ELSEVIER

Sensors and Actuators B 43 (1997) 45-51

SENSORS
ACTUATORS
B

CHEMICAL

Gas identification by modulating temperatures of SnO,-based thick
film sensors

A. Heilig #*, N. Barsan #, U. Weimar ?, M. Schweizer-Berberich 2, J.W. Gardner °,
W. Gopel @

& Institute of Physical and Theoretical Chemistry, Center of Interface Analysis and Sensors, University of Tiibingen, Auf der Morgenstelle 8,

D-72076 Tiibingen, Germany
® Centre for Nanotechnology and Microengineering, Department of Engineering, University of Warwick, Coventry CV4 74L, UK

Received 18 October 1996; accepted 2 December 1996

Abstract

A new method is presented to identify the presence of two gases in the ambient atmosphere. The method employs only one
SnO,-based gas sensor in a sinusoidal temperature mode to perform the quantitative analysis of a binary gas mixture (CO/NO,)

in air. © 1997 Elsevier Science S.A.
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1. Introduction

SnO,-based gas sensors have been extensively used to
analyse gases [1]. Well known advantages include their
low costs and high sensitivities; well known disadvan-
tages concern their lack of stability and selectivity [2,3].
In practical applications, several attempts are usually
made to overcome their disadvantages, by, for example,
using chromatographic columns to separate the compo-
nents, by operating at different temperatures, by choos-
ing different burning-in procedures, dopants, measuring
frequencies, etc. [1-5]. For common applications of
pattern recognition (PARC) and multi-component
analysis (MCA) of gas mixtures, arrays of sensors are
usually chosen which operate at constant temperature.
In these cases a lack of selectivity and therefore over-
lapping sensitivities of different sensors is of advantage
[6,7].

In the present study, a modulated temperature opera-
tion mode was chosen as a new approach to change the
selectivity of a gas sensor in a controlled way, and to
reduce the overall power consumption by employing
only a single sensor rather than an array. Earlier inves-
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tigations of this kind concern studies which aim at
optimizing the response to individual gases (CO, H,S,
with references given in [8]). A commercial SnO, device
(TGS 203; Figaro Engineering, Japan) was also oper-
ated in a pulsed temperature mode with the gas detec-
tion taking place at low temperatures. First attempts
have been published to use dynamical sensor data by
ramping the sensor temperature [8]. By evaluating the
obtained sensor response with Gaussians [9] or by
applying fast Fourier transformation [10,11] it was
possible to discriminate gas mixtures.

The first attempts to analyse the dynamical sensor
data were performed either on thin films deposited on
micromachined substrates [9] or on classical Taguchi
sensors [10,11]. In the case of thin films deposited on
micromachined substrates, the advantages of the fast
thermal response and low power consumption of the
substrates are hidden by the less sensitive thin film. In
the case of the Taguchi sensors, their high sensitivity is
counterbalanced by a poor thermal response due to
their relatively large substrate, which may induce dis-
tortions in the modulated sensor response and, in addi-
tion, possess a high power consumption. The present
approach takes advantage of the combination of micro-
machined substrates and thick film layers; in this way
we combine the excellent response time to temperature



46

A. Heilig et al. / Sensors and Actuators B 43 (1997) 45-51

(a)

(_ Au electrodes
Pt heater__ RN

sensitive layer

SigN,

silicon wafer

fs0 < 5 msec

Fig. 1. (a) Photograph of a silicon micromachined sensor array (SRL125/MOS) comprising six resistive sensors and three integrated platinum
resistive heaters. Each pair of resistive sensors is coated with a thick film of pure, Pt-doped or Pd-doped tin oxide. (b) Schematic cross section
of one cell showing the ultra-thin silicon nitride membrane with an internal platinum resistance thermometer/heater and the gas sensitive layer

above.

changes of the substrate with the high sensitivity char-
acteristic of thick films tin dioxide sensors. By this
approach we also intend to prove that the silicon
technology for manufacturing micromachined sub-
strates is perfectly compatible with the thick film tech-
nology for depositing sensitive layers. First
measurements on such devices, in constant temperature
mode, have already been reported [12]. We see advan-
tages of this approach by identifying components in
binary mixtures of CO and NO, in air at two tempera-
tures. These gases were chosen as they are of practical
importance in monitoring pollution from exhaust gases
in the automotive industry.

2. Experimental

The thick film sensors were made by depositing thick
films of Pd-doped tin oxide with two different grain
sizes on micromachined substrates [12]. The devices are
presented in Fig. 1. The thermal response of the un-
coated substrates is presented in Fig. 2. The prepara-
tion of the sensitive material was described elsewhere
[13]. The grain sizes of the materials were around 20
and 50 nm. The temperature of the sensors was varied
between 200 and 420°C by a sinusoidal modulation of
the heating voltage with a frequency of 50 mHz. The
temperature range and frequency were optimised for
the identification of the chosen gases. The dependence
of the temperature on the heating voltage was previ-
ously calibrated by using an IR thermometer (Maurer-
IR KPR 1075-1).

