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Summary 
This thesis deals with the characterisation and further development of 

conducting polymer based gas sensors for electronic nose applications. 

The electrodeposition process of conducting polymers for the fabrication 

of chemo-resistors is examined and the influence of several deposition 

parameters are examined by comparison of the vapour responses of the 

resulting sensors. 

The electrical phenomena, and especially the influence of sorbed vapour 

heron is studied with chemo-resistors and with newly developed FET 

based devices. The FET structures are also suitable for vapour recognition. 

This is demonstrated with some organic vapours, and Swiss cheeses. 

The vapour sorption, which was found to be a critical step in the sensor 

response, was studied by comparison of experimental data to a theoretical 

model. 

At the end of this thesis, a feasibility study for a dielectric vapour sensor is 

presented. 
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1 Introduction 
1.1 Electronic noses 
1.1.1 History 

Liquid and many solid samples release gaseous substances at ambient 

temperature. For many products we are exposed to in every day life, the 

resulting mixture of volatile components can be perceived as an odour, 

which can give important information about the product they are released 

from. A human being can for example easily distinguish between spoiled 

and fresh meat. 

Also for laboratory analysis and product screening, the analysis of a 

product odour can be interesting. A controlled vapour composition can be 

obtained by leaving samples in a closed thermostatted vial until the 

equilibrium between vapour and sample is reached. This equilibrium 

vapour mixture is often referred to as the headspace of the sample [I]. If 

the product parameters of interest can be derived from an analysis of the 

sample headspace, this if often more cost effective then a product analysis 

because of the ease of handling of gaseous samples. In consequence there 

has been an interest in headspace analysis as a characterisation method [ 1 -

3], since the early days of gas chromatography. The area got a new 

impulse after the publication of a sensor based electronic nose by Persaud 

& Dodd in 1982 [4]. Claimed advantages over conventional techniques 

include speed of analysis, ease of sample preparation, and price. 

Since then a lot of research in the field of electronic noses has resulted in 

the appearance of a large number of research papers on electronic noses 

and the realisation of several commercially available instruments. 

Published applications are mainly in quality control [5-7], but also include 

fields like health screening [8] and micro-organism identification [9]. 
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1.1.2 Working principle 

The principle of operation of an electronic nose is often compared to the 

mammalian olfactory system [4,10-12]. This is based on a widely sensitive 

array of non-specific receptor cells (the olfactory bulb) which all lead their 

signal to a central processing unit (the brain). In an electronic nose, the 

function of the olfactory bulb is performed by an array of non-specific gas 

sensors. Their signals are fed into a computer, which treats the data, and 

compares it to previously acquired data in a database, to recognise the 

odour. For a successful recognition of the odour, the sensors need to give a 

stable and reproducible signal, when exposed to the odours of interest. 

An important distinction between the nose approach and more established 

analytical techniques like head-space chromatography [2] is that the 

electronic nose gives a typical 'image' of an odour instead of the 

concentrations of the individual components present in the odour. 

Although at a first glance, this lack of composition data seems like a 

disadvantage, in many applications only the ability to observe a change in 

the odour is required. 
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Fig. 1.1: An example of a possible output pattern for a 3 sensor 

system exposed to 4 different samples. 

To obtain a 'image', an array of sufficiently different sensors should be 

used. Figure 1.1 gives an example of sensor responses which are 

sufficiently different to allow for a distinction between the samples. It can 

be observed that sample 3 and 4 have the same response patterns, but 
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Introduction 

different amplitudes. In the case of linearly responding sensors, this would 

correspond to the same vapour mixture with a different concentration. 

More details and more examples can be found in one of the review papers 

and books [10,14-18] in this field. 

1.1.3 Data treatment 

The data treatment is an important part of the electronic nose concept. 

Independent of the sensor type used, two phases can always be 

distinguished in the data treatment: the feature extraction, also called pre­

processing, and the pattern recognition [12,18,19]. The feature extraction 

reduces the transient sensory data of every sensor, to one or a few typical 

values characteristic for the odour. The values of every individual sensor 

are then collected in a 'feature vector1 [12] or -matrix which is used as 

input for the pattern recognition procedure. 

Feature extraction 

The choice of the feature extraction depends on the sensor type used. 

Although other normalisation procedures like auto-scaling [20,21] have 

also been used, normalisation can be considered to be the standard 

procedure for conducting polymer based chemo-resistors [22-25]. 

A simple normalisation procedure consisting of division of the sensor 

resistance by the base-line resistance RQ (equation 1.1) has been used 

throughout this thesis. Although simple, this treatment has previously been 

shown to reduce the influence of sensor drift [25]. 

Normalised response = — — (1-1) 
* b 

In more sophisticated measurements protocols, feature extraction may 

furthermore involve a normalisation with values obtained with reference 

samples, to further compensate for sensor drift [26,27], 
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Pattern recognition 

Depending on the purpose and characteristics of specific odour analysis, 

different pattern recognition techniques (Table 1.1) can be applied to the 

feature matrix. For some simple applications where the system is only used 

to detect an incidental outlyer, a simple visualisation with a principle 

component analysis (PCA) might be sufficient [5,9,181. This method 

allows to visualise a maximum of the data variance, by a base-

transformation [16,28,29]. 

Table 1.1: Three types of pattern recognition techniques. 

1 

2 

3 

Type of technique 

visualising techniques 

linear calibration methods 

neural nets 

Typical example 

• Principle Component 

Analysis 

• Cluster analysis 

• Partial Least Squares 

• Linear Discriminant 

Analysis 

• Multi-layer Perception 

• Kohonen 

When in a more developed stage with an optimised sensor choice, odour 

release and exposure method a good separation between the data sets is 

obtained, the training data can be obtained. This training set can then be 

modelled by a linear learning technique like partial least squares (PLS) 

[16,25,28], or with a neural net [20]. The choice of a more defined 

technique like PLS or a more 'fuzzy' technique like a neural net fully 

depends on the application and the required output formatti3]. 

Multidimensional data treatment techniques, are not only used for 

electronic noses, but also for evaluating multi-spectral data (chemometrics) 

and pattern recognition problems outside chemistry. Consequently there is 

a large amount of literature available concerning the optimisation of these 

techniques under specific conditions [28,29]. 
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Introduction 

1.1.4 Detection principles for electronic noses 

Electronic noses can be realised with many different sensor technologies. 

These technologies are described in review articles [10,12,17J. The main 

requirement is a set of reproducible and stable sensors which are sensitive 

to a sufficiently large range of volatiles. The most common sensors used 

are conducting polymer based chemo-resistors, metal-oxide sensors and 

Quartz Crystal Microbalances. They are found in the most successful 

commercial instruments: Alpha MOS, AromaScan, Lennartz-Electronic, 

Neotronics/EEV and Perkin Elmer/HKR [30]. Table 1.2 gives an overview 

of the most important sensing principles with their advantages and 

disadvantages. 

Conducting polymers are especially interesting as sensor materials since 

they can be made simply and inexpensively and conducting polymer based 

chemo-resistors are easily miniaturised. Based upon previous experience at 

IMT [37-39] and the available substrate technology, the conducting 

polymer based sensors were chosen as a research subject for this thesis. 
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Table 1.2: Overview of the sensor technologies used in electronic noses. 

Sensor type 

intrinsically 
conducting 
polymers 
(chapter 3,4,6) 

Metal-Oxide gas 
sensors 
[4] 

Quartz Crystal 
Microbalances 
[31,32] 

Surface Acoustic 
Wave sensors 
[31,32] 

GASFETs 
(chapter 5) 

insulating polymers 
with conducting 
filler 
[33] 
dielectric gas 
sensors 
(chapter 7) 
optical sensors 
[34] 

Mass spectrometry 
[35,36] 

physical 
quantity 

resistance 

resistance 

mass 

mass 
elasticity 

Work 
Function 

swelling 
changes 

resistance 

dielectric 
constant 

fluorescence 

mass-charge 
ratio 

advantages 

• wide range of 
available types 

• low power due to 
room temperature 
operation 

• high sensitivity to a 
range of organics 

• commercially 
available 

• chemical selectivity 
(Langmuir- Blodgett 
films) 

• wide rage of available 
types 

• chemical selectivity 
(Langmuir - Blodgett 
films) 

• high sensitivity 

* wide range of 
available types 

• wide range of 
available types 

• better stability 

• no electrical 
interferences 

• miniaturisation 
• physical property 
• analytical accuracy 

disadvantages 

• water sensitivity 
• irreproducibility 

• high power 
consumption 

• expensive 
substrates 

• water sensitivity 
• poor sensitivity 

• limited stability 
• interface 

electronics 

• expensive 
substrates 

• «reproducibility 

• low selectivity 

• irreproducibility 

• expensive 
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Introduction 

1.2 Conducting polymers 
Since their original discovery in the 1800s, intrinsically conducting 

polymers have received a vast amount of attention. Applications have 

since ranged from matrices for enzyme immobilisation [40] to RF-

shielding [41]. Due to their charge storage properties (they can exist in 

different oxidation states), these materials can also be used in rechargeable 

batteries [46]. For all these applications, the absolute value of conductivity 

is not critical, the arguments for the choice of the material are the 

advantageous weight to conductivity ratio or processing advantages 

allowing for inclusion of catalytic chemistry in a conducting matrix. 

The semi-conducting nature of the material makes the modulation of the 

electrical properties of the polymers also suitable as a transduction 

principle in sensor applications. The electrical properties are easily 

changeable by the inclusion of materials with a different work-function. 

They cause a partial electron transfer [42,43], which changes the work-

function and the directly related conductivity of the polymer. Because the 

polymer also interacts with sorbed gases, the materials can conveniently be 

used in gas sensing applications. 

Polypyrrole (ppy) is widely used for gas sensing applications, as it is 

relatively stable in ambient atmosphere [44]. It was first prepared in a 

powder form by chemical oxidation in 1916 [45]. Wider interest in the 

material was initiated by the discovery of electrochemically prepared 

polypyrrole by Dall'Olio [41,45] in 1968, which was further developed by 

Diaz et al. [45-47]. 

Other extensively examined polymers for gas sensing applications have 

been prepared from indole, thiophene, aniline and their derivatives 

[6,44,48,49]. 
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1.3 Outline 
Chapter 2 of (his thesis discusses the design of the gas handling system, 

after three years of evolution throughout the project, and a characterisation 

of its sampling behaviour. Chapter 3 discusses the observations made 

during the preparation of conducting polymers on FDA substrates and the 

influence of the most important deposition parameters. The electrical 

characteristics including contact resistance, noise and temperature 

dependency in the so prepared chemo-resistor devices are presented in 

chapter 4. 

Chapter 5 discusses the behaviour of conducting polymers when they are 

used as a gate contact on GASFETs. The work function based operation of 

these devices allows the polymer's behaviour to be examined without the 

passage of current. 

Sorption of the vapour playing an important role in the vapour-polymer 

interaction, is discussed in chapter 6. Chapter 7 discusses the feasibility of 

the use of dielectric sensors based on the same IDA supports as used for 

the chemo-resistors. 

The last chapter gives a global discussion of the work and an outlook into 

conducting polymers and electronic noses. 
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2 Gas handling 
2.1 Introduction 
2.1.1 General 

The performance of an electronic nose system not only depends on the 

quality of the sensors, but also critically on the gas handling system used 

to bring the sensors into contact with the odour. The design of such a 

system, which in the scope the IMT nose project needs to fonction as a 

tool for sensor characterisation, as well as a part of a complete electronic 

nose system, is non-trivial and requires thorough consideration. 

To place the different parts required by such a system in context, a global 

scheme of the working principle of an electronic nose will be presented. 

2.1.2 Working principle of an electronic nose 

In every electronic nose system, 3 critical system aspects (Fig. 2.1 ) can be 

identified: the sensor array, the sample preparation and die reference gas. 

During operation of the nose, the sensor array is used to compare the 

reference gas to the actual sample, which is preferably prepared using this 

same reference gas. 

> sample 
preparation 

» 

sensor 
array 

Fig. 2.1: The sensor array compares the reference gas to the 
prepared sample in the same reference air, 

The reference gas is important since it establishes a base-line for the 

sensor signal, from which the samples are measured. The way the sample 

reference 
gas 
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is contacted with the sensor array is another important aspect. It involves 

system configuration and parameters like flow rate, temperature and 

mixing characteristics, all of which have to be considered in the 

optimisation of the system behaviour. 

Early electronic noses consisted of a sensor head which was inserted in the 

equilibrated headspace of a sample [1-3]. This approach is simple, and 

sufficient for the evaluation of the sensory values for simple applications. 

However, most current electronic noses, including the commercial ones, 

are based on a flow-through system [4-7]. The odour is led through a 

sensor chamber by means of a system of tubing (Fig. 2.2). Odour 

exposures are alternated with purges of reference air. 

sample / purge —>—• 

L—-^ w a s te 

Fig. 2.2: A flow through sensor chamber. 

The most important advantage of such a flow system is the ease of purging 

of the sensor array with reference air to promote a stable baseline. 

Furthermore it allows control of environmental parameters like 

temperature and humidity to which most commonly used sensors are 

sensitive. This approach requires however extensive control equipment and 

is therefore used in bench-top electronic nose instruments. 

2.1.3 Sample preparation 

Before the execution of a measurement in an electronic nose, the volatile 

components of the sample have to be released in the sample chamber. In 

the case of pure chemicals, the equilibrium vapour concentration can be 

calculated from the gas law (Appendix A). 

For real samples the vapour release is a complex process depending on 

different parameters. It will depend on the filling ratio in the sample bottle 

[8], the surface area of the sample, and some system parameters like the 
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Gas handling 

temperature, the equilibration time and the composition of the atmosphere 

in the chamber. The resulting composition of the headspace is thus difficult 

to calculate, even if all the volatile components in the sample are known. 

To assure the reproducible liberation of the volatiles, necessary for a 

repeatable odour measurement, special care must be taken with the sample 

preparation [9]. The initial atmosphere in the chamber needs to be of a 

defined composition (reference air), and the amount of sample which is 

supplied to the system has to be kept as constant as possible. For solid 

samples the surface area must also be controlled, which can be 

problematic for certain samples, such as cheese. Careful grating of the 

sample is in these cases a possibility. 

2.1.4 Outline 

This chapter will deal with system aspects of an electronic nose excluding 

the sensor array, which is discussed elsewhere. It is split up in two 

sections: section 2.2, describing the implementation of the different aspects 

of the developed nose system and section 2.3, describing validation 

experiments of this system. 
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2.2 The IMT flow system 
2.2.1 Layout 

Fig. 2.3 shows a schematic drawing of the components of the IMT flow-

system. After pre-treatment of the gas in a carbon filter and a Drierite® 

column, the flow passes through two mass-flow controllers. One of them 

regulates the flow through the sampling system, the other regulates the 

diluting flow. The two combine in a T-piece before they are fed into the 

sensor chamber. 

Fig. 2.3: Schematic overview of the IMTflow-system. The Mass 

Flow controllers are marked with MF. Only 1 of the 5 

sample containers is shown. 

The sampling system consists of two Bio-Chem Valve™ Corp. model 

105T 6 12-125 6-way valves. One of the lines is connected straight 

through to create a purge line, the other 5 allow to insert wash bottles 

containing samples (only one displayed). By regulating the flow between 

the two mass-flow controllers it is possible to dilute the headspace sample, 

allowing it to be assessed at various concentrations. 

The whole flow system starting from the carbon filter unit is operated in a 

temperature controlled (250C) container (not shown). 
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2.2.2 Carrier gas 

In our electronic nose, compressed air, obtained from the building's 

compressed air system was used as the reference gas. It was passed 

through a Wilkerson oil filter (not shown) to remove residual pump oil 

before entering the nose system. In the system the air is passed through 

two laboratory gas drying units (acrylic model, W.A. Hammond Drierite 

company) the first filled with 4-12 mesh activated carbon (Aldrich) to 

serve as an additional filter for any remaining organic components and the 

second was filled with "8 Mesh indicating Drierite*", which dries the air 

to -1000F dew point [10]. The air obtained has a relative humidity of less 

then 0.1 % (this was confirmed by measurements, see section2.3). 

The flow rate of the carrier gas defines the mixing properties, and is 

therefore an important parameter. It was controlled with 2 mass flow 

controllers obtained from Brooks Instrument Div. Emerson Electric Co. 

Veenendaal (Holland) type 585OS/BC1HA1AA0BA1A1, 0-1.0 1/min 

(accuracy: ± 0.75% of rate accuracy ± 0.25% full scale). 

2.2.3 Sample containers 

Wash-bottles were used as sample containers. These were especially 

convenient to generate vapours from liquid test samples. These 

components do not loose their odour, and can be used for repeated 

measurements over periods as long as multiple days long. 

The wash bottles were 250 ml Drecnsel type gas wash bottles from 

borosilicate glass (DURAN®) with a frit with porosity I. They were 

obtained from Merck Switzerland. They were filled with 100 ml sample to 

keep a sufficiently large headspace above the sample [5], 
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2.2.4 Sensor chamber and mixing 

The sample chamber is the place were the sensors contact with the sample 

headspace. Because of the laminar flow in the tubing (section 2.3.3), this is 

also the place where the gas streams from the sampling and diluting line 

mix. 

Whilst for practical electronic nose measurements the repeatability of the 

gas flow and mixing in the cell is sufficient, for the fundamental study of 

the gas polymer interactions it is desirable to have a defined gas 

composition at all times. When the sensor chamber is relatively small 

compared to the flow rate, the concentration changes are approximated by 

step changes, facilitating the study of the dynamic behaviour of the sensors 

enormously. 

Apart from the small dimensions of the sensor chamber, a symmetric 

position of all the sensors relative to the gas inlet is preferable to reduce 

any influence of the sensor position on the response dynamics. 

Furthermore dead corners have to be avoided at all times, to guarantee a 

fast recovery of the sensor whilst purging the chamber. 

The sensor chamber used in this study was a 32 ml cylindrical PVC 

container (5 cm length, 3 cm diameter) with the sensors positioned on the 

circular wall. The in- and outlet were placed at the top and the bottom ends 

respectively of the chamber. 

active sensor area 

Fig. 2.4: The sensor chamber with only 1 of the 8 radially 

positioned sensors displayed. 
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2.2.5 Materials 

Interaction of gases with the flow system can also decrease its 

performance in several ways: Firstly the sorbed species may not reach the 

sensor chamber, possibly eliminating specific characteristic compounds 

from the odour and thus disturbing the recognition. 

