to avoid
a short-circuit of the SnO,. In conclusion, it appears
that all phenomena occurring on these thin structures
are very difficult to control and consequently to exploit
for gas sensors. Finally, it was decided to use insulat-
ing layer between the sensing material and the platinum
film. The objective was to separate the electrical effects
occurring on the two layers with a ceramic film (Al,O3
or Si0»). This also allows to increase the thickness of
the platinum film without electrical short-circuit. Nev-
ertheless, the realisation of complex structures (SnO,-
isulator-Pt) with thin film technology is very difficult to
achieve, and the results were not reproducible. The final
adopted solution was to use the thick film technology
to produce both the sensing element and the insulating
layer. Some details on the tin oxide thick film and on the
sensor structure can be found in a previous publication
[46]. Typical microstructures of SnO; and SiO, thick
films can be seen in Fig. 16.

While metallic inks are commercially available,
the inks for tin oxide and porous SiO, coating were
prepared in the laboratory. Thick film inks were pre-
pared by adding an inorganic binder (with low soft-
ening point) and a solvent to the inorganic powder
(SnO;: Prolabo France, SiO;: Aerosil Degussa). The
inorganic binder is usually used to achieve a reliable
adhesion between the substrate and the thick film. All
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Figure 16 Thick film device with a SiO» insulating layer between thin platinum filter and thick film of SnO; (20 mm thick SnO», 40 mm thick SiO).

inks were screen-printed with an AUREL MOD C 890
screen-printer.

Rectangular (2 x 4-mm?) SnO, thick films were then
screen-printed on alumina substrates with gold elec-
trodes. The films were dried at 100°C followed by heat
treatment at 700°C for 16 h. The average thickness was
about 20 um. For SnO, ink, no inorganic binder was
added to organic binder. Square SiO; thick films (5 x
5mm?) were screen-printed on the SnO; thick film, and
the films were dried at 100°C. Sintering of the film was
carried out by heating at a temperature 700°C for 1 h.
Several SiO; film thicknesses were deposited (20 um
to 80 um). A thin film of platinum was deposited on
the top of the sensing layer (thick SnO; film or thick
SnO, film with the insulating coating) by sputtering
with argon ions from a metallic platinum target (thick-
ness between 1 and 50 nm). No annealing was per-
formed before electrical tests.

Thick film sensor prototypes with their own platinum
heating element were also prepared by screen printing.
The thick films of SnO, were deposited on the top of
alumina substrates (38 x 5 mm) with the same geome-
tries as above (2 x 4 mm). A view of such a sensor
is reported in Fig. 17, the Pt heater is also at the top
but on the back side of the substrate. The sensors were
equipped with four gold electrodes in order to test the
quality of the electrical contacts.

As in the previous study, the catalytic activity of the
different films were evaluated versus the thickness of
the films (thick SnO,, thick SiO, and thin Pt). Electrical

Figure 17 Thick film sensors on an alumina substrate.
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Figure 18 Electrical responses to CO (300 ppm), CH4 (1000 ppm) and
C,H50H (50 ppm) of the three sensors: SnO2, SnO; + SiO; and SnO; +
SiO; + Pt (20 pm thick SnO;, 40 um thick SiO; and 5 nm Pt).

performances of the new structures thick SnO, film +
thick insulator coating (SiO;) + Pt were tested. It was
verified that the thickness of the SiO, has no influence
on the electrical conductance. But the important resultis
that, contrary to thin film structures, a good correlation
between catalytic tests and the effects on the sensor
response is now obtained with a platinum film deposited
above the SiO, layer (Fig. 18).

For CO, we observed very low response when the
platinum film was deposited onto the silica film now
in good agreement with the catalytic activity. The re-
sponse for CHy is also not affected, as predicted. On
the other hand, the correlation for C,H5;OH is not com-
pletely in agreement with the catalytic activity. All the
experiments were carried out near 500°C and at this
temperature, C; HsOH must be fully decomposed. This
could be related to the influence of the water produced
by the decomposition reaction.

Moreover, and contrary to thin film devices, new
experiments performed without the thick SiO, films
showed that good correlation was also obtained in the
thick SnO, film + Pt structure, when a contact between
Pt and SnO, is materialised. In thick film structures, no
insulator coating seems to be necessary. A new model
is currently under development [47] taking into account
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the influence of the thickness of the SnO, film with an
action of the species produced by the Pt film located at
the electrodes.