The experimental test setup consisted of computer-
driven mass flow controllers, a Teflon chamber and a
multimeter for measurements in the millisecond range.
The temperature was varied by modulating the heating
voltage with a power supply (HP 6035A) driven by a
frequency generator (HP 3325B). A flow of humidified
synthetic air (200 ml min~', 50% RH) was used as
purging gas. Test gases were in the concentration
ranges of 50—150 ppm (CO) and 1-2 ppm (NO,).

3. Results and discussion

Figs. 3 and 4 show the typical time dependencies of
the resistance of the sensors realised with the two
different materials, during their exposure to different
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Fig. 2. Dependence of the response time (o) on the temperature
change of micromachined substrates.
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Fig. 3. Time-dependent changes of the resistance R of a micro-
machined sensor in synthetic air (50% RH) and during exposure to
50 ppm CO, 1.0 ppm NO, and a mixture of 50 ppm CO and 1.0 ppm
NO,. The coating material was obtained by calcinating Sn(OH), at
450°C followed by Pd surface doping (material 1).

air 50 ppm CO 1.0 ppm NO, 50 ppm CO

_ i !

it

| 1 1 L 1 1 1 1 L i N |

RSensor (]

500

o U A

temperature [°C]

Fig. 4. Time-dependent changes of the resistance R of a micro-
machined sensor in synthetic air (50% RH) and during exposure to
50 ppm CO, 1.0 ppm NO, and a mixture of 50 ppm CO and 1.0 ppm
NO,. The coating material was obtained by calcinating Sn(OH), at
800°C followed by Pd surface doping (material 2).

test gases and mixtures. One can easily observe the
qualitative difference between the response to pure
gases and to the mixture. One can also observe the
difference between the response corresponding to the
two different materials. These facts can be also ob-
served by examining the temperature dependence of the
resistances, presented in Figs. 5 and 6. In the last
figures one can also observe the huge sensitization to
CO, if one measures only at the lowest temperature.
This effect can be explained by taking into account the
fact that at 200°C, which is a temperature at which the
chemisorption of CO is high, one can find in addition
to O, species, which are dominating under equi-
librium, also O~ and O~ species, which are dominat-

ing at higher temperatures, and frozen at the surface
due to the fast temperature change [14,15]. These last
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Fig. 5. Dependence of the resistance on temperature during the
temperature modulation in synthetic air (50% RH) and during expo-
sure to 50 ppm CO, 1.0 ppm NO, and a mixture of 50 ppm CO and
1.0 ppm NO, (material 1).
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Fig. 6. Dependence of the resistance on temperature during the
temperature modulation in synthetic air (50% RH) and during expo-
sure to 50 ppm CO, 1.0 ppm NO, and a mixture of 50 ppm CO and
1.0 ppm NO, (material 2).
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Fig. 7. Illustration showing the way in which the polar plots were
constructed. Sensor variables used: the amplitude corresponding to 0
Hz frequency, the amplitude corresponding to the fundamental fre-
quency and the first four harmonics. The values in the polar plot were
obtained by normalising each component to the corresponding ampli-
tude in air.

two species are much more reactive with CO, so the
sensor response is increased.

3.1. Data evaluation and feature extraction

Two ways of analysing the data were used, a qualita-
tive one by using polar plots and a quantitative one by
using neural networks. In both cases the feature extrac-
tion was performed by FFT. The analyzed sensor vari-
ables were the amplitudes corresponding to the
resistance offset (corresponding frequency = 0 Hz), the
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Fig. 8. Polar plot of the different gases (material 1).

fundamental frequency, which is in our case the fre-
quency of the temperature modulation (50 mHz), and
the first 4 harmonics. Fig. 7 shows the way in which the
polar plots were constructed, i.e. the represented values
being obtained by the normalization of the above listed
amplitudes in the test gases to the amplitudes in refer-
ence air. In Figs. 8 and 9, typical polar plots are given
for the two different sensing materials. One can clearly
distinguish between the cases in which one or the other
of the target gases are present in the test atmosphere. In
this way one can perform a identification of both gases.