Secondly the sorbed gases might slowly desorb during the purge phase, 

slowing down the recovery of the sensors after their exposure or in 

extreme cases disturbing successive measurements. 

Although adsorption in the tubing can never be fully prevented, it can be 

limited by the right choice of materials. Dense inert materials like stainless 

steel and glass have low absorbency values for common vapours, and are 

therefore most suitable for the critical parts of the flow system. 

Unfortunately these materials are not as easy to machine and modify under 

laboratory conditions as common plastic materials. When the system is 

kept under a sufficiently high continuous flow, the interaction time 

between the tubing and the passing vapour is low. Consequently, sorption 

should have minor influences on the resulting vapour concentration. 

All the interconnections in the flow system were made of 1 mm internal 

diameter nylon tubing, which was chosen for its low water permeability. 

2.2.6 Humidity sensor 

In some experiments, a P570 Humidity probe (Temperature Products 

gmbh) mounted in a flow through cell was inserted in the waste line 

directly after the sensor chamber. The probe has an accuracy of ±1% 

relative humidity. The response time was found to be approximately 2 

minutes. 

The humidity sensor, which is of the dielectric type, was found to also be 

sensitive to diverse organic vapours like methanol and acetone, with 

responses equivalent to 70% RH for the saturated organic vapours. The 

responses of the sensor therefore have to be evaluated with grate care 

when they were obtained in the presence of complex vapours. 
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2.2.7 Computer Control 

The 6-way valves are controlled by an in-house built interface, which 

allowed the valves to be switched using the parallel port of the PC. To 

control the mass flow controllers, a HP E1328A D/A-converter was 

employed. Both valves and mass flow controllers were controlled by a 

computer program written in Visual Basic, which allowed a test sequence 

composed of different samples, separated by defined purges to be 

employed. This was used in combination with a Visual Basic data 

acquisition program, to give a completely automatic system. 
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2.3 System characterisation 
2.3.1 Introduction 

This section describes the characterisation of the flow system properties. It 

will serve as a reference for the observations made during sensor 

characterisation. 

2.3.2 Sample containers 

The samples were placed in wash bottles. During sample retrieval, the 

carrier gas is bubbled through the liquid sample to obtain a vapour. This 

presents a dynamic situation, different from the static situation presented in 

Appendix A. This section describes the characterisation experiments for 

this type of dynamic measurements, to examine how much this disturbs the 

calculated static concentrations. 

Experimental 

To verify the validity of the quasi static assumption whilst passing a carrier 

stream through a sample bottle, the flow system was tested using water as 

a sample. The humidity directly at the wash bottle outlet was measured 

with the humidity sensor (section 2.2.6). The static equilibrium 

concentration is represented by a relative humidity of 100%. 

The flow rate was varied between 0.0 and 1.0 1/min, in a stair-case shape, 

with a time interval of 10 minutes without any purging in between. This 

relatively long time interval was chosen to allow a plateau value for the 

relatively slow humidity sensor to be reached. 

As explained above (Fig. 2.3) the obtained saturated stream from a sample 

bottle can be diluted with a second stream to vary the vapour 

concentration. The performance of this dilution system was assessed by 

measuring the humidity resulting from mixtures of the sample stream and 

the diluting stream. This was done with humidity pulses of different 

concentrations, alternated with dry air purges, similar to the situation in 
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practical nose measurements. In this case the pulses and the purges also 

had lengths of 10 minutes to allow the humidity sensor to equilibrate. The 

total combined flow rate of the two streams was controlled at 1.0 l/min. 

Results and discussion. 

Fig. 2.5 shows the humidity obtained from the water sample at different 

flow rates through the water sample bottle. A maximum was observed in 

the relation between flow rate and relative humidity. At intermediate flow 

rates the carrier is almost saturated with water. At flow rates above 0.4 

l/min, the gas does not fully reach saturation. The gas flow is apparently 

too high to allow for full equilibration between the liquid water and the 

carrier. 
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Fig. 2.5: Vapour saturation as a function of flow rate through a 

wash bottle containing water. 

Below 0.4 l/min the relative humidity of the resulting carrier is also lower. 

This may be caused by a loss due to sorption in the tubing between the 

sample bottle and the humidity sensor, or by a lower bubbling efficiency. It 

was observed that after 12 hours of continuous measurement, which 

presumably saturates the tubing with water, the humidity at the low flow-

rate remained lower than expected. It is therefore probable that the 

efficiency of die bubbler is reduced at the lower flow rate. This is probably 

caused by the straight trajectory of the air bubbles through the liquid in the 
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sample bottles at lower flow rates, whereas for higher flow rates a more 

turbulent flow was obtained which apparently improves the efficiency. 

The results of the characterisation of the performance of the diluting 

system are shown in Fig. 2.6. As can be seen measurements made at the 

same dilution overlap, demonstrating the high reproducibility of the 

system. 
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Fig. 2.6: Humidities obtained by dilution of a saturated stream 

with a dry air stream. Represented data was obtained 

during 16 hours of continuous measurements, which 

allowed to repeat every data point 4 times. 

Furthermore a good linearity (correlation coefficient 0.9987 ± 0.0001) was 

obtained. Above a flow ratio of 0.7, a small deviation from linearity due to 

the decreased efficiency of the bubbler (Fig. 2.5) was observed. The 

decreased efficiency at lower flow rates is not observed in this curve 

because the contribution of the sample flow to the total flow is in this case 

very low, which decreases the influence of incomplete saturation 

accordingly. 

Experiments with water, which could be characterised with a humidity 

sensor, showed nearly 100 % saturated vapour after the sample bottle. It is 

expected mat similar results will be obtained for the organic compounds 

used in this thesis, because they are more volatile then water. The vapour 

concentrations of sample headspaces are therefore in all cases assumed to 

equal the equilibrium concentration calculated from the vapour pressure. 
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2.3.3 Mixing properties 

The maximum flow rate used was I l/min. At the minimum channel 
diameter of 1 mm, the mean gas velocity <v> is the quotient of the flow 
and the surface area of the tube: 1.67*105 m3/s / 7.9*10_7 m2= 21 m/s. 

Re = - i - L - D (2.1) 
Tl 

p: density (=1.2 kg/m3 for air) 
TV viscosity (»17*10* Pa.s for air) 
<v>: mean velocity [m/s] 
D: diameter [m] 

When this is substituted in equation (2.1) this results in a Reynolds number 
of 1500, which is too low for turbulent flow [H]. Since the product of 
diameter and mean velocity decreases with the channel diameter, the 
Reynolds number in the larger parts in the system was even lower. 
This flow behaviour however is only applicable for the case of smooth 
circular channels. Especially at interconnections between different types of 
tubing, and in the sensor cell there will be a turbulent flow due to an abrupt 
change in diameter. Thus the flow in the system will be laminar, and that 
the mixing will occur at some mixing points, predominantly in the sensor 
chamber, where there is an abrupt change in channel diameter. 

Experimental 

The mixing behaviour in the sensor chamber was characterised with 1 
minute exposures of saturated water vapour separated by 30 minutes 
purges with dry air at different flow rates. For this purpose a hexane 
sulfonic acid doped polypyrrole chemo-resistor (section 3.6) was used 
because of its fast response. The response transients were fitted to the 
model obtained using the Langmuir isotherm (equation 6.4) and the 
resulting parameters were studied. 
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Results and discussion 

Fig. 2.7 shows the time constants A: as a function of flow rate. It can clearly 

be observed that the time constant increases with flow rate. At 

0.5 1/min which corresponds with 8.3 ml/s, a time constant of 

32/8.3=3.9 s corresponding with £=0.25 would be expected. Due to the 

sorption process in the sensors, an almost 10 times slower process is 

observed. The sensor response obviously is the slowest part of the system. 

It is however believed that the sensor responses are rather flow rate 

independent. This implies that the observed flow dependency is due to the 

mixing. 
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Fig. 2.7: Fitted time constants obtained with a 4 mC 

hexanesulfonic acid doped polypyrrole sensor for 

repeated water exposures at different flow rates. 

Because at flow rates approaching 1 1/min, the flow rate dependency is 

greatly reduced, it is assumed that at this flow rate the vapour 

concentration becomes almost stepwise. This allows the sorption of the 

vapour in the sensors (chapter 6) to be studied without influences of 

mixing. 
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2.3.4 Sorption 

Sorption in the tubing was noticed, especially in the connections to the 

sample bottles where the tubing is continuously exposed. Fortunately the 

sorbed species could easily be removed from the system by purging with 

reference air. Purge times required were dependent on the nature of sample 

which caused the contamination, but were typically less then 2 hours. 
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3 Fabrication of chemo-
resistors 

3.1 Introduction 
3.1.1 General 

Conducting polymers can be synthesised from their monomers by chemical 

or electrochemical oxidation. Chemically prepared polymers have to be 

pressed to pellets [1,2] or deposited on sensor substrates by dip-coating, 

spin-coating or related techniques before the resistance of the polymer can 

be measured. These coating techniques require the chemically prepared 

polymer to be dissolved or ground and mixed with another polymer matrix 

[3-5]. Although there is an increasing interest in soluble conducting 

polymers [6-8], most conducting polymers, including the ones generally 

used for sensor applications, are not soluble in commonly used solvents 

[9,10]. The deposition of chemically prepared polymers is therefore 

difficult and their application to sensor technologies limited. 

Electro-polymerisation is an attractive alternative and is therefore 

frequently used for sensor preparation [11-13]. The polymerisation can be 

performed directly on the conducting regions of the sensor substrate, 

without the need of an additional coating procedure. The principle is as 

follows: The monomer is oxidised to give radical cations, which react to 

give insoluble oligomers..These deposit on the electrode. After this initial 

nucleation process, the growth proceeds on the oxidised polymer formed 

on the electrode when the oxidation potential is maintained [14-18]. Fig. 

3.1 illustrates the electro-polymerisation of pyrrole. 
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Fig. 3.1: Overall reaction of the polymerisation of pyrrole. 

Extensive literature exists upon the influence that polymerisation 

conditions have on polymer properties like morphology (19-21], 

conductivity [2,22,23] and electrochemical behaviour [14,24-27]. 

However, these properties are difficult to relate to the gas response, which 

is of interest for our application. The characterisation of influence of the 

polymerisation conditions on the gas sensing properties of the resulting 

polymer, is issued in only few publications [9,28] and was therefore 

chosen as one of the aims of this work. 

3.1.2 Parameters of electrochemical polymerisation. 

Many different types of conducting polymers with widely different gas 

sensitivities can be prepared by the polymerisation of suitable monomers. 

The variety of available monomers can almost infinitely be expanded by 

the introduction of a pendent group on the monomer [9,11,13,15-17,27,29-

34]. 

Depending on the type of monomer used, the backbone of the polymer is 

oxidised or sometimes reduced [7,9,17,30,32,35,36] to become 

conductive. This results in a charged polymer, and therefore it incorporates 

ions from the deposition electrolyte to maintain electro-neutrality. These 

ions are often referred to as counter ions and can also be used to vary the 

polymer properties [ 10,17,22-24,28,30,31,37-41]. 

Apart from the monomer and the counter ions, the solvent from which the 

deposition is performed [42], its pH [19,42,43], and other electrochemical 

deposition conditions during the polymerisation, including for example 

applied potential, temperature and cell configuration, can be varied 

[24,43,44]. The main deposition parameters are summarised inTable 3.1. 
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Table 3.1: Principal deposition parameters. 

1. 
2. 

3. 

4. 

5. 

6. 

monomer 

counter ions 

solvent 

potential/current 

temperature 

cell configuration 

Polypyrrole is one of the mostly used conducting polymers in electronic 

noses. Electro-polymerisation results in a p-doped polymer with negative 

counter ions incorporated in it. The polymer is rather stable in air and 

therefore particularly suitable for gas sensing applications [2,9,10,13,31]. 

The pyrrole monomer is soluble in various solvents, including water and 

acetonitrile, which allows a large range of doping salts to be used. In 

aqueous deposition solutions, especially sulfonate salts [14,45] proved to 

be suitable electrolytes to obtain chemo-resistors with a favourable gas 

sensing behaviour. 

3.1.3 Outline 

This chapter starts with a general experimental section dealing with the 

preparation of the chemo-resistors, mostly polypyrrole doped with bsa. 

Observations made during the deposition of the bsa doped polypyrrole are 

described in section 3 and section 4 describes the reproducibility of this 

preparation. The following sections consider the influence of thickness, 

doping ions and deposition potential on the behaviour of the obtained 

chemo-resistors. 
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3.2 Experimental 
3.2.1 Substrates for sensor fabrication 

In the literature various types of sensor substrates have been described for 

the preparation of chemo-resistors for gas sensing applications 

[4,11,13,46-50]. Substrate materials are in general passivated silicon or 

alumina, the first has the advantage of being more compatible with high 

resolution lithography for the patterning of the electrodes in a standard IC 

process facility, whilst the second technology is less expensive but allows 

only a limited lithographic resolution. 

The reported electrode designs vary from a simple gap between two square 

electrodes [14,31] to sophisticated circular structures [51] which allow 

HF-measurements. Interdigitated electrodes [12,52] allow a low base-line 

resistance of the prepared sensors and are therefore frequently used. The 

polymer is electrodeposited on both electrodes until the gap between them 

is crossed (Fig. 3.2). 

substrate 

Fig. 3.2: A schematic drawing of a cross-section through a set 

of interdigitated electrodes covered with a polymer 

layer. 

The chemo-resistors were prepared on in-house fabricated InterDigitated 

electrode Array (IDA) [52] structures. These structures consist of a silicon 

nitride passivated silicon substrate with two sets of IDAs with 

2 & 5 or 5 & 10 u.m spacing. Although the IDAs with a 10 ujn spacing 

were also used, the IDAs with a 5 pm spacing were preferred, because 

they result in chemo-resistors with a lower baseline resistance, which 

facilitates the resistance measurements. IDAs with a 2 u.m spacing, which 

were also available, can in principle give an even better performance, but 
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the yield of the fabrication of those structures was too low for their 

systematic use. Furthermore it is possible that on this very small scale of 2 

^m the irregularity of the electrode borders [52] would become significant. 

active area 

passivated area 

Fig. 3.3: A SEM photograph of a detail of an IDA structure with 

passivated connection leads. 

IDA substrates were fabricated with Pt and Au electrodes. The connection 

leads of platinum electrodes were passivated with silicon nitride (Fig. 3.3). 

In the case of gold electrodes, the connection leads to the actual IDA 

structures were initially not passivated because gold is not allowed in the 

LPCVD nitride process running in the IMT clean room. Later a new 

PECVD nitride process became available, which can also be performed on 

wafers with gold electrodes. This was in some cases used for passivation 

to result in structures where only the actual interdigitated gold electrodes 

were exposed during polymer deposition (Fig. 3.3). In other cases the 

polymer was also deposited on a part of the connection leads. 

3.2.2 Equipment 

For the electrodeposition, an EG&G potentiostat/galvanostat model 273A 

was used. The instrument was connected to either a Kipp & Zonen x-y/t 

recorder or an HP54600A digital oscilloscope to monitor the current. 

All counter and reference electrodes were obtained from Metrohm 

Switzerland. The counter electrode was a Pt foil electrode with a surface 

area of 128 mm2 (6.0305.100). In aqueous solutions a Saturated Calomel 
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Electrode (SCE) (6.0701.100) was used as a reference. In acetonitrile this 

was replaced by a Ag/AgCl reference (6.0726.100) with a double junction. 

The inner compartment of the electrode was filled with saturated aqueous 

LiCl. The outer compartment was during storage also filled with saturated 

aqueous LiCl. Before every deposition it was thoroughly rinsed and filled 

with the background electrolyte used for the deposition. 

For gas phase measurements, the resistance of the prepared chemo-

resistors was measured with an in house made current source circuit with 

integrated output amplifier (Fig. 3.4) that was able to deliver currents 

between 0.12 mA and 12 nA. The circuit is based on a design described by 

Bartlett [5]. 

Vout 

Fig. 3.4: Electrical scheme of the circuit used for the resistance 

measurement. The output is connected to the A/D 

converter. 

After the off-sets of the amplifiers were carefully regulated at zero, the 

outputs of a series of these circuits were connected to a HPE1313A 16 bit 

scanning A/D converter. The A/D converter was controlled by a dedicated 

program written in Visual Basic®, which was synchronised with the 

sampling system control program (section 2.2.7). 
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3.2.3 Procedure 

Pre-treatment of the working electrode 

Immediately before polymer deposition there was a pre-treatment step as 

follows: 

• Gold electrodes were thoroughly rinsed with MOS-grade isopropanol 

and then dried with nitrogen. 

• Platinum electrodes were cycled 4 times in 1 M sulphuric acid between 

-0.2 and 1.2 V vs. SCE at a scan speed of 100 mV/s. The middle two 

scans were taken up to 2.0 V during which the electrode was tapped to 

remove gas bubbles. If the last voltammogram of the four cycles did not 

have the typical platinum shape [53] as displayed in Fig. 3.5, this 

procedure was repeated. After the treatment the electrodes were rinsed 

with demineralised water and dried with nitrogen. 

Fig. 3.5: A typical voltammogram vs. SCE for a pre-treated 

platinum IDA. The cross indicates the origin. 
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Purification of the monomer 

The pyrrole used (Aldrich 98 %) was stored in the dark at 40C. Even under 

these conditions, it proved unstable, as could be seen from the formation of 

a brown colour which darkens with time [44]. Pyrrole required for the 

deposition was therefore purified. This was carried out by passage through 

a 7 cm AI2O3 column (Aldrich, activated, neutral, Brockmann I, —150 

mesh), where the first fraction was discarded. The procedure resulted in a 

colourless liquid. 

Solution preparation 

The deposition was performed in a Metrohm single compartment 

electrochemical cell (volume 100 ml) containing 30 ml of electrolyte which 

was 0.1 M of the counter-ion in an appropriate solvent. Oxygen was 

removed by bubbling nitrogen through the solution for at least 30 minutes. 

Then 0.204 ml of the purified pyrrole was added with a micro-pipette to 

give a pyrrole concentration of 0.1 M. After adding the pyrrole the solution 

was mixed by at least another 5 minutes of bubbling, then the electrodes 

were put in place and the deposition was performed according to the 

deposition protocol. 