To conclude on the use of a platinum filter to improve
the selectivity of tin oxide sensors with respect to re-
ducing gases, we can assume that such solutions will be
certainly an alternative way to control the performances
of gas sensors. These solutions could constitute in the
future generic solutions for various types of gas sen-
sors. In the field of atmospheric pollution monitoring,
some problems for the detection of HC, BTX or VOC
could be solved using selective membranes and filters
directly placed on the sensing material.

3.3. Potentiality of MnO, filter for ozone
detection and interfering problems
For atmospheric pollution monitoring, and still regard-
ing the problem of dual response between reducing
and oxidising gases, it would be interesting to filter
out ozone. This could be an advantage to detect reduc-
ing gases without problem, but it could also constitute
a solution to obtain indirect information on the con-
centration of ozone by comparison of the signals of
two sensors, with and without an ozone filter. In sev-
eral analytical techniques, a common solution proposed
to filter ozone with a good efficiency is to use a filter
made of manganese oxide MnO; [48]. We have recently
started a research program to test such a solution and
to develop thick film sensors with a MnO, filter.

The influence of CO and O3 were evaluated on a
thick film SnO, sensor similar to that used in the pre-
vious section. The sensor was placed in a cell on a
laboratory testing bench equipped with a generator of
ozone constituted with an UV lamp (Sonimix 3001
from L.N. Industries SA). The working temperature of
the sensor was fixed at 450°C. A set of mass-flow con-
trollers allowed generation of very low concentrations
of ozone, which were controlled with an ozone analyser
(1003 AH from Evironnement SA). The response of the
sensors to CO concentrations in the range 2.5 to 60
ppm are reported in Fig. 19a. The response of the same
sensor under similar conditions to O3 concentrations in
the range 25 to 250 ppb are reported on Fig. 19b. We
observed the positive response to CO (increase of elec-
trical conductance) and negative response to Oz. The
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TABLE II Efficiency of MnO, filter to stop ozone: comparison of
powder and thick film at 20°C and 400°C (measurements performed
with an ozone analyser)

Without With
MnO, filter MnO;, filter Variation (%)
Powder at 20°C 97 ppb 14 ppb 85%
Thick film at 20°C 181 ppb 153 ppb 15%
Powder at 400°C 96 ppb 28 ppb 70%
Thick film at 400°C 25 ppb 20 ppb 22%

relative variations of response are more important to
ozone, taking into account the very low concentrations
injected in the ppb range in comparison of those for
CO in the ppm range. We also observed an apparently
bad reversibility of the sensor after ozone injection with
practically no recovery. This can be mainly attributed
to the experimental set-up with adsorption of ozone in
the gas and it is very difficult to avoid this problem for
very low concentration of ozone in the range of ppb.

Moreover, we tested the influence of ozone injection
on top of CO injection. The response reported in Fig. 20
demonstrates the influence of ozone. For example, an
injection of 0.5 ppm (~484 ppb) of ozone decreases the
response to 11 ppm of CO by a factor 2. These results
point out the necessity to filter ozone in order to have
a selective response to CO with tin oxide sensors for
atmospheric control.

The efficiency of MnO, was tested with a furnace
placed before the ozone analyser. We compared the
efficiency of MnO, powder (1 g) deposited on a porous
ceramic substrate and thick film of MnO, deposited
on the same porous substrate. The results are reported
in Table II for two temperatures, ambient and 400°C.
Above 450°C, it was verified by XRD that MnO, begin
to change to oxidized forms (e.g., Mn;O3). With the
powder, the rate of ozone conversion is high, between
70 and 85%. With the porous thick films of MnO,, the
rates range from 15 to 30%. Although the rates in the
thick films are lower than those obtained in the powder,
these preliminary experiments seem to demonstrate the
possibility to filter ozone with thick films. The differ-
ence of activity can be related to the degree of porosity
of the thick films in comparison to the bed of pow-
der. During these experiments, it was difficult to fix
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Figure 19 (a) and (b) Responses of a SnO; sensor (at 450°C) tested on a laboratory bench to different concentrations of CO (2.5 to 58 ppm) and O3

(25 to 254 ppb).
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Figure 20 Response of a SnO; sensor (at 450°C) tested on a laboratory
bench to simultaneous injections of CO and Os.

the concentration of ozone because the time of stabil-
isation was very long and not very reproducible. This
is certainly in relation with the adsorption of ozone in
several parts of the testing bench. These experimental
difficulties explain the variations of ozone concentra-
tions during the different experiments. Consequently,
the results cannot be used at the moment as quantitative
results, but only as an indication for a possible solution.