Qualitative and quantitative discrimination can also
be performed by artificial neural network algorithms.
The output values of the FFT were used as input
variables to the network. To show the feasibility of a
complete system, a simple and fully connected 5:5:2
classical feed forward net was used (5 input nodes/5
hidden neurones/2 neurones). The 5:5:2 network was
found sufficient to solve our prediction problem. The
learning was done with the Quickprop algorithm (com-
parable to backpropagation). As transfer function the
sigmoid one was chosen and the gas concentrations
were correspondingly scaled down. Fig. 10 presents the
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Fig. 9. Polar plot of the different gases (material 2).
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Fig. 10. This flow chart illustrates signal processing methods used to
analysis the temperature response of a single tin oxide sensor.

feature extraction and data preprocessing as well as the
multicomponent analysis in a flow chart. We present
this sample to demonstrate the principle but not an
optimal solution. The 18 measurement vectors were
divided into two groups: one for the training and the
other one for classification. This causes the problem of
reducing the size of the training data-set, however an
acceptable result was obtained as can be seen in Figs.
11 and 12 in the case of the quantitative prediction.
First a fast Fourier transform (FFT) was performed on
the raw data. Secondly the fundamental frequency and
the first four harmonics were normalized to the offset
value. Afterwards a qualitative or a quantitative predic-
tion was executed. In case of the qualitative prediction
the target gas concentrations were set to 0.5 if a gas was
present, and — 0.5 if not. The training was done with
half of the data set and vice verse (i.e. 2-fold valida-
tion). A total of 100% of the vectors of the two
component mixture in the other half (not used for
training) could be classified. In the case of the qualita-
tive prediction the results were not so good. This was
because of the limited data-set. An extrapolation with
this model was hindered. Therefore only 4 and 6 ob-

jects, respectively, out of 18 were used for the verifica-
tion. As can be seen in Figs. 11 and 12, the prediction
is good with the exception of one outlier. This can be
improved with a larger calibration set, which totally
describes the concentration domain.

3.2. Sensitization by temperature modulation

The explanation of the possibility of gas identifica-
tion in a temperature modulated mode is related to the
different reaction kinetics of the interacting gases at the
tin oxide surface. By temperature modulation it be-
comes possible to provide at the surface oxygen species
at temperatures at which, in equilibrium conditions,
would not exist. In this way the reaction with the
reducing and oxidizing gases is dramatically influenced,
e.g. at lower temperatures the response to CO becomes
dominant in comparison with the response to NO,. For
constant temperature measurements one can observe
the opposite, see Fig. 13. This fact is determined by the
presence of oxygen species at lower temperatures which
are normally present only at high temperatures and
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Fig. 11. Dependence of the predicted concentration on the adjusted
concentration (material 1).
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Fig. 12. Dependence of the predicted concentration on the adjusted
concentration (material 2).

which will compete with NO, in the capture of elec-
trons, diminishing its effect on the sensor resistance. On
the contrary, for CO the effect is enhanced due to the
higher reactivity of the non-equilibrium oxygen species.
The FFT is probably not the best way of analysing the
time dependence of the resistance, due to the fact that
it is a linear technique and is limited to the linear
harmonics of the fundamental frequency, which will be
the frequency of the temperature modulation. In order
to get the basic information it would be necessary to
decompose the time-dependent resistance in the real
simple components and to relate the characteristic fre-
quencies to the surface reaction kinetics.

The approach can be extended to other combinations
of target gases; the doping and microstructure of the
sensitive material, the temperature range and the fre-
quency of the modulation of the temperature are the
parameters which will permit the tuning of the method
according to specific goals. Also, alternative methods
for the feature extraction can improve the performances
of the method.
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Fig. 13. Time-dependent changes of the resistance R in synthetic air
(50% RH) at constant temperature (7 = 200°C) and during exposure
to (a) only CO (50, 100, 150, 200 and 250 ppm), (b) only NO, (1, 1.5,
2, 2.5, 3 ppm), (c) mixture of 50 ppm CO with NO, (1, 1.5, 2, 2.5, 3
ppm), (d) mixture of 100 ppm CO with NO, (1, 1.5, 2, 2.5, 3 ppm),
(e) mixture of 150 ppm CO with NO, (1, 1.5, 2, 2.5, 3 ppm), (f)
mixture of 200 ppm CO with NO, (1, 1.5, 2, 2.5, 3 ppm), and (g)
mixture of 250 ppm CO with NO, (1, 1.5, 2, 2.5 ppm).

4. Conclusions and outlook

The results show that it is possible to identify the
gases CO and NO, in the ambient atmosphere by using
only one sensor operated in the modulated temperature
mode. They also illustrate that it is possible to use
successfully sensors prepared in a hybrid technology,
i.e. by combining silicon technology for manufacturing
micromachined substrates with thick sensitive layers.
Additional studies are now on the way to extend this
approach to identify other gas mixtures with more
components and to understand the basic physical phe-
nomena. Future work will also be devoted to the
development of appropriate feature extraction proce-
dures for this non-linear frequency-time problem.
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