Salts used for the electrolyte preparation were 1 -Butanesulfonic acid, 

sodium salt, 98% (bsa) and Tetraethylammonium tetrafluoroborate, 99% 

(teatfb). Both were obtained from Aldrich. 

Demineralised water was taken directly from the in-house purification 

system. Acetonitrile (HPIX grade) was obtained from Aldrich. After 

opening of the bottle, it was stored over 4 Â molecular sieve. 
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Deposition protocol 

Previous experiments with the deposition of polypyrrole chemo-resistors 

[45] resulted in a standard deposition protocol based on a train of potential 

pulses. For bsa doped polypyrrole, it consisted of 0.5 s long pulses of 1.0 

V separated by 5 s resting periods at 0.0 V. This was applied until the 

required charge was reached. Then the sensors were held at 0.0 V for 30 s. 

The deposition protocol for teatfb doped sensors consisted of 2 s long 

pulses of 1.5 V separated by 5 s resting periods at 0.0 V. On non-

passivated IDAs, pulses were applied until a total charge of 1.3 mC was 

passed. 

Fig. 3.6 shows an example of a finished device. 

Fig. 3.6: An optical picture of a passivateti IDA with 5 pirn 

electrode spacing. The bsa doped polypyrrole film 

(5mC) is visible as the 1 mm2 black square. On the left 

an unused IDA with 10 ̂ m spacing is visible. 
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3.3 Characterisation of growth 
3.3.1 Introduction 

The growth of the conducting polymer films was studied via the deposition 

current, by Atomic Force Microscopy (Ar7M) and by observation through 

an optical microscope after partial and complete deposition. This section 

describes the observations during the preparation of bsa doped polypyrrole 

on 5 (im spaced gold IDAs. 

3.3.2 Current profiles 

Fig. 3.7 shows the current profile during the first two pulses of the 

deposition of bsa doped polypyrrole on a non-passivated 5 ^m gold IDA 

substrate. A significant difference between the shapes of the first and the 

following pulses can be observed. The form of the first peak may be 

explained as follows. At the start of the pulse a current spike is observed, 

which then decays due to local depletion of the pyrrole concentration in 

the solution close to the electrode. Once the polymer deposits on the 

electrode, the current increases again due to nucleation and growth of the 

polymer [1,14,18,40,54]-

::3 400 |M 
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Fig. 3.7: The first two deposition pulses of a bsa doped ppy 

deposition. The pulses are 0.5 s long. 
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The second pulse shows a different form, presumably since the nucleation 

is now complete, and a decaying current transient due to the depletion of 

pyrrole in the solution is seen. The subsequent transients all have this form, 

except that each is higher than the one before due to increasing surface 

area. 

3.3.3 Spatial distribution of the growth. 

Fig. 3.8 shows the polypyrrole after two 0.5 s long deposition pulses on a 

non-passivated IDA. Here it is clearly observed that the polypyrrole does 

not deposit homogeneously over all the bands of the IDA. Instead it 

nucleates in a certain area, and then preferably grows in that area. The 

initial growth of the polymer is apparently quite a random process, as 
previously reported by Partridge [48]. 

Fig. 3.8: A 2 urn spaced IDA after two deposition pulses ofbsa 

doped ppy. 

After the deposition of a larger amount of polymer however, this initial 

irregularity largely vanishes. Fig. 3.9 shows a zoom in on the edge of the 

IDA with a finished film prepared using 5 mC of charge, which 

corresponds to ca. 50 pulses. Although the polymer has now expanded 

across all the electrodes, the image still clearly shows the irregularity of a 

finished film. Especially at the extremities or the electrodes, where the 

distance between two electrodes is 15 ^m, irregularities as large as a few 

microns can be observed. 
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irregular edge 
coverage 

Fig. 3.9: A 5 urn spaced IDA without lead passivation covered 

with polypyrrole (5mC). 

On passivateci structures the influence of the irregularities largely 

disappears. Fig. 3.10 shows a zoom on a passivated gold IDA with 3 mC 

passed charge, which is in this configuration the required amount for 

complete bridging (section 3.5.3). This is the same device as shown 

completely in Fig. 3.6. 

Fig. 3.10: Polypyrrole doped with bsa (5mC) on a 5 firn 

passivated IDA. 

3.3.4 AFM 

The polymer films were also imaged with an Atomic Force Microscope 

(AFM). These measurements were performed with a Nanoscope® Ilia 

from Digital Instruments, operated in tapping mode. Fig. 3.11 shows a 

typical image obtained in on one of the electrodes. The typical polymer 

grain size is estimated to be 300 nm. 
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Fig. 3.11: An AFM image of a bsa doped polypyrrole film (5mC). 

Another image was taken on the edge of the same polypyrrole film (Fig. 

3.12). Here it can be observed that the polymer grains continue until the 

edge, until they abruptly stop, to reveal the very smooth silicon nitride 

surface. 

Fig. 3.12: An AFM image of edge of a bsa doped polypyrrole füm 

(5mC). 

Fig. 3.13 shows an image of a teatfb doped polypyrrole film. The surface 

appears very similar to the bsa doped polypyrrole. This image is made on 

the edge of one of the covered IDA electrodes. Some features bigger than 

the typical grain size can be observed. These features may be nucleation 

sites or lift off 'ears' [52] originating from the IDA fabrication. Such 'ears' 

have been observed on uncovered electrodes with the same visualisation 

technique. 
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Fig. 3.13: An AFM image of a teatfb doped polypyrrole film (1.3 

mC). 
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3.4 Reproducibility 
3.4.1 Introduction 

Reproducibility is a general requirement for comparative studies of 

different materials, and of course is also an important issue for the 

comparison of different chemo-resistors. This section describes 

experiments for an evaluation of the reproducibility of the deposition 

process. This is particularly important to validate the approach in the 

following sections, which describe the influence of different preparation 

parameters. 

Some earlier reproducibility studies concerned the electrochemical 

behaviour during cyclic voltammetry of sensors [14], however a variation 

in electrochemical behaviour is difficult to relate to a variation in vapour 

response behaviour. A series of in situ tests was therefore performed, i.e. 

the vapour response behaviour of different prepared sensors was 

determined. This is hoped to a give more relevant image of the 

reproducibility of the polymer properties required for our application. 

3.4.2 Experimental 

The vapour responses of polypyrrole chemo-resistors with bsa doping 

prepared from independently prepared deposition baths were compared in 

the flow system. 

Sensor preparation 

A detailed description of the fabrication of chemo-resistors is described in 

section 3.2 of this thesis. In this series of experiments 5.0 mC bsa doped 

polypyrrole was deposited on 5 jxm spaced non-passìvated gold IDAs. 

Pyrrole was purified according to the standard procedure described in 

section 3.2 or by distillation. Distillations were performed at ambient 

pressure and the 128 0C fraction was collected. 
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Sensor characterisation 

The sensors were mounted in the test system which was modified by the 

incorporation of a wash bottle containing saturated aqueous CaCI2 in the 

carrier stream, to give it a relative humidity of 30 %. The dilution bypass 

was not present. The sensors were characterised by 1 minute exposures to 

4 different samples: 50% aqueous methanol, water, 50% aqueous ethanol 

and a saturated aqueous LiCl solution (gives a relative humidity of 11%). 

The flow rate was 0.5 1/min. 

Sensors were tested both directly after preparation and after a few days, to 

check for any change in sensor behaviour during the first few days after 

fabrication. 

3.4.3 Results and discussion 

The reproducibility between different depositions was tested whilst using 

the alumina column for pyrrole purification. 

B methanol 

• water 

O ethanol 

ElUCI(SaL) 

sensor number 

Fig. 3.14: Sensor responses directly after preparation from two 

lots of solution. Sensor I and 2 are prepared from 

lot 1. Sensors 3-6 from lot 2, where sensor 6 was 

prepared 1 hour after sensor 5 whilst the deposition 

bath was continuously bubbled with nitrogen. 
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The results are presented in Fig. 3.14. Although the data set is rather small, 

the results strongly suggest that sensors prepared from the same deposition 

bath are quite similar, even with time intervals as large as 1 hour, whilst 

there is a difference between sensors fabricated from different deposition 

baths. 

To examine the evolution of the responses, the sensors were tested 

continuously for a period of 3 days using the same 4 samples. The 

response behaviour at the end of this period is presented in Fig. 3.15, 

-0.05 

sensor number 

Fig. 3.15; Responses of the sensors from Fig. 3.14 after 3 days of 

continuous exposure. 

The data from Fig. 3.14 and Fig. 3.15 is collected in a principle component 

analysis (pea) of the sensors in Fig. 3.16. Here it is clearly observed that 

the sensors prepared from the same baths show a more similar behaviour 

after three days, whilst the sensors prepared from different baths remain 

different. Apparently it is favourable to store freshly prepared sensors for a 

few days before using them. 
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pea 1 (81%) 

Fig. 3.16: Principle component analysis of the sensors, with the 

response to the 4 different vapours in Fig. 3.14 and 

Fig. 3.15 as input variables. The bold numbers 

indicate the sensor numbers. 

The deposition solutions were prepared using the same chemicals, and yet 

they clearly give different results. A possible reason for this could be the 

purified pyrrole used. This possibility was investigated by using 2 

deposition baths which were both made up from the same stock of purified 

pyrrole, which was stored at 4°C in the dark between the 2 depositions 

(approximately 1.5 hours). 
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Fig. 3.17: Sensor responses directly after preparation from the 

same purified pyrrole stock. Sensor 1 & 2 prepared 

from a different lot of solution than sensor 3 &4. 
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The sensors were characterised under the same conditions directly after 

preparation. The results are presented in Fig. 3.17. 

sensor number 

Fig. 3.18: Reproducibility of the sensors in Fig. 3.17 two days 

after preparation. 

Also for this experiment the response evolution was studied (Fig. 3.18) 

and a pea was performed (Fig. 3.19). 

pea 1 (74%) 

Fig. 3.19: Principle component analysis of the sensors, with the 

response to the 4 different vapours in Fig. 3.17 and 

Fig. 3.18 as input variables. The bold numbers 

indicate the sensor numbers. 

Although data set is again limited it can from the pea be observed the 

difference between the sensors prepared from different baths is similar to 
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the variance between the sensors prepared from the same bath. The 

similarity of the sensors did in this case not improve with time. It is 

observed though that an initially almost absent water response does appear 

with time. This can be explained by the drying out of the initially very wet 

sensor material deposited from an aqueous solution. 

The better reproducibility between baths prepared from the same 

polypyrrole stock suggests that die purity of the pyrrole itself is the origin 

of the «reproducibility. A more rigorous purification procedure might 

therefore be required. 

Sensors prepared from different deposition solutions prepared from two 

lots of distilled pyrrole were compared (Fig. 3.20). 

sensor number 

Fig. 3.20: Sensor responses 2 days after preparation from 2 

different lots of deposition solution. Sensor 1 & 2 

prepared from lot 1, sensor 3 & 4 from lot 2. The two 

lots of pyrrole were distilled before the experiment. 

From the pea in Fig. 3.21 it can be observed that the variation between the 

sensors made from the 2 lots of deposition solution is in this case smaller 

tlian when the pyrrole was purified with alumina (Fig. 3.16), mere is 

however still a significant difference. The variation between different 

batches of purified polypyrrole can apparently not be completely 

eliminated by the distillation procedure used in this experiment. 
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Fig. 3.2Ì: Principle component analysis of the sensors, with the 

response to the 4 different vapours in Fig. 3.20 as 

input variables. The bold numbers indicate the sensor 

numbers. 

3.4.4 Conclusions 

Unfortunately the reproducibility of the preparation of the chemo-resistors 

is limited, but it is clear that sensors prepared from the same deposition 

solution are reasonably similar, even at time intervals as large as an hour 

between the depositions. The experiments suggest that the variation 

observed between different deposition baths might be caused by the 

^reproducibility of the pyrrole purification. The reproducibility between 

independently prepared baths could be improved by distillation, but a 

small variation nevertheless remains. 

To study of the influence of the deposition parameters it was decided to 

take advantage of the reproducibility of the sensors prepared from the 

same deposition solution. Comparative studies on sensors in this thesis are 

therefore performed on sensors prepared from the same deposition bath. 

57 



3.5 Influence of the deposition charge 
on the sensing properties 

3.5.1 Introduction 

One of the obvious parameters of the preparation of a chemo-resistor is the 

thickness of the final polymer film. Thicker films may for example be more 

stable and have a lower resistance, whilst thinner films might be more gas 

permeable and thus give faster responses [11,49]. This section describes 

experiments to examine the influence of the film thickness on the 

performance of bsa doped polypyrrole films, to determine the optimum 

thickness for this type of chemo-resistor. Throughout this section, the 

deposition charge is used as an indicator of the film thickness. Previous 

experiments [55] indicated a thickness of 2.3 um.cmVC. 

3.5.2 Experimental 

A series of chemo-resistors were prepared by electrodeposition of bsa 

doped polypyrrole on 5 u.m spaced, passivated Au IDAs. The sensors were 

all prepared from the same deposition bath and were prepared with total 

charges varying between 2 and 7 mC. The so obtained chemo-resistors 

were mounted in the flow system and characterised with 1 minute 

exposures to various saturated vapours separated by 30 min. purges with 

dry air. 

3.5.3 Results and discussion 

Fig. 3.22 shows the baseline resistance of the chemo-resistors as a function 

of passed deposition charge. It can clearly be seen that at deposited 

charges greater then 4 mC the resistance becomes independent of the 

charge, whilst below this value it shows a rapid increase. 
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Fig. 3.22: The baseline resistance as a function of deposition 

charge. 

Fig. 3.23 shows an optical microscope picture of a part of the chemo-

resistor prepared with only 2 mC of charge. It is clearly observed that the 

electrodes are not fully bridged. The contact only exists at some individual 

points where the polymer bridged the electrodes. 

Fig. 3.23: Optical microscope picture of the chemo-resistor with 

2 mC of charge. The bridged areas are marked with 

white circles. The electrodes are 5 pm wide. 

At higher charges when the gap between the electrodes is fully covered, 

the thickness apparenüy does not have a significant influence on the base­

line resistance. This might be due to a relatively high contact resistance 

(see also section 4.4), a decreased contribution to the conductivity of the 

outer part of the film [48], or a conductivity taking place mainly at the 

polymer surface [9]. 
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Fig. 3.24 - Fig. 3.27 show transient responses of the different sensors to 

the various vapours. Considering first the water vapour response, it can be 

seen to increase with film Üiickness. The sensors all show similar rise and 

fall times. This may result from the mixing time in the sensor chamber, 

which may be slower then the sensors response. 

0 20 40 60 80 100 120 

Mme (s) 

Fig. 3.24: Nonnalised responses to saturated water vapour. The 

deposition charge in mC corresponding to the different 

sensors is indicated on the graph. 

For organic vapours a more complex behaviour is observed. There is a 

tendency in the opposite direction to water, i.e. the sensors prepared with 

thinner films show a larger positive response. The thicker films also show 

a longer rise - and fall time, strongly suggesting some diffusion limitation. 
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Fig. 3.25: Normalised responses to methanol vapour. The 

deposition charge in mC corresponding to the different 

sensors is indicated on the graph. 
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In the case of methanol, the slow response of the thicker films suggest that 

the exposure time is not sufficient for equilibration and the maximum 

response is not reached. This can explain the smaller response for the 

thicker films. 

.0.05 1 ' 

time (s) 

Fig. 3.26: Normalised responses to acetonitrile vapour. The 

deposition charge in mC corresponding to the different 

sensors is indicated on the graph. 

For acetonitrile and ethanol vapour, the situation is more complicated. The 

very thin film does in this case give the biggest and fastest response, but it 

is not clear why the thicker films give a response in the opposite direction. 

A second response mechanism might be interfering with the main 

mechanism. 
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0.08 

time (s) 

Fig. 3.27: Normatised responses to ethanol vapour. The 

deposition charge in mC corresponding to the different 

sensors is indicated on the graph. 

Another cause for the different response directions of the different sensors 

might be the different oxidation state of the different films. During 

extended deposition the already deposited material may become over-

oxidised resulting in a final material having different properties [56]. The 

consecutive polymer layers may so have different response properties. 

For fast diffusing components, like water, the response will be an average 

of the response of the different part of the polymer layer. When diffusion is 

limiting however, which is likely to be the case for ethanol and 

acetonitrile, the vapour reaches the differently responding polymer layers 

with different delays, causing a complicated response transient. In this way 

the effects of thickness may be superimposed over a variation in the 

polymeric material, and the final response behaviour is a result of both 

effects. 
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3.6 Performance of chemo-resistors 
doped with different sulfonic acid 
counter ions 

3.6.1 Introduction 

The negative ions from the deposition solution are incorporated into the 

polymer during its growth to give charge neutrality of the oxidised 

polymer. In the fully oxidised form there is ca. 1 so called counter ion 

(assuming it has only a single electron charge) per 3-4 pyrrole units [37]. 

Especially since the counter ion may be comparable in size or even larger 

than a pyrrole unit [14], it may be seen that it can exert a considerable 

influence upon the properties of the polymer film. As for previous polymer 

characterisation experiments, bsa doped polypyrrole was studied. Here we 

shall compare the properties of this polymer with similar materials made 

using other alkane sulfonates as doping. 

3.6.2 Experimental 

Polypyrrole was deposited on 5 firn spaced passivated Au EDAs from 

30 ml 0.067 M aqueous salt solution of the counter ion with 0.204 ml 

pyrrole. The IDAs were pulsed between 0.0 and 1.0 V versus SCE until a 

total charge of 4 mC. Different alkane sulfonates (see Table 3.2) were 

used as counter ions. The different sulfonate ions were obtained as 98% 

sodium salts from Aldrich, and were used as received. 

The prepared sensors were tested in the flow system with various vapours. 
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3.6.3 Results and discussion 

The normalised vapour responses of bsa and hexanesulfonate (hsa) doped 

sensors are presented in Fig. 3.28 and Fig. 3.29. The response values at 

t=60 s are together with the response values of sensors doped with other 

sulfonate ions and their base-line resistance presented in Table 3.2. 

0.1 B 

methanol 

lime (s) 

Fig. 3.28: Vapour responses of the bsa doped sensor. 

Comparison of Fig. 3.28 and Fig. 3.29 show distinct differences between 

the two sensor materials, with the material having the longer carbon chain 

being more sensitive to the non-aqueous solvents. 