Nevertheless, one interesting point is the fact that no
real difference of activity is observed between room
temperature and the working temperature of 400°C.
Long term experiments were also performed with-
out any significant degradation of MnO,. As a conse-
quence, the deposition of the thick film directly above
the SnO, film can be possible and the system opera-
tional to filter ozone above SnO,.

4. Possibility offered by signal processing:
multivariate approach
4.1. Procedure of treatment and results
under standard gases

There are two ways to use multi-component analysis in
order to measure gas concentration with semiconduc-
tor gas sensors: The first is the multi-sensor approach
where different kinds of sensors are used simultane-
ously. For atmospheric monitoring, there are several
recent publications in this area [28, 49]. The second
approach is the multivariate approach where several
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independent variables are measured on one sensor [50,
51]. The results presented below constitute an exam-
ple of this second approach. The aim here is to find
new parameters in order to have more selectivity and
which have useful properties after a long time of oper-
ation (typically, more than 90 days). The different vari-
ables are the AC conductance (modulus and argument)
for different frequencies (0 to 50 kHz) and different
temperatures (150 to 530°C). Contrary to DC measure-
ments, AC measurements appear interesting to be used
to separate some gases. Such an idea has been already
tested, in particular with oxidant gases [52].

For the measurements, a particular temperature cycle
is applied: it constitutes an isothermal dwell at 530°C
for 30 min followed by a linear temperature decrease
down to 100°C in 5 min. Acquisition is performed dur-
ing the decreasing ramp with a period corresponding to
a variation of 10°C. In order to have a good stability,
only sensors with more than 90 days of operation are
presented here. We first tried to study our sensors with
gas standards. This classic “instrumentation” approach
allows us to compare different sensors and to know what
the most interesting parameters are. We used these gas
standards:

— Carbon monoxide CO: 0 to 20 ppm,
— Ozone Os3: 0 to 300 ppb
— Nitrogen dioxide NO»: 0 to 500 ppb.

A humidification system allowed to have various val-
ues of relative humidity between 20 and 80%. We used
thick film sensors realized as described previously in
Section 3.2 by screen printing from non-conventional
inks without inorganic binder. The substrates were alu-
mina substrates (38 x 5 mm), with a Pt heater on the
back side. The presented results are generally related
to screen-printed SnO; sensors. Nevertheless, some re-
sults obtained with screen-printed WOj3 sensors are also
reported in Fig. 21.

For carbon monoxide, the sensitivity G/Gp which was
initially greater than 5 for 20 ppm, greatly decreased
after 60 days, and consequently became unusable for
90 days sensors. Under ozone or nitrogen dioxide, we
observed a decrease of the modulus of the conduc-
tance at any frequency at low temperature (250°C). The
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Figure 21 Measurements with thick SnO; and thick WO3 sensors for different standard gases: (a) d.c. conductance and (b) argument of a.c.

conductance.
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argument, initially null at high temperature or without
oxidizing gas, decreased to (—m/2) above a “transition
temperature” which depends on frequency, concentra-
tion and nature of the gas (O3 or NO;). So, it seems to
be difficult to measure O3 and NO; independently. But
we observed too that while thick SnO, sensors are more
sensitive to O3, thick WO3 sensors are more sensitive
to NO;. As a consequence, a multi-sensor approach can
probably allow us to measure separately the two gases.

70 1 ppb
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4.2. Results with real pollution
measurement

Results presented now were obtained with a thick SnO,
sensor (that was more than 90 days old) during 3 days
where the real concentrations were obtained from con-
ventional analyzers (Fig. 22). The conductance modu-
lus shows a high increase (up to 3 times) when there
are periods of pollution (Fig. 22a): this is incompati-
ble with the measured CO (always less than 5 ppm).
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Figure 22 Three days of atmospheric pollution measurement: (a) conventional analysers; (b) a.c. and d.c. conductance, and (c) a.c. conductance
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Figure 23 Results of a neural network model and prediction: (a) ozone and (b) nitrogen dioxide.
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Furthermore, these sensors have a poor sensitivity to
CO. This is also incompatible with NO, or O3 pollu-
tion because these oxidizing gases decrease the con-
ductance. The presence of reducing gases, such as hy-
drocarbons, can be responsible of these results, but we
have no data about these species.

It can be observed in Fig. 22b, high variation of
the conductance argument depending on frequency and
temperature, probably due to oxidizing gases like O3
or NO,. In order to exploit these interesting results,
we built a component model with a back-propagation
neural network algorithm. We used data from the same
3 days experience.