-ecetonltrile 

time (s) 

Fig. 3.29: Vapour responses of the hsa doped sensor. 

Table 3.2 shows several trends. Firstly, the response to both water and 

methanol clearly decreases with the chain length of the counter ion [14]. 
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Secondly, the responses of ethanol and acetonitrile show an increase with 

chain length. This behaviour causes a distinct change in material's 

selectivity profile, as evidenced from the response ratios to water of the 

various vapours also presented in Table 3.2. Hexane sulfonic acid is off 

the trend in this series, in that it displays a large acetonitrile response. 

This series which was repeatable for several series of deposition baths 

shows that changing the counter ions does allow some degree of selectivity 

of the material. 

Table 3.2: Normalised vapour responses for the differently doped sensors, 
taken 60 s after the start of the vapour exposure. 

doping 

methane 
sulfonic 

acid 
butane 

sulfonic 
acid 

hexane 
sulfonic 

arid 
octane 

sulfonic 
acid 

decane 
sulfonic 

acid 

length 
carbon 
chain 

1 

4 

6 

8 

10 

Response 

water 

0.52 

0.13 

0.056 

0.0014 

0.0019 

methanol 

0.50 

0.16 

0.16 

0.004 

0.006 

ethanol 

0.0004 

-0.0055 

0.038 

0.0035 

0.0044 

acetonitrile 

0.0043 

0.0025 

0.11 

0.0034 

0.0048 

ratio 
methanol 

water 

0.96 

1.23 

2.42 

2.87 

3.07 

ratio 
ethanol 
water 

0.0008 

-0.042 

0.58 

2.45 

2.34 

ratio 
acetonitrile 

water 

0.008 

0.02 

1.67 

2.38 

2.56 

baseline 

89 

122 

72 

53 

52 

For practical applications, in which water is a frequent environmental 

variable, it is interesting to note that the water response can be suppressed 

by increasing the hydrophobic nature of the counter ion. However, the 

small size of the responses with the larger counter ions may cause 

measurement problems and result in a poor signal to noise ratio. 

Considering these factors, butane and hexane sulfonate doped polypyrrole 

appear to be particularly promising materials. 
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3.7 Deposition potential 
3.7.1 Introduction 

Polypyrrole may be electrochemically deposited in several ways: at a 

constant potential or current, or at a variable but controlled potential or 

current [34]. We have found that the best results were obtained when bsa 

doped polypyrrole was deposited under pulsed potential conditions [57]. 

An important variable in this protocol is the potential of the pulse at which 

polypyrrole is deposited. It can strongly influence its properties, for 

example depositing at excessively high potentials can lead to over-

oxidised, insulating films. 

3.7.2 Experimental 

The experiments in this section were all performed from the standard 

composition deposition badi (section 3.2.3). All sensors were prepared by 

depositing bsa doped polypyrrole on 5 um spaced non-passivated gold 

IDAs with 10 mC of charge. The pulse height of the deposition pulse train 

was varied between 1.0 and 1.3 V. 

After preparation the sensors were mounted in the flow system and 

characterised with water vapour. 

3.7.3 Results and discussion 

Different sensor series prepared from different deposition baths did not 

always show consistent results. In general mere was a tendency to larger 

baseline-resistances and larger vapour responses for the sensors deposited 

with higher potential pulses. Pulses with an amplitude between 1.0 to 1.2 

V showed a sharp charging peak at the beginning of the pulse followed by 

a decaying current due to diffusion limited polymerisation according to 

Fig. 3.7. Sensors deposited witii 1.3 V pulses showed an increasing current 

during the deposition pulse. 
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Fig. 3.30 shows the normalised response to different humidities of 4 
sensors, deposited from the same deposition solution with pulses from 1.0, 
1.1, 1.2 and 1.3 V respectively. The sensors had baseline resistances of 
184 Q, 141 Q, 150 Q and 275 Q respectively. With exception of the film 
deposited with 1.0 V pulses, there is a tendency of a larger response with 
higher oxidation pulses. It is not clear however why the sensor deposited 
at 1.0 V does not follow this trend. 

0.1 0.15 0.2 

relative humidity 

Fig. 3.30: Calibration curves of the sensors prepared with 
different pulse heights. 

It should be concluded the deposition potential has a rather significant 
influence, and can so be used to trim the deposition process, to obtain 
sensors with the desired response properties. However, before this can be 
done, a reproducible deposition process should be obtained. 
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3.8 Conclusions and outlook 

This chapter has investigated the deposition parameters of polypyrrole. It 

was shown that the relative water sensitivity of the sensors could be 

suppressed by the incorporation of more hydrophobic counter ions. It was 

furthermore demonstrated that for bsa doped polypyrrole films the water 

response increases with film thickness, whilst the response to organic 

vapours decreases with film thickness. Also because of a reduced response 

time polymer films should therefore be as thin as possible. Other 

parameters, such as deposition potential are also of great importance, but 

were much more difficult to quantify. 

As other authors [14], we have found that reproducibility is problematic, 

although it may, at least partially, be improved when all the depositions are 

made from a single bath. Experimental results indicate that purity of the 

pyrrole monomer is critical if reproducible bath-to-batch results are to be 

obtained, and this area needs greater study. In the case of bsa doped 

polypyrrole films it has been shown that growth and subsequent bridging 

occurs only at a few localised areas, which may also impact upon 

reproducibility. 
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4 Conductivity of 
polypyrrole 

4.1 Introduction 
4.1.1 General 

Polypyrrole is different from more common electron conductors, like 

metals, because it consists of a closely wrapped clod of conducting chains 

which are not interconnected [1,2]. Therefore the electrons need to transfer 

from one chain to another, when a current is passed through the material. 

For the overall conductivity of the bulk material, both the conductivity of 

the individual semiconducting chains and the transfer between the different 

chains have to be considered. 

4.1.2 Theoretical 

Semiconductors 

A common feature about conducting polymers is the existence of long 

strands of conjugated double bonds [I]. They exhibit semiconductor 

properties [3] such as a conductivity modulation by the doping level, and 

frequently a positive temperature coefficient of conductivity. Their typical 

conductivity ranges from 1012 to 50 S/cm [1,4-6]. 

This semiconductor behaviour also has consequences on the properties of 

the metal/polypyrrole contacts. Depending on the doping levels, such 

metal-semiconductor contacts, can be either an ohmic contact or a 

Schottky barrier [1,3,7-1O]. 
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Charge transfer between conducting regions 

The semiconductor theory can explain some, but not all of the electronic 

properties that are observed for conducting polymers. The discontinuity of 

the polymer is responsible for other aspects of its behaviour. It was for 

example found that the temperature dependence of the conductivity is best 

described by the variable-range hopping model for non-crystalline 

conductors [1,2,11-14], originally proposed by Mott. 

4.1.3 Outline 

The fundamental conductivity issues strongly influence the optimal design 

of a chemo-resistor. This chapter describes experiments which examine 

some conductivity issues relevant for chemo-resistor design. 

In certain cases the influence of vapour will be taken into consideration. 

The outcome of the various experiments will be discussed in a common 

conclusion section which leads to a qualitative description of the electrical 

behaviour of the ppy based chemo-resistors. 
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4.2 AC Conduction 
4.2.1 Introduction 

Although the resistance of conducting polymers is often measured with a 

small DC current, several authors have reported AC impedance 

measurements [4,15-17]. Such AC measurements can be interesting for 

sensor application for three reasons. 

Firstly, AC measurements will contain a contribution from the dielectric 

constant of the polymer. At sufficiently high frequencies, not only the 

ohmic resistance, but also charging effects between the two electrodes will 

be measured. Measuring the dielectric constant has the potential of 

increasing the amount of information obtained! 10,18,19]. 

Secondly, an AC voltage removes the barriers between the different 

polymer chains. Since the material is discontinuous, the electrons have to 

hop from one conducting region to the other. If these are close to each 

other, there will be a relatively high capacitance between the chains [20], 

which will short-circuit the discontinuity above a certain frequency. This 

then allows intrinsic polymer resistance to be measured. 

Lastly, AC characterisation has been reported to improve the noise 

characteristics of the sensor [15,16]. This is related to the second effect. 

The charge hopping between the chains causes a 1/f noise contribution, 

which vanishes at high frequency. 

This section describes AC measurements made to examine the frequency 

response of the chemo-resistors used in this thesis. 

4.2.2 Experimental 

Chemo-resistors were prepared with bsa doped polypyrrole (5mC) on 

5 (im spaced, non-passivated IDA structures according to the procedure 

described in chapter 3. Because of their structure, a conducting substrate 

with a thin passivation layer, these substrates have a large parasitic 

capacitance parallel to the active area (see also chapter 7), making it 
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difficult to measure any capacitance changes. To circumvent this, chemo-

resistors prepared on glass IDAs having a similar electrode design were 

also characterised. 

The frequency dependence of the conductivity of the polymers was 

measured with a HP4194 impedance/gain-phase analyser. The amplitude 

of the AC oscillation was set to the minimum of the instrument, 20 mV. 

The frequency was swept from 100 Hz to 40 MHz. Bode plots were 

recorded whilst the sensors were exposed to the ambient air and to a 

methanol sample, which was generated with a 25 ml beaker containing 5 

ml methanol and sealed with parafilm®, left at ambient temperature for at 

least 10 minutes to equilibrate. The sensors were exposed by inserting 

them in the headspace, through a small hole in the parafili!?. 

Obtained Bode plots were fitted to a model composed of a parallel 

resistance and capacitor using an internal function of the instrument. The 

same fitting procedure was also performed on data obtained with dummy 

resistors and IDA substrates without a conducting polymer. 

4.2.3 Results and discussion 

Bode plots characteristic for an RC circuit were obtained for bsa doped 

polypyrrole sensors. Fig. 4.1 shows such a bode plot for a bsa doped 

polypyrrole chemo-resistor. At low frequencies the impedance equals the 

DC resistance. From the comer frequency it starts to decrease due to the 

influence of the parallel capacitance. 

At the higher limit of the experimental range, a small deviation of ideal RC 

behaviour can be observed from the phase deviation from the 'ideal' -90°. 

This deviation may have multiple origins, but since it takes place at the 

limits of the instrument, it's difficult to interpret, and will not be 

considered further. 

To examine how gas exposure influences the impedance of the chemo-

resistor, an equivalent circuit was fitted to the bode plots. The results are 

presented in Table 4.1. The fitted resistance values correspond to the base­

line resistance. 
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10k 100k 

frequency (Hz) 

Fig. 4J: Bode plot of a chemo-resistor (Note that the phase is 

on a linear scale.) 

The value can be seen to increase upon exposure to water, in accord with 

the DC results in chapter 3. The capacitance values remain constant. A 

control experiment using a resistor and an unmodified IDA substrate 

showed that this value is the substrate capacitance. 

Table 4.1: Fitted values from the Bode plots. 

Substrate 

silicon 

silicon 

glass 

glass 

Sample 

ambient air 

water 

ambient air 

water 

R(kfl) 

8.2 
8.6 
6.4 
6.8 

C(pF) 

250 

250 

5 
5 

Even on the glass substrates having a capacitance of only 5 pF, allowing 

the capacitance to be measured more accurately, no changes could be 

observed on vapour exposure. The dielectric changes in the IDA structure 

are shorted out by the conductivity of the polymer. With the available 

equipment it is therefore not possible to measure dielectric effects of die 

polymer in the IDA chemo-resistor configuration. In chapter 7, it will be 

demonstrated that without a conducting polymer, the dielectric effects can 

indeed be measured with an IDA structure. 
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4.3 Voltage dependency of the 
resistance 

4.3.1 Introduction 

Since the resistance of the chemo-resistors is determined by multiple, 

possibly interfering, mechanisms, its resistance may be voltage dependent 

[15], for example by Schottky barriers at the metal-polymer interface 

[9,11], or grain boundaries requiring a minimum voltage for electron 

tunnelling. 

To investigate whether these effects were present over the normal range of 

operation, the V-I characteristics of a series of bsa doped polypyrrole 

chemo-resistors were examined. 

4.3.2 Experimental 

A series of bsa doped polypyrrole chemo-resistors were prepared 

according to the standard recipe described in chapter 3. They were one by 

one connected to a D/A-converter HP1328A mounted in a VXI 

mainframe. The D/A-converter supplied a current between 0 and 100 JiA, 

and the voltage across the sensor was measured with an HP 34401A 

multimeter. Both instruments were connected to a personal computer via 

an HP-IB interface, and were controlled by an application written in HP-

VEE. 

For characterisation, the sensors were mounted in the flow system and 

exposed to humidities ranging from 10% to 100% in steps of 10%. At each 

humidity, the current was increased from 1 to 100 uA in 1 minute duration 

steps of 1 uA. At the end of each step, the voltage over the chemo-resistor 

was automatically recorded, and the staircase continued. 
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4.3.3 Results and discussion 

Fig. 4.2 shows the voltage across a chemo-resistor as a function of the 

applied current at different humidities. The step-like character of the 

curves is believed to be an artefact of the D-A converter, since this effect 

was also seen when dummy resistors of a comparable value were 

examined. 

0.07-1 1 

0 20 40 60 80 100 

Current (uA) 

Fig. 4.2: The I-V relation of a bsa doped ppy chemo-resistor for 

humidities between 10 and 100 %. 

It can be seen that a straight line corresponding to a voltage independent 

resistor was observed over the enure humidity range. This shows that 

under these conditions neither the polymer, nor the gold-polymer contacts, 

displayed any non-ohmic properties [8,9]. This is in contradiction with 

several other reports of non-linearity [21]. However, these measurements 

were made at a higher current and as has already been suggested, may 

have been the result of self-heating of the polymer, rather than any inherent 

property [15]. In conclusion it seems clear that under the measurement 

conditions used in this thesis, an applied voltage around 10 mV, the 

chemo-resistors are linear. 
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4.4 Contact resistance 

4.4.1 Introduction 

The total resistance measured between the electrodes of a chemo-resistor 

can be separated in two different contributions. The bulk resistance of the 

conducting polymer and the contact resistance between the polymer and 

the electrodes [16]. Using a 4-point measurement, it was examined if the 

contact resistance shows a different vapour response behaviour than the 

bulk of the polymer. 

Four-point measurements 

A common method to measure the intrinsic resistance of a material, 

without interference from the contact resistance, is a 4-point measurement 

(Fig. 4.3). In this set-up the resistance is derived from the voltage between 

the inner two electrodes, whilst a constant current is passed between the 

two outer electrodes. When the impedance of the voltage measurement 

circuit on the inner two electrodes is sufficiently high, the current through 

this circuit can be neglected, and the voltage drop over the contacts 

vanishes. The resistance between the inner probes can thus be calculated 

without any influence from the contact resistance. 

4.4.2 Experimental 

Polymer deposition 

The contact resistance experiments were performed on gold micro-band 

structures. These consisted of 4 parallel gold lines of 5 ^m width, 1 mm 

length and 5 urn apart on a passivated silicon substrate. Polypyrrole doped 

with bsa was electrodeposited on these electrodes according to the 

standard recipe (chapter 3). The charge passed for this deposition was 156 

uC, which corresponds to 7.8 mC/mm2. 
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Electrical set-up 

For the four point measurements the outer of the 4 electrodes were 

connected to the standard current source circuit which was used for the 

other chemo-resistor measurements (as described in chapter 3). The 

current was set to 120 nA. The middle 2 electrodes were connected to an 

instrumentation amplifier type AMPOl from Analog Devices, which was 

set to amplify 20 times. This device has a typical input current of 1 nA, 

which is low enough to be neglected. The voltage output from the current 

source circuit and the outputs of the amplifier were connected to a 

HPE1313A scanning AD-converter. 

V out 

I ^ T ' 

Fig. 4.3: Four point measurements on micro-bands. 

The four-point measurements were performed in the flow system, to allow 

vapour influences to be examined. The carrier stream was kept at 29 % 

humidity and the sample was a 50 % aqueous methanol solution. 

4.4.3 Results and discussion 

The 120 nA current resulted in a voltage of 0.173 V and 0.039 V over the 

outer and the inner electrodes respectively. This corresponds to a 

resistance of 1.4 MQ and 325 kQ respectively. Fig. 4.4 shows the 

normalised responses of the inner and the outer electrode pair to a 50 % 

aqueous methanol solution. 
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Fig. 4.4: Response to 50% aqueous methanol. 

As can be clearly seen, the response of the inner pair is 8% higher then 

that of the outer. This suggests that the contact resistance has quite a 

significant influence on the chemo-resistor response, as has been 

previously observed by Partridge [16]. 

Extrapolation 

In the cross-section shown in Fig. 4.5, it can be seen that the polymer 

consists of three in principle identical sections. The two outer ones can be 

considered to be equivalent to the region between the inner electrode pair, 

which allows the total resistance of the polymer to be estimated as 3*325 

kß=l MQ. The difference with the total resistance of 1.4 MO is thus the 

total contact resistance, which is 400 kn. 

Based on this extrapolation, the contact resistance is approximately 29% 

of the total polymer resistance. The response measured with the 4-point 

set-up is however only 8% higher than the simple measurement. There are 

two possible explanations for this phenomena. 

Firstly, it is possible that the contact resistance does also change on vapour 

exposure, but less or more slowly than the bulk resistance, so that the 4-

point measurement gives a slightly but not 50% higher response. 

Secondly the 4-point measurement is not ideal, due to the relatively large 

electrodes. This eliminates only a part of the contact resistance, so 

resulting in an only slightly higher response. 
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The second possibility is illustrated in Fig. 4.5. The electrodes, which are 

relatively large compared to the polymer bridges between the electrodes, 

actually shunt a part of the polymer film, and thus reintroduce a part of the 

contact resistance in the measurement of the inner voltage. In reality this 

should be modelled with a transmission line on top of the electrodes, but 

for simplicity, the effect is here shown with 2 resistorsÄc per contact. 

R1+R2 R3+R4+R5 RÓ-MÌ7 

1 2 3 d 

Real Rl R2 R3 R4 R5 R6 R7 
r< M 1 1 ' M M T r M ""k 

1 2 3 4 

Fig. 4.5: The ideal and the realistic occurrence of the contact 

resistance in a structure with four micro-bands. 

In the ideal situation there is a negligible current passing between terminal 

2 and 3. This prevents a voltage drop over the contact resistance, and 

allows the polymer resistance R3+R4+R5 to be determined. In reality 

however, the electrodes shunts a part of the chemo-resistor, which causes 

part of the current to be passed through the metal, whilst another part 

passes through the film on top of the electrode. The potential measured 

between 2 and 3 reflects the polymer resistance R4 plus the shunted 

current multiplied with the contact resistance. 

The partial suppression of the contact resistance with a four point 

measurement method, results in a larger vapour response. It can from these 

measurements not be concluded however, if the contact resistance gives a 

smaller response then the bulk of the polymer, or if it does not respond at 

all. 

n 
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4.5 Noise 
4.5.1 Introduction 

Noise is an inevitable component of all electrical signals [22], also of the 

measured resistance of chemo-resistors. The detection limit of any sensor 

is ultimately determined by its noise behaviour, This section will explore 

the noise behaviour of chemo-resistors. After a brief introduction to noise 

theory, the results of noise measurements on bsa doped polypyrrole 

chemo-resistors will be described. 

4.5.2 Theory 

Two main origins of noise can be distinguished. Firstly, the noise 

originating from external influences on a circuit, like capacitive coupling to 

mains cables, hf-disturbance, etc. This type of noise can largely be avoided 

with a well designed experimental set-up. 

Secondly, there is the noise generated in the circuit itself. Electrical current 

consists of a discrete flow of electrons thus inevitably generating noise. 

This is the thermal, or so called Johnson, noise. Additionally to this 

thermal noise, there can be a contribution of flicker noise, or 1/f noise, 

caused by charge flow in a discontinuous medium. 

Calculations 

Noise is generally expressed as a power density over a certain band-width. 

For thermal noise the noise power density is represented by equation (4.1). 

Because of the random nature of noise signals, it is not the amplitude of 

the different sources, but their power densities that should be added to 

allow the determination of the total noise [22]. Therefore it is common to 

use the notation of equation (4.2) because this notation, with a noise 

voltage density expressed in [V2/Hz], allows contributions from different 

components to be simply added. 
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P = AkT-Af (4.1) 

vlkermal
2=4kTR.Af (4.2) 

k: Boltzman's constant [J/K] 

T: absolute temperature [K] 

Af: bandwidth [Hz] 

P: noise power density [W] 

vthermal:noise voltage [V] 

R: resistance [Q] 

Flicker noise is roughly inversely proportional to the frequency /. 

Assuming a constant power density per octave (pink noise) it can be 

described by (4.3). 

vFlicker
2=lBR2K-^ (4.3) 

4.5.3 Experimental 

Noise spectra of bsa doped polypyrrole chemo-resistors prepared 

according to the standard recipe described in chapter 3 were determined. 

The chemo-resistors had a base-line resistance of approximately 2 kQ. For 

the noise measurements the resistor was connected to a 10 V power 

supply, in series with a metal film resistance of 2 kQ (the load resistor) 

according to Fig. 4.6. A spectrum analyser (HP3585A) combined with a 

low noise amplifier was used to monitor the potential over the sensor. The 

amplifier had a gain of 100, a bandwidth of 100 kHz and allowed for off­

set compensation. The complete electrical set-up was shielded with 

aluminium foil to minimise external influences. 
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Fig. 4.6: Electrical configuration for noise measurements. 

The noise behaviour of the measurement set-up without the chemo-resistor 

was also tested with a metal film dummy resistor of 2 kQ in the place of 

the sensor. 

4.5.4 Results and discussion 

Dummy 

Initially the noise behaviour of the measurement system was determined 

using a 2 VD. dummy resistor. This gave a frequency independent noise of 

1.3 UV/VHZ. The theoretical thermal noise of a 2 kQ resistor is 4*k*T*R 

=3.3e-17 V2/Hz. Together with the load resistor and 100 times amplified, 

this results in a noise of 100*V2*V3.3e-17= 0.8 uV/VHz. The rest of the 

noise can be assigned to the amplifier and associated off-set regulation. 

Chemo-resistors 

The noise measurements were performed with a voltage of 5 V applied 

across the chemo-resistor. Although this is significantly greater then the 

normally used potential, the resistance was nevertheless stable over the 

period of the experiment. The recorded base-line resistance of the chemo-

resistors, and the bias currents calculated, are summarised in Table 4.2. 
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Table 4.2: Overview of the characterisation conditions and the obtained nose 
parameters for the chemo-resistors and the dummy. 

sensor I 

sensor 2 

dummy 

I(mA) 

2.3 

2.4 

2.5 

R(kfl) 

2.4 

2.1 

2.0 

The recorded noise spectra from the chemo-resistors are presented in Fig. 

4.7 together with the system noise recorded with the dummy resistor. 

Because the noise recorded for the chemo-resistors was some orders of 

magnitude larger than the thermal noise of the amplifier and the load 

resistor, the contribution of the latter to the total noise can be neglected, 

and does not need to be compensated for. 
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Fig. 4.7: The measured noise densities of two bsa doped ppy 

sensors and a dummy resistor. 

It can be seen that the spectra of the chemo-resistors display a significant 

1/f noise. In consequence the signal to noise ratio of the resistance 

measurements would be significantly improved through the use of AC 

rather than DC methods. 
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4.6 Temperature dependence 
4.6.1 Introduction 

The conductivity of most conducting materials displays a temperature 

dependence. In the case of a semiconductor material, the temperature 

dependence originates in both variations in the charge carrier 

concentration, and in the mobility of the charge carriers [7,11,14], In the 

case of conducting polymers, where charge transfer between conducting 

regions also plays a role, the situation is even more complex. Several 

authors have successfully used the temperature dependence of the 

conductivity to characterise charge transfer between the different polymer 

chains [1,2,9,11,13]. 

A complete characterisation of the temperature dependence of the chemo-

resistors requires specialised equipment, especially for the low temperature 

range, and falls outside the scope of this project. However, even in the 

temperature range employed in the flow system, temperature fluctuations 

may have an important impact. The limited temperature range does then 

allow a linear modelling [23], which is sufficient to describe the 

temperature influence in a practical nose system. 

4.6.2 Experimental "~ 

Butane sulfonic acid doped polypyrrole sensors were mounted in a 

temperature controlled chamber filled with dry air. Their base-line 

resistance was recorded at different temperatures. 
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4.6.3 Results and discussion 

Fig. 4.8 shows the resistance as a function of temperature. A temperature 

dependency of approximately -19WC was obtained. 

•10 0 10 20 30 

Temperature (degrees Celctus) 

Fig. 4.8: influence of temperature on the conductivity of the 

chemo-resistors. 

Although these results are obtained over a too limited range to be 

conclusive, they give increasing conductivity with temperature, 

comparable with the variable range hopping model [20]. Despite the 

limited temperature range the results clearly show that temperature 

induced fluctuations can be significant and that attention to temperature 

variations should be made to avoid misleading odour responses. 
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4.7 Conclusions 

In this chapter we have investigated several of the electrical characteristics 

of the chemo-resistors. This study has been motivated by the necessity of 

understanding which parameters need to be controlled for good 

measurements, and how the quality of the measurements may be improved. 

It has been shown that, over the experimental range investigated, AC 

measurements do not allow any increased information to be obtained, since 

the devices appear to act as ohmic resistors. 

In the event of needing to improve the signal-to-noise performance, it was 

shown that AC measurements would lead to improved performance. Any 

frequency below 10 kHz would avoid any influence of the substrate 

capacitance. However this improvement was too marginal to justify the 

increased instrumental complexity in the present situation. 

Similarly it was shown that 4-point measurements allow bulk and contact 

resistance to be separated, thus leading to improved performance, but 

again the improvement doesn't justify the increased complexity. 

Perhaps, the most important result from this chapter is the temperature 

dependence of resistance. This dependence, approximately -\%/°C is large 

enough to impose a strong requirement on the temperature stability of the 

flow system. 
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5 GASFETs 
The work described in this chapter has been done in collaboration with Jan Hendrikse 
from the MESA research institute at the University of Twente (the Netherlands). Parts 
of it have been presented at CIMTEC'98 [1] and other parts have been published in 
'Electrochemical and Solid-State Letters' [2). Reproduced by permission of The 
Electrochemical Society, Inc. 

5.1 Introduction 
5.1.1 General 

With the invention of the GASFET in 1975 by Lundström et al. [3], a new 

type of gas sensors was introduced. After intensive study, the functional 

behaviour of the hydrogen sensing device proved to be based on a surface 

modification on the metal-insulator interface[4j. 

The later development of the suspended gate Field Effect Transistor by 

Janata allowed work function measurements on different types of 

materials. With different coatings on the suspended metal electrode 

directly above an insulted gate, it could be used to measure both variations 

in the bulk component [5] and in the surface component [6] of the work 

function. A hybrid technology, allowing for more general coating materials 

on a similar type of device was published by Flietneret al. [7]. 

Recently some papers demonstrated that it is also possible to make a gas 

sensitive device by application of a conducting polymer directly on the 

gate area [8-12]. Not only does this make the device simpler, it also 

largely eliminates the surface contribution of the work function changes, 

which makes the device not only interesting as sensor, but also useful as a 

tool for studying vapour interactions in the bulk of the polymer. 
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5.1.2 Outline 

After a theoretical section which models the gas behaviour of GASFETs 

based on well known doping processes in semiconductors [13], this 

chapter describes the realisation and characterisation of GASFETs having 

a conducting polymer gate contact. Three different gate materials were 

used, electrodeposited polypyrrole, doped with bsa or teatfb and dip-

coated polyaniline. Experimental data obtained using vapours from several 

solvents is compared with the model. 

Finally the sensors are demonstrated in electronic nose applications, where 

they were successfully used for the recognition of 4 organic vapours and 4 

Swiss cheeses. 
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5.2 Theory of operation: a simple model 
5.2.1 Introduction 

This section describes the modelling of a FET having a conducting 

polymer gate contact. This forms a special type of Insulated-Gate Field-

Effect Transistor (IGFET) [13]. The general electrical behaviour of an 

IGFET is summarised in section 5.2.2, followed, in section 5.2.3, by a 

brief summary about the related concepts work function and Fermi level. 

A model of the gas dependent behaviour of the bulk of the polymer is 

derived from the doping level of the conducting polymer [14] in section 

5.2.4. For the derivation, the doping level is assumed to depend linearly on 

the fraction of occupied sorption sites, which in turn is assumed to relate to 

the gas concentration according to a Langmuir sorption isotherm. This 

Langmuir assumption is justified by the thin nature of the films (see also 

chapter 6). 

Additional to any changes of the work function, the device can also give a 

response to dipole effects of sorbed gases [6,14]. Although this secondary 

effect may explain some of the features observed, it is not however 

expected to be the main mechanism [15] and is not included in the model. 

Fig. 5.1: Schematic drawing of an IGFET. 
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5.2.2 IGFETs and their electrical behaviour. 

An IGFET (Fig. 5.1) is a three terminal device in which the current 
between two terminals, from the drain to the source, can be regulated by 
the potential applied to the third, the gate, which is isolated from the first 
two. The general term IGFETs can be used for several specific 
configurations, such as MOSFETs [13,16] with a metal gate contact for 
electronic applications, ISFETs where the electrolyte is the gate contact 
for pH measurements [17], or CHEMFETs where there is a chemically 
active layer, which can be contacted by an electrolyte [18]. 
The drain current for an n-channel device is given by equation (5.1). 

1D=J(I-VD-(VG-Vr)-V0
2) (VD<VG-VT) (5.1a) 

'D=J-(VG -VT)2 (VD >VG -V7-) (5.1b) 

K is a factor depending on the dimensions and material properties of the 
transistor, VD and V0 are the voltages applied to respectively the drain and 
the gate (Fig. 5.1). The source is connected to ground. V> , the so called 
threshold voltage, is the voltage required to open a conduction channel 
between the drain and the source. It depends on the physical and process 
parameters Q, Cott $,, £s, Na, X1 q and Eg, which are constant for a given 
transistor, and the work function of the gate material^,,« (5.2). 

^ = ̂ 5-7^ + 2̂ 1 + ̂ ^ 2 ^ ( ¾ (5.2a) 
'"OX *"0X 
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5.2.3 Work function vs. Fermi level 

The work function is the amount of energy required to remove an electron 

from the bulk of a material and bring it to the vacuum energy level [19]. 

Since an electron has a fixed amount of charge, the work function of a 

material can also be expressed as the potential relative to vacuum 

[13,16,20], instead of the energy. In a semiconductor material, where there 

is a statistical distribution of energy states, the work function is replaced 

by the Fermi level, which is the energy level corresponding to a 50% 

chance of occupation [13]. 

The Fermi level of a semiconducting material is dependent on the doping 

concentration. Through this doping, the electrons become more or less 

tightly bound to the material, resulting in mobile holes or electrons. In the 

case of polypyrrole, the Fermi level is dependent on the oxidation state and 

on any additional doping due to charge transfer with sorbed species. 

A traditional way of measuring work function is with a Kelvin probe. 

Recently, IGFET structures have been shown to function as a convenient 

alternative [19]. 

5.2.4 Electrochemical potential and the influence of sorbed gas 

Oxidised polypyrrole is a p-type conducting polymer (see also chapter 3). 

When the polymer backbone is oxidised, it becomes conductive due to the 

formation of mobile electron holes. The positive charge is compensated by 

a negative counter ion [21], which can also be called a doping ion. In 

silicon semiconductors, the doping ion itself is, by its low binding energy, 

the cause of the spontaneous hole generation at sufficiently high 

temperatures [13]. 

Despite the differences in origin of the charge carriers between polypyrrole 

and silicon, in both cases the charge carrier densities are considered to 

relate to energy levels [13,14] according to equation (5.3). The energy 

difference between the Fermi level E/ and the top level of the valence band 
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Ev depends on the doping concentration p, the effective state density Nv 

Bolzmann's Constantsa and the absolute temperature T. 

Ef-Ev=-kBT-\n\^- (5.3) 

Additional to an initial doping concentration imposed by the oxidation 

state of the polymer, a deviation in doping density due to gas interaction 

can occur [14,22]. The fraction of occupied sites <gas> is assumed to 

change the total doping concentration p linearly with a proportionality 

factorL according to (5.4). 

p = PQ + L < gas > (5.4) 

Where p0 is the doping concentration before gas interaction. The factor L 

can be positive or negative, depending on whether the electron affinity of 

the gas is higher (oxidising so positive) or lower (reducing so negative) 

than that of the polymer. 

The absolute Fermi level of the polymer can be an interesting property for 

the comparison of polymers prepared under different conditions. It can be 

obtained by comparing the threshold voltage of a polymer coated transistor 

with the threshold voltage of a MOSFET having a known Fermi level. For 

this purpose, a MOSFET has to be prepared in the same fabrication 

process as the sensor substrates, to assure identical transistor parameters. 

For gas sorption characterisation however, it is the change in Fermi level 

due to gas interaction which is important. Equation (5.3) is therefore 

converted to (5.5). 

AEf=kBT- In Po. 
N.. 

- I n ] - ^ 
" v . 

(5.5a) 

AEf =kBTin\^- (5.5b) 
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With equation (5.6), which relates the Fermi level to the potential of the 
semiconducting polymer <&P and the elementary charge q, equation (5.5) 
can be converted to equation (5.7) which shows the change in polymer 
potential A#p, depending logarithmically on the ratio of the total doping 
concentration and the initial doping concentration. 

Ef=-q$>P (5.6) 

M>p = t*L.J±) (5.7) 
4 VPo J 

Equation (5.8) is obtained by substituting equation (5.4) into equation 
(5.7). 

A<t>p = W Jp» + L<gas>\ (5.8) 
q [ Po 

The site occupancy is assumed to follow a Langmuir isotherm 
(chapter 6), according to equation (5.9). 

< Gas >= JdIVfL p.« 
l + k-[gas] 

Where [gas] is the gas concentration in the air, k is the sorption constant 
which is the ratio between the sorption and de-sorption rate constants. 
Combining (5.8) and (5.9) results in (5.10). 

A(Dp = ^ - I n 

Equation (5.10) can be simplified to (5.11). 

I+A. H H ) (5,0) 
P0 l + k[gas] 
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q { \ + k-[gas)) 

B is the dimensionless constant of the combination of L and po. Because a 

negative effective doping concentration p (5.4) would mean electron 

conductivity in the polymer, which cannot occur for polypyrrole, B should 

always be larger then -1 . 

5.2.5 The model 

The model described above is the result of an attempt to include the 

sorption behaviour in the work function response. The final equation (5.11) 

can be generalised to equation (5.12). A summary of the meaning of the 

variables in the derived model is given below. 

A<P = A logfl + B- t
k'}8p A (5.12) 

k: Ratio between sorption and de-sorption rates. Determines the 

amount of sorbed gas in a polymer in equilibrium with a certain gas 

concentration. The variable k is always positive. 

A: Slope of the logarithmic relation between the potential and the 

doping concentration. It is comparable with the slope of the Nemst 

equation [23]. The variable A has a value of RTMF which gives 59 

mV for a single electron transfer. 

B: The proportionality parameter relating the concentration of sorbed 

gas to the doping concentration change. It is negative for reducing 

species, and positive for oxidising species. The value of B should be 

larger then -1 . 
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5.3 Fabrication 

5.3.1 Silicon substrate 

The GASFETs (Fig. 5.2) were realised on a FET substrate without a gate 

contact, but with the gate area surrounded by a Pt electrode. The same 

type of structure has been previously used as an integrated sensor actuator 

system, where the Pt film was used as a pH actuator. Details of the 

fabrication can be found in the articles related to this structure [24]. The 

gate area of the FET is 15 Jim long and 500 u.m wide. The surrounding Pt 

electrode has a 20 UJU wide slot which leaves the gate exposed. 

Ptelectr ide 

cross section plan 

Fig. 5.2: Schematic drawing of the GASFET. (For clarity the 

polymer is not shown in the plan). 

The structures were mounted on a PCB, wire-bonded and encapsulated 

with epoxy resin. 

5.3.2 Deposition 

Electrochemical 

Conducting polymers were electrochemically deposited over the gate area. 