Results reported in Fig. 23 show a correct correlation
between data obtained with analyzers and data calcu-
lated from sensors for O3 and NO; pollutions. Never-
theless, the greatest care must be taken in our conclusion
and we have to remind that with Oz and NO, standards
these two species cannot be measured independently.
Apparently, our results may be due to the fact that NO,
and Oj pollution are anti-correlated: the primary pol-
lutants associated with NO, destroy the ozone.

This method of calibration with real pollution has
allowed us to have realistic but corrected results with
a multivariate analysis applied with only one sensor.
Our current studies concern a multi-sensor approach
(in particular with WO; sensors), in order to be able
to measure coarsely but separately NO;, O3 and some-
thing that can be called “hydrocarbons”.

5. Conclusion
The development of models for air quality monitoring
and prediction requires data of the atmospheric emis-
sions. Measurements of gaseous pollutants by chemical
micro-sensors can be considered as a complementary
tool to the stations equipped with analytical apparatus
because they can increase the number of measurement
points. Among the available micro-sensors, tin dioxide
semiconductor sensors were tested for such applica-
tions. It is easy to record during on-site experiments a
signal from SnO, sensors which appears in good corre-
lation with gas concentrations measured by analytical
techniques, for example for CO. In fact, as for many
other applications, there are several problems which
prohibit or complicate the use of these sensors for at-
mospheric pollution control; problems with the long
term stability and above all with the poor selectivity.
The problem of instability is rather difficult to over-
come since there is no control over the nature of gases
present in the atmosphere and consequently the sensor
may encounter irreversible reactions on the surface. For
example, we have clearly demonstrated that the pres-
ence of a very low concentration of SO, can be at the
origin of the sensor’s drift. The important point in this
case has been to use this effect to stabilise the sensor
before its use. This type of treatment can certainly be
adopted case by case with other gases if we have a clear
view of the mechanisms of interaction with these gases.
For the selectivity, a current approach consists of us-
ing gas filters deposited directly above the sensing ele-
ments. Such solutions can be carried out only with thin
and thick film materials. In the case of pollution control,

CHEMICAL SENSORS

the dual problem of simultaneous detection of oxidising
and reducing gases is a very hard problem, especially
with tin dioxide sensors. Many recent publications and
current studies are devoted to the dual problem of detec-
tion of CO and NO,, partly in relation to the air quality
control for automotive applications. With thin films of
SnO,, we have demonstrate that the use of a rhodium
filter can stop NO, and a selective detection of CO is
possible. Of course, the development of industrial sen-
sors using such solution will be certainly possible only
after major R&D, perhaps with other more interesting
catalytic materials after long term tests.

As platinum is a metal with well identified catalytic
properties, we have studied the possibilities offered for
selectivity improvement in order to be able to detect re-
ducing gases in atmospheric pollution. We have pointed
out the possibility, for example, to stop alcohol and CO
without action on methane. Nevertheless, the phenom-
ena occurring are difficult to control, especially in re-
lation to the direct contact between platinum and tin
oxide. In order to increase the efficiency of the Pt filter,
i.e. the thickness of the platinum films without electri-
cal short-circuit, the use of an insulating layer between
the sensing material and the metallic filter is necessary.
This type of solution were tested with success using
screen-printed thick film materials. In general, for all
multi-layers systems, the thick film technology appears
more interesting than with thin films according to the
problems of chemical diffusions. In the future, the so-
lution of selective filters will be certainly a basic point
for the development of multi-sensors devices. Never-
theless, taking into account that these future devices
will be partly produced by micro-electronic technol-
ogy on silicon substrates, it will be necessary to be able
to deposit thick films with these technologies. The fil-
ter approach is also currently tested in our laboratory
to control the action of ozone. The chosen material is
MnO,. The conversion rate of this oxide as powder has
been tested with success, both at 20 and 400°C. Thick
films of MnO, were deposited on porous substrates and
they seem to present a conversion rate sufficient to con-
sider their use for selective sensors.

For selective detection, much efforts are now fo-
cussed on multi-sensors devices and associated signal
analysis. In our case, we chose to investigate the multi-
variate analysis with only one sensor. The exploited
parameters can be the DC conductance versus the tem-
perature of the sensors. It appears also very interesting
to exploit the argument of the conductance in AC mea-
surements. This type of exploitation was realised only
on aged sensors after 90 days running. Interesting re-
sults were obtained for oxidising gases (NO; and O3)
depending on the temperature and on the frequency of
measurement. [t appears that the argument conductance
can be used with success with a component model built
with a back-propagation neural network algorithm.
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