Before each deposition, the platinum electrodes were pre-treated by cyclic 

voltammetry in 1.0 M H2SO4 as follows: four sweeps at 100 mV/s, with 

the first and the last being over the range -0.2 to 1.2 V vs. SCE, whilst for 

the middle two the anodic limit was increased to 2.0 V. Pyrrole was 
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purified by passage down a neutral aluminium oxide column immediately 

before use. Polypyrrole (ppy) films were electrodeposited from 0.1 M 

pyrrole monomer dissolved in either a 0.1 M aqueous butane sulfonic acid 

(bsa) solution or in dry acetonitrile containing 0.1 M tetraethylammonium 

tetrafluoroborate (teatfb). The deposition was performed using a 

potentiostatic pulse train. In the case of the non-aqueous electrolyte this 

consisted of 2 s long 1.5 V vs. SCE pulses, separated by 5 s at 0.0 V, 

whilst in the aqueous electrolyte the pulses were 0.5 s at 1.1 V separated 

by 5 s at 0.0 V. The pulse train was applied until die required charge was 

passed, which was 8 mC for aqueous bsa and 6 mC for teatfb in 

acetonitrile, which corresponds to 8 and 6 mC/mm2 respectively. All 

chemicals used were obtained from Aldrich. 

Dip-coating 

In the case of dip-coating, an already encapsulated FET structure was 

dipped in pure ORMECON 9000132 polyaniline dispersion (Ormecon 

Chemie, GmbH & Co. KG, Ferdinand-Harten-Strasse 7, D-22949 

Ammersbek, Germany). The coated structure was then left for 1 hour at 

room temperature to dry, followed by baking for 1 hour at 100° C. This 

procedure resulted in a relatively thick film. 

5.3.3 Resulting structures 

The bsa doped films displayed good adhesion, whilst the teatfb doped 

films showed a limited adhesion to the underlying metal. With careful 

handling both types could be used for gas measurements. Almough no 

effort has yet been made to optimise the adhesion, it is believed that it can 

be improved by, for example, modification of the metal surface or of the 

pulse sequence. 
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Fig. 5.3: SEM photo of the active area of a finished structure 

with a bsa dopedppy film.. 

Fig. 5.3 shows a SEM picture of a finished device. In Fig. 5.4, which is a 

zoom on the top end of the gate area, it can be observed that the polymer 

deposits not only on the metal electrode, but that it also spreads out and 

completely covers the gate area. 

Fig. 5.4: A SEM photograph showing the edge of the gate. The 

different layers of the transistor passivation outside 

the transistor gate and the metal electrode are clearly 

visible. 

The lateral growth, which is essential to obtain functioning structures can 

be clearly observed in Fig. 5.5. This SEM image shows a magnification of 

the edge of the platinum electrode. On the right hand side the lateral 

spread-out of the ppy on the substrate can be observed. 
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Fig. 5.5: An enlargement of the edge of the polymer coverage 

on the edge of the metal electrode. 

Before deposition of the polymers, the feedback-loop of the FET amplifier 

did not stabilise, showing that the Pt electrode is sufficiently far from the 

gate area to prevent interference with the work function measurement. In 

contrast, after deposition of the polymer, a stable threshold voltage 

representative for the polymer work function could be measured, 

indicating the correct functioning of the polymer film as a gate contact. 

The resulting structures were not only used for GASFET applications 

described in the following section, but were also successfully used as 
Emosfets [20]. 
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5.4 Characterisation of vapour 
response 

5.4.1 Experimental 

The realised GASFETs were mounted in the flow system (chapter 2) and 

connected to a FET amplifier to measure the work function of the polymer 

due to gas interactions, which is equal to the shift in VV(equation 5.2). The 

current was set at 100 pj\ , and VDS was set at 0.2 Volt. The gate was 

connected to ground, so the work function changes (equation 5.12) could 

thus be directly obtained from the measured Vs in the feedback loop of the 

amplifier. All characterisations were performed at 250C. 

Vapour characterisation 

The sensors were exposed to 5 minutes pulses of water, methanol, ethanol, 

isopropanol and acetonitrile vapours at various concentrations, separated 

by a 1.5 hour purge with a dry air stream at a flow rate of 11/min. 

Odour recognition with cheese 

When applied to chemo-resistors, the polymer materials used have proven 

to give a good distinction between various swiss cheeses [25]. To 

demonstrate the feasibility of an electronic nose with FET-based sensors, 

an array of FETs, of the three different types realised, was exposed to 

different samples of Swiss cheese. Samples of Gruyère, Emmentaler, 

Roquefort and Tilsiter were freshly purchased from the local CO-OP 

supermarket. Wash bottles were filled with 50 grams of freshly grated 

cheese. 

The cheese measurements were performed under 2 humidity conditions. 

Under fully wet conditions 5 ml water was added to all the samples and 

the carrier humidity was kept at 100%, using a wash bottle filled with 

water upstream of the two mass flow controllers (Fig. 2.3). 
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In a second series, no water was added to the cheese, and the carrier was 

kept at 29% rei. hum. using a wash bottle filled with an aqueous CaC^ 

(sat.) solution placed upstream of the two mass flow controllers. 

Together with the cheese samples, a water sample was tested, to estimate 

the influence of humidity on the recognition. In the second series, this 

sample was also diluted with the 29% carrier stream to result in a sample 

with a humidity of 65%. For all the experiments the flow rate of the nose 

was set at 0.5 1/min instead of the usual flow of 1 1/min, to minimise the 

composition changes in the sample headspace. 

5.4.2 Vapour responses 

All three types of FET based sensor showed responses to the applied test 

vapours. Depending on the vapour, two types of response peaks could be 

distinguished. The first type of response is a simple on-off curve and the 

second a more complex multi-phasic curve. To illustrate this, the two 

typical response types are shown in Fig. 5.6. 

200 400 

time (seconds) 

600 200 400 600 

time (seconds) 

Fig. 5.6: Response curves of the teatfb doped polypyrrole 

sensor for different concentrations of isopropanol 

(left) and water (right). Vapour concentrations in 

mmol/l are shown in italics on the graphs. 

The threshold voltage shifts after 300 s were plotted against the vapour 

concentration to result in the calibration curves shown in 

Fig. 5.7 - Fig. 5.9. Simple, continuously rising or descending curves are 
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seen for ethanol, isopropanol and acetonitrile, whilst for water and 

methanol more complex curves were obtained. 

The continuously rising calibration curves result from the on-off type of 

response curves (left-hand plot of Fig. 5.6). The more complex calibration 

curves result from the two-phasic response curves (right-hand plot of Fig. 

5.6). These are thought to stem from another process additional to work 

function changes, possibly a dipole effect on the polymer-gate interface 

[14,15]. 

gas concentration (mmol/l) 

Fig. 5.7: Calibration curves of the teatfb doped polypyrrole 

GASFET. 
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Fig. 5.8: Calibration curves of the bsa doped polypyrrole 
GASFET. 

107 



, , 
> t , 

hi
ft 

CD 

cd 
O 

T) 
O 

V) 
Oi 

80 -r 

60 

50 

40 

30-

20 

10 

D acetontole 

• rrethanol 

• water 

1 2 3 

gas concentration (mmol/1) 

Fig. 5.9: Calibration curves of the polyaniline GASFET. 

Curve fitting 

Also shown in Fig. 5.7 - Fig. 5.9 are the fits of the continuously rising 

responses to equation (5.12). The parameters resulting from these fits are 

collected in Table 5.1 -

Table 5.1 : Summary of the parameters obtained from the fits to equation (5.12). 

teatfb doped 
polypyrrole 

bsa doped 
polypyrrole 

polyaniline 

isopropartol 

ethanol 
acetonitrile 

isopropanol 
ethanol 

acetonitrile 

ethanol 
acetonitrile 
methanol 

A(mV) 
241 

280 
187 

80 
87 
43 

301 

551 
257 

B 

-0.39 
-0.29 
-0.31 

0.16 
0.17 
-0.07 

0.56 

1.0 
0.49 

k (1/mmol) 

0.59 
1.32 
1.39 

1.1 
0.96 
1.14 

0.69 
0.047 

1.23 

Because of the limited amount of data available care must be taken with 

die interpretation of the data resulting from the fits. Nevertheless some 

108 



GASFETs 

observations can be made. The bsa doped polymer shows an A value in the 

same order of magnitude then the 59 mV for complete electron transfer. 

The polyaniline and the teatfb doped polypyrrole show much larger A 

values than the bsa doped polypyrrole. This suggests a partial electron 

transfer [15,22]. 

Selective recognition of vapours 

To demonstrate the suitability of these sensors for use in an electronic nose 

system, the calibration curves for 5 GASFETs of the 3 types described (2 

of each polypyrrole GASFETs and 1 polyaniline GASFET), were 

combined and projected onto a two-dimensional space using principle 

component analysis (Fig. 5.10). This figure shows that different vapours, 

starting from a common 'zero point' follow a distinct trajectory through 

the projection, allowing such a system, at least for these simple vapours, to 

be used to obtain information about species and concentration. 

PC1 (65.0 % variance) 

Fig. 5.10: PCA plot of the threshold voltage shift after 300 s of 

several concentrations of the different vapours. 

Vapour concentrations corresponding to dilution of 

10, 20, 30, 40, 50 and 60% of the vapour pressure. 
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5.4.3 Cheese recognition. 

Under fully wet conditions poor results were obtained. Although initially 

the cheeses could be distinguished, the performance of the system rapidly 

deteriorated. This is caused by the rapid spoiling of the cheese under 

wetted conditions at 25 0C. Also for the human nose, the spoiled cheeses 

smelled very similar when they were disposed of after the experiment. 

With a 29% rei. hum. carrier, and no water added to the samples, better 

results were obtained. Fig. 5.11 shows a PCA plot of the first two 

components. 

V 

'jfer 

V 

• 65% hurrttfty 

• Roquefort 

* Gruyère 

x 100%hurriclily 

Xttsiter 

• &rrrBnt&ler 

PCI (60% variance) 

Fig. 5.11: Principle component analysis of normalised data of 3 

sensors. 

The Roquefort can clearly be distinguished from the other 3 types of 

cheeses which were all typically Swiss hard cheeses. With exception of 

the Emmentaler, which gives unstable results, the hard cheeses can be 

distinguished in their individual groups. It is interesting to note that the 

water controls appear to fall on a line almost perpendicular to the cheeses, 

suggesting that the separation of the cheeses is not due to humidity. 
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5.5 Conclusions 
GASFETs with a conducting polymer gate contact have been realised. The 

lateral growth of the pyrrole in a standard electrodeposition was great 

enough to cover a gate area surrounded by a platinum contact electrode. 

The realised devices were characterised with several test vapours at 

different concentrations. A reversible sensor signal was obtained. For 

several of the vapours the gas-response characteristics of the GASFETs 

could be fitted to a simple model based on a Langmuir isotherm. 

The devices have been demonstrated as sensors in an electronic nose set­

up. A PCA of the responses of a set of 5 of these sensors allows the 

various concentrations of 4 different solvents as well as a series of Swiss 

cheeses to be distinguished. The experiments with the cheese showed that 

adding water to the samples is not a suitable method to suppress any 

humidity influences, since it stimulates spoiling making odour 

characterisation impossible. 
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6 Response modelling 
6.1 Introduction 
6.1.1 General 

The study of a theoretical model of the behaviour of a sensor often allows 

to improve understanding of the functional behaviour of the device, and 

can therefore be a valuable tool for sensor development. In the case of gas 

sensors in an electronic nose system, a model can furthermore be useful for 

an improved feature extraction from the transient sensor response [I]. 

Multiple authors report attempts to describe the behaviour of conducting 

polymer based sensors with a mathematical formula [2-4]. Most of these 

publications are however limited to the plateau value of the response. In 

this chapter a transient model for conducting polymer responses will be 

derived, and verified with experimental data obtained from both chèmo-

resistors and a Quartz Crystal Microbalance (QCM). 

6.1.2 Conduction modulation due to vapour interaction 

The interaction between conducting polymers and vapours is a 

complicated issue, and the exact mechanism of the response remains 

unclear. It is likely that there is not one single mechanism of operation, but 

several, possibly acting in different directions. 

The main mechanism is believed to be partial electron transfer [5,6] 

between conducting polymers and the vapour (see also chapter 5). Other 

proposed mechanisms include swelling [7] and interface effects [8]. It is 

also possible that some of the observed features, such as history effects 

result from the displacement or interaction of the sample vapour with 

already sorbed environmental species. Such effects are reported for metal 

oxide sensors [9]. Table 6.1 gives a short summary of the mechanisms 

which are generally accepted as the dominant. The vapour sensitivity in 
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most polymers is likely to be a combination of two or more of the 

proposed mechanisms. 

Table 6.1: Interactions between vapours and conducting polymers. 

1 

2 

3 

4 

(partial) electron charge transfer 

swelling 

interaction at the metal/polymer interface 

modulation of sorbed environmental gas 

To begin its interaction with the polymer, a gaseous species must sorb 

[10]. The sorbed vapour then eventually diffuses further into the polymer 

to interact in the whole volume of the polymer. The sorption process and 

the spatially devised interaction with the polymer then combine to a variant 

of the classical problem of combined diffusion and chemical reaction [11]. 

Gardner et al. [4,12] used this approach to calculate sorption profiles in 

the polymer under different boundary conditions of diffusion and sorption. 

Bartlett et al. [3] have demonstrated that the experimentally determined 

saturation-values of conducting polymer chemo-resistor responses could 

best be described by a model based on a Langmuir sorption isotlierm. This 

implies that diffusion is fast enough to be disregarded. This then reduces 

die issue to a problem of vapour sorption. 

6.1.3 Outline 

This chapter starts witii the derivation of a theoretical model for the sensor 

response in section 2. In section 3, the sorption behaviour will be verified 

with a Quartz Crystal Microbalance. Section 4 compares the model to 

experimental chemo-resistor data. This is then expanded to die case of 

two-phasic responses in section 5. Section 6 finally discusses the 

temperature dependence of the chemo-resistor response in relation to the 

sorption dieory. 
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6.2 Sorption theory 
6.2.1 Introduction 

Depending on the boundary conditions and simplifying assumptions taken, 

sorption can be described with several mathematical models. The simplest 

model, the Langmuir isotherm, is based on the assumption of a fixed 

amount of sorption sites in the solid material, which are all freely exposed 

to the gas, and do not interact with each other. Other models like the 

Temkin isotherm and the Freundlich isotherm account for a change in 

adsorption enthalpy with the pressure, using a linear and a logarithmic 

function respectively [13]. Models can furthermore be completed by 

accounting for the influence of diffusion [4]. 

In this chapter, the simplest isotherm, the Langmuir isotherm, will be used. 

Although in reality the situation will be more complex, it is desirable to 

begin with the simplest model, to obtain a minimum number of parameters 

(degrees of freedom) in the fitting procedure. Where this results in errors, 

this will be pointed out. 

6.2.2 Langmuir isotherm [13] 

According to a Langmuir isotherm, the sorption state is defined by the 

dynamic equilibrium [4,13] between sorption (6.1) and de-sorption (6.2). 

[Gas] +<Site> k° ><Gas> (6.1) 

< Gas > *d ? [Gas] + < Site > (6.2) 

ka: forward reaction rate [m3/s.mol] 
kd: backward reaction rate [ 1 /s] 
[Gas]: gas concentration in the air [mol/m3] 
<Site>: concentration of empty sites [ 1/m3] 
<Gas>: concentration of occupied sites [1/m3] 
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When the sorption process is redefined with a parameter representing the 

fraction of occupied sites Q=<gas>f(<site>+<gas>\ a differential equation 

(6.3) for the state of the process can be defined. 

so 
^ = ka-[Gas]{l-Q)~kd-Q (6.3) 

The solution of this differential equation with the boundary condition 

8(0)=0 (i.e. initially no sorbed gas) is given in (6.4). 

^ = ( ^ ) ( 1 - ' " " ) ( 6 ' 4 ) 

Where the constants K and k are defined as : 

*=MH (6'5) 

k = ka- [Gas] + kd (6.6) 

If die gas concentration is assumed to be 0 during de-sorption, only (6.2) 

has to be taken into account, which results in a 0 value for the first term of 

(6.3). The solution of the differential equation (6.3) is in that case given by 

(6.7). 

e(r) = e(0)-e -^- ' (6.7) 

The equations (6.4) and (6.7) can be combined (6.8) to model the site 

occupation caused by a step in gas concentration [Gas] from t0<t<t/ under 

the condition of a constant temperature. 
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6.2.3 Drift compensation 

Conducting polymer chemo-resistors inevitably show some drift [14,15]. 

There is a slow increase in base-line resistance, likely due to oxidation of 

the polymer in contact with the ambient air [16]. Normalisation can 

eliminate a large part of this drift, but not all. This results in an incomplete 

recovery of the base-line after vapour exposure. 

For some vapours, a drift in the inverse direction is observed, as an 

undershoot of the response when the sensors are purged with the carrier 

[16]. This might be caused by either the facilitation of the removal of 

residual vapours from previous exposures, or by a reducing effect of the 

vapour, dependent on the vapour and the polymer. 

Because of the small amplitudes of the drift, it can to a first approximation 

be considered linear, and is in the model described by equation (6.9). 

drift = a-1 (6.9) 

Where a is a rate constant [1/s], f is the time from the start of the exposure, 

and drift is the dimensionless drift added to the response caused by the 

vapour influence (equation 6.8). 
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6.2.4 Mass changes 

For the derived model to be applied to mass changes of the polymer due to 

sorption, the fraction of occupied sites has to be converted to mass 

according to equation (6.10). 

M = A-Q (6.10) 

The variable .4 represents a constant corresponding to the product the 

molecular mass of the gas, and the total amount of sites. The mass increase 

due to sorption is described by (6.11). 

M(t) = 

^ • ( l - e - * ' ) tryZtZty 

t, <t 

(6-11) 

6.2.5 Resistance changes. 

Assuming a relative resistance change proportional to the amount of 

sorbed gas (6.12), the sorption model can also be used to describe a 

resistance change according to equation (6.13). 

R 
(6.12) 

> = 

B 
ifjf('-^) '•*'** 

(6.13) 

AR ^ . , - M w ) 
R 

t, <t 
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The dimensionless variable B represents the relative resistance change per 

occupied site ratio. The chemo-resistor drift can eventually be modelled by 

adding a term a • t according to equation (6.9) to both terms of equation 

(6.13). 

6.2.6 Fitting of the lumped or the physical parameters 

For the fit of the model to the experimental data, two different strategies 

are possible. The first possibility is a direct fit of the parameters kj, ka, and 

B to the transient response curve (6.13) after substitution of equation (6.5) 

and (6.6). A second possibility is a fit with the lumped parameters B/(J+K) 

and k, which represent an amplitude - and time constant, to equation 

(6.13). In both cases the de-sorption constant kj is obtained directly from 

me decay curves. The fits can furthermore eventually be complemented 

with a drift component a. 

The first method has the advantage that the physical parameters are 

unambiguously defined when the fit is successful. A disadvantage of this 

method is the appearance of the parameters kj and ka in both the amplitude 

constant D and the time constant k of die exponential curve. This requires 

more calculation during the iterations and can cause convergence 

problems. 

The lumped parameter fit, with one amplitude - and one time constant, 

needs less calculation during the iteration. However, the post-extraction of 

kd and ka from the in this case obtained constants D and k can give 

inconsistent results which can be difficult to interpret. 

For the QCM experiments me 'lumped parameter fit' was used. For the 

chemo-resistors both methods were evaluated. 
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6.3 Quartz Crystal Microbalance 
6.3.1 Introduction 

A Quartz Crystal Microbalance (QCM) is an instrument which allows 

mass changes to be detected by means of the change in the oscillation 

frequency of a quartz crystal. It is commonly used for the control of the 

layer thickness in metal evaporation apparatus. When the crystals are 

coated with a polymer, they can act as detectors for gas sorption [17] and 

have already found application in electronic nose systems [18-22]. Here 

the QCM will be used, not as an electronic nose element directly, but as a 

second, independent measure of the gas sorption. As such it will allow the 

effects of gas sorption to be measured, independent from electronic effects 

which will later be measured with the chemo-resistors. 

6.3.2 Experimental 

QCM experiments were performed at the department of Inorganic, 

Analytical and Applied Chemistry of the University of Geneva. The 

microbalance employed 5 MHz AT-cut crystals having a mass sensitivity 

of 18.5 ng/Hz. The oscillation frequency was measured with a frequency 

counter which was connected to a personal computer to allow the transient 

response of the crystals to be recorded during gas exposures. Initially, the 

sampling time was 5 s, but this was later decreased to 2.5 seconds to 

obtain a better resolution of the transients. 

Deposition 

Butane sulfonic acid doped polypyrrole was deposited on the gold 

electrodes of the crystals by electrochemical deposition according to the 

standard recipe (chapter 3). During deposition, the contact areas of the 

crystal were protected by scotch tape. After deposition this was peeled off, 

leading to crystals coated only on the 0.38 cm2 central area. Depositions 
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were performed with a total charge of 30 or 40 mC corresponding to 0.79 

or 1.05 mC/mm2 respectively, which is relatively low compared to the 

chemo-resistors. 

Gas exposures 

The resonating crystals were mounted in a glass flow cell having an 

estimated volume of approximately 200 ml. Two mass flow controllers and 

a bubbler allowed different vapour concentrations to be prepared 

according to the same principle as in the IMT nose (Fig. 2.3). The 

stepwise concentration changes were applied with the use of two electric 

valves. Argon and synthetic air were used as carrier gases at a flow rate of 

0.72 1/min. Assuming ideal mixing in the sample cell, the flow system is 

estimated to have a time constant of 17 s. Since this is too slow to 

characterise the transient of the sorption behaviour, the crystal was 

mounted directly in front of the gas inlet of the flow cell so that the inlet 

gas blows directly onto the crystal, before it mixes in the chamber. This 

assured an almost stepwise concentration change on the crystal surface. 

Curve fitting 

All the curves were fitted with the lumped parameters Af(l+K), Ic and kd 

without any drift compensation. The fit was performed by the minimisation 

of the square error with the solver function in Microsoft Excel©. The 

direct fitting strategy was not applied because of the limited amount of 

experimental data. This strategy will be discussed in detail in the following 

section dealing with chemo-resistors. 
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6.3.3 Results and discussion 

The crystals coated with polypyrrole showed a stable resonance frequency 

which could be recorded to a resolution of 0.1 Hz. All the response peaks 

were normalised by subtracting the base-line frequency value just before 

the start of the vapour exposure. 

The frequency of the crystal was found to be flow dependent as described 

in the literature [20]. This is believed to be due to the pressure dependent 

damping of the crystal. This effect was circumvented by performing all 

measurements at the same flow rate. 

Blank 

Initially a blank, uncoated crystal was examined. Fig. 6.1 shows me 

response to a sample of 3.4 mmol/1 methanol in argon. The small 

frequency shift observed is believed to be combination of surface 

absorption of the vapour and a variation in damping due to the density 

variation of the passed gas (i.e. the carrier with methanol is more dense 

than the pure carrier). 

4 
3.5 

3 
S" 2.5 

! , : : 
1 -

0.5 

O 

Fig. 6.1: The frequency response of an uncoated crystal to a 

120 s long exposure to 3.4 mmol/l methanol. 

However, this frequency change is insignificant compared to the frequency 

shifts observed for polymer coated crystals described further on, which 

confirms that the measured changes are indeed due to gas sorption in the 

polymer layer. 

40 60 80 
time (B) 

120 
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Polymer coated crystals 

The responses of a crystal coated with 40 mC of polypyrrole, to 120 s 

exposures of various concentrations of methanol, ethanol and water are 

shown in Fig. 6.2 - Fig. 6.4. For methanol and water the curves fit well to 

equation (6.11). 

0 AO 80 120 160 200 2AO 

t ime (s) 

Fig. 6.2: Methanol sorption in a 40 mC polypyrrole film. 

Vapour concentrations in mmolA are shown under the 

curves. The solid line is the experimental data, the 

dashed line is the fit. 

The response peaks for the higher concentrations of methanol do not show 

a constant plateau but a slow decrease. This is thought to be due to cooling 

of the sample during the evaporation of relatively large amounts of 

methanol from the sample bottle. The temperature was observed to drop 

by as much as a few degrees Celsius, causing a lower vapour pressure and 

therefore a lower response. To avoid this problem in subsequent 

experiments, the sample vessel was thermostatted at ambient temperature 

(220C). 
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Fig. 6.3: Water sorption in a 40 tnC polypyrrole film. Vapour 

concentrations in mmoìA are shown under the curves. 

The solid line is the experimental data, the dashed line 

is the fit. 

Although a good fit between data and model was observed with methanol 

and water, etfianol showed a more complex behaviour, consisting of a 

rapid initial increase followed by a second, much slower, increase possibly 

due to the lower diffusion constant of ethanol in the polymer film. 

240 

Fig. 6.4: Ethanol sorption in a 40 mC polypyrrole film. Vapour 

concentrations in mmol/l are shown under the curves. 

The solid line is the experimental data, the dashed line 

is the fit. 
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The. application of 'drift compensation' was not suitable to solve this 

problem. In that case the transients could reasonable be followed by the fit, 

but the resulting parameters did not show the theoretical concentration 

trend as can be observed in Fig. 6.7 and Fig. 6.8. This clearly shows the 

limitations of the Langmuir isotherm based model. 

A,particular feature can be observed on the 1.26 mmol/1 response curve. 

Since this was the first ethanol response curve in the series, the overshoot 

in the response may be an artefact, due to the interaction with remaining 

water from the previous water exposure series with the ethanol. 

The methanol response of a crystal coated with a thinner polypyrrole film 

(30 mC) was also investigated (Fig. 6.5). 
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Fig. 6.5: Methanol sorption in a 30 mC film. Vapour 

concentrations in mmolA under the curves. The solid 

line is the experimental data, the dashed line is the fit. 

A much faster response with a smaller amplitude than for the thicker film 

(Fig. 6.2) was observed. The smaller amplitude is not in contradiction with 

the Langmuir isotherm model. The thinner film can have a smaller number 

of sorption sites. However, the time constants should in the case of an 

ideal Langmuir behaviour be the same (equation 6.6). The fact that the 

thinner film shows faster sorption indicates that there is a diffusion 

influence on the sorption behaviour. 
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The crystals were also exposed to vapours in a synthetic air carrier instead 

of argon. Fig. 6.6 shows two typical response peaks obtained for methanol. 

The slightly heavier argon gives a slightly larger and faster response. This 

might be caused by the fact that, due to the higher molecular weight, the 

argon displaces the vapours more efficient than air. The shape of the 

response is the same for the two carrier gases, indicating that there is no 

important oxygen influence, as is the case for SnQ gas sensors [9]. 

ISO 

120 

I 90 

i 60 

30 

0 . 
0 50 100 150 200 

time (s) 

Fig. 6.6: A 50% methanol exposure with two different carrier 

gases. 

Post-extraction of parameters 

As expected from theory (equation (6.5) & (6.6)), the fitted values of 

A/(\+K) and k obtained from the various response peaks of different 

crystals (Fig. 6.2, Fig. 6.3 and Fig. 6.5) are gas concentration dependent. 

In Fig. 6.7 and Fig. 6.8 the parameters obtained from the various fits are 

presented as a function of vapour concentration. 
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2 3 4 5 
vapour concentration (mmol/1) 

Fig. 6.7: The fitted amplitude of the vapour response. 

After the substitution of K according to equation (6.5), the data points in 

Fig. 6.7 were fitted to the term A/(l+K) from equation (6.11). 
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Fig. 6.8: The time constants of the sorption together with their 

fit to equation (6.6). 

The ratio kjka could also independently obtained from a fit of equation 

(6.6) to Fig. 6.8. The resulting values for A, the ratio kjkat together with 

the values of kj, which were obtained directly from the decay fits in Fig. 

6.2, Fig. 6.3 and Fig. 6.5 are collected in Table 6.2. Relatively large 

differences are observed for the parameter values obtained from different 

sources. This is likely to be due to the observed diffusion influences which 

are not taken into account in the model. 

129 



However, it can be observed that for both parameter sources, the thickness 

variation of the polymer film has the same influence on the obtained time 

constants, i.e. kj is roughly a factor 3 higher for the thinner film, ka is a 

factor 1.5 higher, to result in a k,/ka ratio which is a factor 2 higher for the 

thinner film, independent of the fitting method. 

Table 6.2: The sorption constants for the different vapours on the two crystals. 

Charge 
[mC] 

40 
40 

30 

vapour 

MeOH 

water 

MeOH 

kjka 

[mol/m3 ] 

from 
amplitude 

(Fig. 7) 

0.080 

0.24 

0.16 

from 
timing 
(Fig. 8) 

0.51 
0.49 
1.07 

ka 

[m3/s.mol] 

kd 

[Vs] 

from 
timing 
(Fig. 8) 

0.08 

0.14 

0.11 

0.042 

0.067 

0.122 

direct 
from 
decay 

0.010 

0.036 

0.035 

A 

[Hz] 

from 
amplitude 

(Fig. 7) 

207 
242 

135 

It is also important to notice that the obtained time constants (Fig. 6.8) are, 

for concentrations above 2 mmol/1, larger than 0.06 (=1/17 s), which 

would be the time constant if the response was restricted by mixing. This 

confirms the effectiveness of mounting the sensor directly behind the gas 

inlet of the flow chamber to limit the influence of mixing. 
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6.4 The model applied to chemo-
resistors 

6.4.1 Experimental 

Fitting experiments were performed on the series of bsa doped polypyrrole 

chemo-resistors of different thicknesses, similar to those described in 

section 3.5. The charge, taken as a measure for thickness, varied between 

2 and 7 mC. Also hexane sulfonate (hsa) and decane sulfonate (dsa) doped 

polypyrrole sensors (see section 3.6) were examined. All the sensors were 

exposed to 1 minute pulses of various concentrations of water and organic 

vapours, using the flow system. 

Fitting strategies 

The resulting transients consisting of the exposure and 2 minutes of the 

decay were normalised according to the standard procedure (section 1.1), 

and fitted to equation (6.13). Fits were performed with lumped parameters 

and directly with the substituted physical parameters (see section 6.2.6). 

The influence of 'drift compensation* (section6.2.3) was also examined. 

Soßware 

Curve fitting of the transient files was done using a fitting procedure 

written as a set of m-files for the MATLAB® environment. The Matlab 

internal minimisation procedure 'fmins', which uses a Nelder-Mead type 

simplex search method, was used to minimise the mean square error. The 

termination tolerance was set to le-10 for the parameters, and to le-15 for 

the function values. The maximum number of iterations was 10,000. The 

m-files specially written for this procedure are given in Appendix B. The 

post-extraction of the physical parameters from the lumped fitting results 

was performed by minimisation of the square error with the solver of 

Excel® 
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6.4.2 Water response of bsa doped ppy sensors 

Lumped parameters with and without 'drift compensation ' 

Fig. 6.9 shows the transients for the thinnest of the chemo-resistors 

(prepared with 2 mC) together with the lumped fits to equation (6.13). 

Except for the lowest concentration, were convergence was not obtained, a 

good fit between the experimental curve and the model was observed for 

the exposure part of the curve. For the decay part, the fit was less good. 

This is considered in the next section. 

The transients at lower concentrations show a slight time delay. This is 

inherent to the flow-system used to generate the different vapour 

concentrations, and was therefore observed for all vapours. The lower 

concentrations require a low flow rate through the sample bottle which 

causes a delay between the sample valve and the mixing point with the 

bypass flow (Fig. 2.3). No attempt to correct for this was made. 

0.25 T » 

-0.05 J 1 1 1 ! 1 
0 30 60 90 120 150 180 

time (S) 

Fig. 6.9: Water responses of a 2 mC bsa doped ppy film. Water 

concentrations between 0.13 and 1.3 mmolA with steps 

of 0.13 mmolA. The continuous curves are 

experimental data, the dotted curves are the fits 
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Drift compensation 

The poor fit of the decay part of the curve is believed to be caused by a 

drift component. A 'drift compensation' according to equation (6.9) was 

therefore introduced. Fig. 6.10 shows one of the transients from Fig. 6.9, 

together with fits according to equation (6.13) with and without drift 

compensation. As can be seen, the 'drift-compensation' leads to a better 

fit, especially on the decay part of the curve, and was employed during 

fitting of chemo-resistor data. 

0.65 mmol/l 

i, without 'drift compensation' 

time (s) 

Fig. 6.10; Evaluation of 'drift' compensation on a 0.65 mmol/l 

water responses of a 2 mC bsa doped ppy film. The 

continuous curve is experimental data, the dotted 

curves are the fits. 
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time (s) 

Fig. 6.11: Fits of the water responses of a 7 mC bsa doped ppy 

film with drift compensation. Water concentrations 

between 0.13 and 1.3 mmol/l with steps of 0.13 mmol/l. 

The continuous curves are experimental data, the 

dotted curves are the fits. 

Fig. 6.11 shows the experimental and fitted curves for a thicker polymer 

film, which displayed a slower but larger response. The fitting procedure 

was also performed on all the sensors with intermediate charges. The so 

obtained parameters are displayed graphically inFig. 6.12 and Fig. 6.13. 

Extraction of physical parameters 

The calculated fit parameters in Fig. 6.12 were used to extract the 

parameters B and k/ka which represent respectively the interaction 

strength and sorption dynamics. This was done by fitting Fig. 6.12a to die 

term B/( 1 +K) with equation (6.5) substituted for K. The so obtained values 

for B are presented Fig. 6.14a for the various thicknesses. The value for 

k^ka is presented in the curve labelled 'amplitude' inFig. 6.14b. 

134 



Response modelling 
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Fig. 6.12: Graph of the fitted amplitude and time constants as a 

function of the vapour concentration. The crosses 

correspond to fitted data of different film thicknesses. 

The corresponding deposition charge in mC is plotted 

on the graph. Together with this data, fits to 

respectively B/(l+K) and equation (6.6) are shown in 

the graph a) and b) respectively. 
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X5irc 
x6mC 
+ 7mC 

0 0.5 1 1.5 
water cone, (mmol/l) 

Fig. 6.13: Graph of kj values as a function of the vapour 

concentration. The corresponding sensor deposition 

charge in mC is given in the legend. 

Fig. 6.12b was fitted to equation (6.6) to result in values of kj and ka. Their 

ratio, labelled with 'raise', is also plotted in Fig. 6.14b. The last curve 

labelled 'decay* in Fig. 6.14b represents the k/ka ratio for kj values 

obtained from the decay part as presented in Fig. 6.13. The values 

estimated from these curves were divided by Jk0 values obtained from the 

fits to Fig. 6.12b. 
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deposition charge (mC) deposition cherge (mC) 

Fig. 6.14: Obtained physical parameters from the fit to Fig. 6.12. 

See text for the origin of the various curves. The data 

obtained with drift compensation are marked with X 

signs and the results without drift compensation are 

marked with + signs. 

Also shown in Fig. 6.14 are regression lines to the various data points 

obtained from Fig. 6.12 and Fig. 6.13. Due to the larger response of the 

thicker films, the variable B rises with increasing thickness. This implies a 

bulk response with a relatively small contribution of surface effects [23]. 

The kf/ka ratio, which differs depending on the way it was obtained, is for 

all these methods rather thickness independent. 

As for the QCM measurements, the differences in data obtained from the 

different parameters is believed to be mainly due to the influence of 

diffusion on the sorption process. This is confirmed by the fact that in Fig. 

6.14b the difference between the data obtained in the different ways does 

decrease for thinner films, which obviously suffer from less diffusion 

limitation than the thicker films. 

The mixing behaviour of the sensor cell is another factor which may cause 

deviating behaviour. At a flow rate of 1 1/min, the sensor cell with a 

volume of 32 ml has a time constant of 2 s. This is only one order of 

magnitude higher than the de-sorption time, which is approximately 25 s, 

and can therefore not be fully neglected. 

All kd values extracted from the constant k were found to be negative, 

which has no physical sense. The resulting 'raise' curve in Fig. 6.14b can 

therefore be omitted, and me physical kjka ratio is therefore expected to 
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be between the values observed from the 'amplitude' and 'decay' curve in 

Fig. 6.14b. This results in an estimated value between 0.2 and 0.5. This 

corresponds well with the values obtained with the QCM (Table 6.2). 

The influence of 'drift compensation' on the obtained parameters. 

The same parameter extraction with figures similar to those presented in 

Fig. 6.12 and Fig. 6.13 was also performed on the fitted data without 'drift 

compensation'. The so obtained parameter values were very similar to the 

values obtained with drift compensation. Where different, they were 

marked in Fig. 6.14. 

From the good similarity it can be concluded that the extra degree of 

freedom in the fit of the transient curves does not result in degraded fitting 

parameters. To the contrary, because of the much better transient fits, the 

method with drift compensation can be considered superior. 

Direct fits 

The parameters kj, ka, B and a, can also be fitted directly to the transient 

curves. With a few exceptions, especially at low concentrations, this 

resulted in similar curves to the ones shown in Fig. 6.10. This is expected, 

because the curve shape of the two mathematical expressions is exactly the 

same. The small differences which were observed at lower concentrations 

are likely to be caused by local minima, or rounding errors in the end 

condition. The ending criterion is an absolute error, and since K and k are 

larger than kd and ka this results in a larger relative error for the direct fits. 
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Evaluation of parameters from 'direct fits' 

The parameters obtained by direct fitting to the concentration curves, as in 

Fig. 6.10 and Fig. 6.11, are collected in Fig. 6.15 and Fig. 6.16. The 

obtained values for B do agree with the values in Fig. 6.14. The kä values 

with exception of the lowest concentration values do agree withFig. 6,13. 
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Fig. 6.15: Fitted values of B an kjas a function of film thickness 

at different water concentrations. The regression line 

for the highest concentration is also shown. 

The ka -[Gas] curves of Fig. 6.16 do not go through the origin. This is 

likely to be related to the mixing properties in the sensor chamber, which 

results in a lower time constant than in case of a step-wise gas 

concentration. The obtained parameters do however fall an a straight line, 

the obtained slopes are presented in Fig. 6.16b. They are somewhat 

concentration dependent, but considering a kd value of approximately 0.04 

(Fig. 6.15b) this results in k</ka values between 0.2 and 0.4 which is in 

good agreement with the lumped fitting values inFig. 6.14. 
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Fig. 6.16: Fitted values for ke[Gas](a) and the extracted values 

for ka. (b), obtained with direct fits. 

All estimated numerical values, together with those from the lumped fits, 

are collected in Table 6.3. It can be observed that the direct fits result in a 

lower value for ka which occurs together with a lower B value. This can be 

explained by mixing and diffusion, resulting in apparent ka and kd values 

which are lower than their physical values. 

Table 6.3: Overview of the water sorption parameters of bsa doped ppy. For 
the various k values an estimated range is given. The B values were 
found to be charge dependent. The estimated formula is given. 

fitting 
strategy 

Lumped 

Direct 

B 

0.17+0.06*charge 

0.11+0.06*charge 

K 
[m3/s.mol] 

kd 

[1/s] 

timing 
values 

0.1-0.2 

0.08-0.18 

0.03-0.05 

0.03-0.05 

kdfoa 

[mol/m3] 

amplitude 
values 

0.6 

Diffusion and mixing will however not influence the equilibrium value (the 

plateau) of the response. The amplitude of the exponential curve which is 

presented by the lumped variable B/(l+K) (equation 6.13) is therefore a 

more accurate parameter than k<j, ka and B obtained from the direct fits, 

because these are influenced by the time constant. The values for kjka and 

B can later be derived from the B/(I+K) values over the concentration 

gradient. This does however only give a reliable value for the ratio kjka, 

and not for the individual values. 
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6.4.3 Methanol response of bsa doped ppy sensors 

The fitting procedure with 'drift compensation' was also performed on 

methanol transients recorded at various concentrations. The results for 

chemo-resistors prepared with a charge of 2mC are presented in Fig. 6.17. 

0.45 T , 

0 30 60 90 120 150 180 

timo (a) 

Fig. 6.17: Fits of the methanol responses of a 2 mC bsa doped 

ppy film with drift compensation. The concentration 

step size is 0.68 mmolA. 

It can be clearly seen that the methanol responses are much slower than 

the water responses (Fig. 6.10). So slow that for the sensors with a 

polymer layer of more than 3 mC the saturation value could not be 

determined. However, the transients can in this case still be described well 

by the model. This is illustrated for a 7 mC film in Fig. 6.18. Contrary to 

the water response, there is in case of methanol a tendency to smaller 

response amplitudes for thicker films. This might be related to the fact that 

equilibrium is not reached within the 1 minute exposure. 
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180 

Fig. 6.18: Fits of the methanol responses of a 7 mC bsa doped 

ppy film with drift compensation. The vapour 

concentration for the various curves steps up with 10 

steps of 0.68 mmol/l starting from 0.68 mmol/l. 

The fitted parameters from Fig. 6.17, Fig. 6.18 and similar curves obtained 

for other sensors with intermediate deposition charges, are collected in Fig. 

6.19 and Fig. 6.20. 
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Fig. 6.19: Graph of the fitted amplitude - and de-sorption time 

constants as a function of the vapour concentration. 

The deposition charge is given in the legend. For the 

2 mCfilm, the fit is presented in Fig. a). 
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With the exception of the chemo-resistors with the 2 and 3 mC films, no 

trend can be observed in the Bf(I +K) plots (Fig. 6.19a), and consequently 

the fitted parameters can not be used for the extraction of the physical 

parameters B and kdfka. The lack of a plateau value in the response does 

apparently cause a lot of freedom for the parameters, which results in 

inaccurate values. 

The k values for the thinner films follow a straight line which allows for 

the estimation of ka (Fig. 6.20a). For the thicker films, the values are very 

small, and there is no obvious pattern (Fig. 6.20b). The estimated response 

parameters for methanol in the 2 mC bsa doped ppy films are collected in 

Table 6.4. 
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methanol cone, (mmolfl) methanol cone, (tnmol/1) 

Fig. 6.20: The fitted time constants as a function of vapour 

concentration for various thicknesses of polymer films. 

The deposition charge corresponding to the different 

curves is given in the legend. 

The methanol responses were also fitted with the 'direct fit' method. 

However this does give less accurate results then the 'lumped' fits, and is 

not shown. 

6.4.4 Other vapours and other sensor materials 

To investigate the general utility of the model, it was fiirther tested with 

several vapours and differently doped polymers. The tested vapours, which 

were pyrrole, aniline, tripropylamine and ethanol, were chosen since they 

represent a range of chemical functionalities. 
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Figure 6.21 - Fig. 6.24 illustrate these measurements with a hsa doped ppy 

sensor. 

time (B) 

Fig. 6.21: The response of a hsa doped ppy sensor to pyrrole 

vapour. Concentrations between 0.044 and 0.44 

mmoiA with steps of 0.044 mmoIA. 

0.02 

0.016 • 

0.012 

~ 0.008 

0.004' 

Fig. 6.22: The response of a hsa doped ppy sensor to 

tripropylamine vapour. Concentrations between 0.02 

and 0.2 mmol/l with steps of 0.02 mtnolfl. 

143 



For pyrrole and tripropylamine, the responses and die corresponding fits 

look almost ideal. For aniline and ethanol vapours there are some recovery 

problems. The response was observed to undershoot, especially at the 

higher concentrations. 

0.016 

time (s) 

Fig. 6.23: The response of a hsa doped ppy sensor to various 

concentrations of aniline vapour. 

tttne (a) 

Fig. 6.24: The response of a hsa doped ppy sensor to various 

concentrations of ethanol vapour. 
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Where possible, the parameter values for the different vapours and 

polymers were estimated from lumped fits to the responses. The k_ values 

were taken from the decay curves, the ka values from the slope of the time 

constant as a function of concentration. The parameters are collected in 

Table 6.4. 

It can be observed that for all sensors and all vapours, the kj values are 

rather similar. This is related to the mechanism of sorption. De-sorption is 

largely thermally activated [24], and the required energy to free the vapour 

molecule from the polymer is, due to apparently rather similar interactions 

between the different vapours and the polymer, similar for all the vapours. 

The sorption rate shows much more variation between the different 

vapours and polymers, because parameters like sorbate mass and the 

number of sites, which can differ considerably for the different vapours 

and polymers, are involved (see also section 6.6). 

Table 6,4: Overview of the estimated sorption parameters. 

Vapour 

Water 

Methanol 

Pyrrole 

Aniline 

Tripropylamine 

Ethanol 

B 
k„ [rnVs.moll 
h, [1/s] 
B 
ka [mVs.mol] 
k_ [1/s] 
B 
ka [mVs.mol] 
k„ [1/s] 
B 
ka [mVs.moll 
Ic0 [1/s] 
B 
ka [nvVs.mol] 
k_ [1/s] 
B 
k„ [mVs.mol] 
k_ [1/s] 

bsa 
(2mC) 

0.25 
0.15 
0.04 
0.6 
0.01 
0.04 

hsa 

0.28 
5 
0.04 
0.73 
0.05 
0.015 
0.20 
0.1 
0.04 
0.016 
2 
0.03 
0.021 
0.2 
0.02 

dsa 

0.2 
3.5 
0.04 
1.07 
0.38 
0.05 
0.082 
0.06 
0.035 
0.004 
1 
0.04 

0.03 
0.02 
0.04 
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6.4.5 Discussion 

Depending on the vapour and the sensor type, different fitting agreements 

were obtained for the different methods. The best results for all fitting 

methods were obtained for water vapour. This is believed to be related to 

the small size and the polar character of the molecule which causes a fast 

diffusion and a strong interaction with the polymer. 

The lumped fitting method, in which the two lumped parameters according 

to equation (6.5) and (6.6) rather then directly the physical parameters 

were fitted, proved to function better because it is more robust against the 

influences of diffusion. The extraction of the physical parameters can in 

this case be obtained by post-extraction from the lumped parameters over 

a range of concentrations. 

In order to obtain a successful fit, it is desirable to continue the vapour 

exposure until an equilibrium value is reached. An additional linear drift 

correction was found to greatly enhance agreement between theory and 

experiment. 
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6.5 Two-phase responses 
6.5.1 Introduction 

Various polymer materials were found to exhibit two-phasic responses to 

certain vapour mixtures [25]. This section will examine to what extent the 

previous model can be adapted to allow the description of these responses. 

The modelling of more complicated response curves may be performed by 

a model with two exponential components [1,26]. In this section the two 

exponentials are assumed to be independently occurring Langmuir sorption 

curves, i.e. two species are assumed to sorb and interact completely 

independently. 

6.5.2 Experimental 

Measurements 

In this case, the examined sensors were teatfb doped polypyrrole chemo-

resistors (see section 3.2.3). The sensors were mounted in the flow system, 

and exposed to the vapour generated from various dilutions of aqueous 

methanol between 0 and 50%. The carrier humidity was kept at 30% by 

means of a wash bottle with a sat. CaC^ solution. The flow rate was 0.5 

1/min and the exposure period was 1 minute. 

The vapour concentration of water and methanol resulting from the 

different solutions was calculated from equation (ALIO) in appendix A. 

Fitting procedure 

The normalised response was fitted to two superimposed exponential 

curves (6.13) resulting in equation (6.14). The subscript w stands for 

water, m for methanol. The variables k and K consist of the individual 

parameters kd and ka according to equation (6.5) and (6.6). 
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The six parameters (kd, K, and B for both water and methanol) were fitted 

directly to equation (6.14) using the Excel Solver. For this purpose the 

errors of the six transient curves were taken together to result in one error 

term. Because of the large freedom in the fit (6 parameters) which result in 

many local minima, the fit had to be started close to the end-point. 

For this purpose, the response curve of water alone was first fitted to 

estimated the values of the water related parameters. Then the 3 methanol 

parameters were fitted to all data. Finally all 6 parameters were fitted to 

minimise the total error using the previously obtained values as starting 

values. 

6.5.3 Results and discussion. 

Fig. 6.25 shows the response curves obtained from the exposures to the 

different mixtures along with the fits to equation (6.14). A good agreement 

between the experimental and the fitted curve was observed, especially at 

the lower methanol concentrations. 
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water 10% methanol 

lime (s) 

200 300 4 0 

lime (a) 

20% methanol 30% methanol 

time (s) time (s) 

40% methanol 

time (s) 

+ 0 

50% methanol 

time (a) 

Fig. 6.25: Responses and simulations of a teatfb doped 

polypyrrole sensor to different alcohol concentrations. 

The thick line corresponds to the experimental data, 

the thin line is the fit. Note that the scale on the y-axis 

is not the same for all graphs, 
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Deviation for the higher methanol concentrations might be related to 

interaction between water and methanol. The superimposition of the two 

experimental curves assumes that the two vapours do fully independently 

sorb and interact with the polymer. For the lower methanol concentrations, 

where the site occupation ratio is relatively low, this assumption is 

probably in better agreement with reality than for the higher 

concentrations. 

Table 6.5: The fitted parameters for the aqueous methanol solutions. 

ka tm3/s.moQ 

M ]/s] 

B 

water 

0.002 

0.026 

-2.76 

methanol 

0.014 

0.0115 

0.20 

The parameters obtained with the fit are summarised in Table 6.5. Because 

this is a different sensor type from the sensors used in previous paragraph, 

care must be taken with the comparison of the data in this table to that in 

Table 6.4. It can however be observed that the obtained parameters for 

methanol do largely agree with the methanol values of the bsa doped 

polypyrrole sensor. However, the water responses are contrary to all the 

sensors in Table 6.5 negative. Furthermore the ka value obtained here is 

smaller for water then for methanol whereas ka values in Table 6.4 were 

for all polymers larger for water then for methanol. 
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6.6 Studying kinetics by temperature 
ramping 

6.6.1 Introduction 

During the modelling using the Langmuir isotherm at the beginning of this 
chapter, isothermal conditions were assumed. The sorption behaviour of 
gases in solids however, is temperature dependent [17,24]. This section 
reports experiments made to examine this temperature dependence. 

6.6.2 Theory [24] 

Assuming attractive forces between the vapour and the polymer, the 
desorption is related to the average time x during which the gas molecules 
stay at the interface between the solid and gaseous phases. This depends 
on the ratio of the interaction energy Q between the solid and the absorbed 
gas, and the thermal energy of the gas molecule, according to equation 
(6.15). The variable R is the gas constant, T0 is the molecular vibration 
time. 

Q_ 

T = V e * 7 (6-15) 

The de-sorption constant kd is inversely proportional to this value, so the 
temperature dependency of the backward sorption relation can be 
described by (6.16). 

1 -± 
kd= — -e RT (6.16) 
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The sorption constant ka depends on the number of impacts of volatile gas 

molecules on the solid according to equation (6.17), which is defined by 

the kinetic gas theory [13,24]. 

Nn& 

<T°: 

N0: 
M: 

"" (InMRTf 

site area 

number of sites 

sorbate mass 

[m2] 

[kg/mole] 

(6.17) 

6.6.3 Experimental 

To examine the influence of temperature on the behaviour of bsa doped 

ppy, the sensors were mounted in a thermostatted flow cell (Fig. 6.26). 

This flow cell replaced the sensor chamber of the IMT electronic nose 

(Fig. 2.3). This set up does not allow the temperature to be exactly 

controlled, because the gas stream is not at the same temperature as the 

cell wall. To correct for this, a temperature sensor was mounted in the 

flow chamber. 

vapour 

chcmo-
resistors 

temperature 
sensor 

I Temperature I 
I controller I 

Fig. 6.26: Experimental set-up for vapour exposures at various 

temperatures. 
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The vapour generating part of the system was operated at ambient 

temperature. Concentrations were kept low to prevent condensation of the 

vapour in the cool areas of the sensor chamber. Various water 

concentrations were obtained from a saturated CaCl2 solution in a wash 

bottle at 25°C. The resulting air was diluted with dry air from 10% to 

100% to give vapour containing water concentrations between 0.04 and 

0.4 mmol/1. The concentration change due to the temperature difference 

between the sensors chamber and the sample generation was compensated 

for with the gas-law (equation A1.1 ). 

The flow was 1.0 1/min, since the flow cell had a 2 di volume, this should 

be low enough for a minimal influence of the carrier gas on the 

temperature in the chamber. 

6.6.4 Results and discussion 

The different response amplitudes at different temperatures are presented 

in Fig. 6.27. It is clearly observed that the sensor responses decreases with 

temperature. This can be explained by increase de-sorption at elevated 

temperatures leading to a lower amount of sorbed gas and a lower 

response [27]. 

O 0.1 0.2 0.3 0.4 0.5 
water concentration (mmolfl) 

Fig. 6.27: Sensor responses as a function of water concentration. 

The temperatures in 0C are given above the curves. 
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Another possible origin of the lower response at elevated temperatures 

might be a change in vapour - polymer interaction. At higher temperatures, 

the polymers become intrinsically more conducting (see also section 4.6). 

This might cause a lower vapour sensitivity of the polymer conductivity. 

Since there is to the author's knowledge no mention of such effects in 

literature, sorption phenomena are here expected to be the origin of the 

temperature dependency. 
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6.7 Conclusions 

This chapter has demonstrated that for most vapours the transient 

behaviour of conducting polymer chemo-resistors can be successfully 

described by a simple sorption based model. As described at the beginning 

of this chapter, the vapour response of the conducting polymer is likely to 

be the result of several mechanisms, and this is perhaps me reason for the 

limited accuracy of the so obtained fitting parameters. It was particularly 

noticeable that water gave the best fit, perhaps due to its small size, 

leading to fast diffusion in the polymer. 

From the QCM measurements, and the temperature dependence of the 

vapour response, it is clear that sorption is a dominating mechanism in the 

transient behaviour of a chemo-resistor. This explains the observed 

influence of for example film thickness in chapter 3, and can be used for 

new designs of chemo-resistors. 

The de-sorption parameter kj was found to be very similar in all cases. 

This would suggest that the interaction between the vapour and the 

polymer was similar in all the cases. In contrast the sorption parameter kc 

was found to be much more variable. 

Extending the model to simple mixtures in which the two components 

were found to interact independently was found to work only at low 

concentration of one of the components, presumably since under these 

conditions the interaction between the components was minimised. 
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7 Dielectric sensors 
7.1 Introduction 
7.1.1 General 

Although dielectric sensors are mostly used for measuring humidity [1,2], 

there is also a series of papers which discusses their application for the 

measurement of organic vapours [3-7], They can therefore also be 

interesting for application in electronic nose systems. Advantages include 

the ease of integration with electronics on a single chip [8], and the large 

variety of polymers, available to modify its selectivity [3,9,1O]. This 

chapter examines the feasibility of the application of the IDA structures 

used throughout this thesis, for dielectric gas measurements. 

7.1.2 Outline 

Section 2 of this chapter gives theoretical consideration of the IDA 

capacity. The capacities of the different part of the structure will be 

calculated and summarised, and the influence of ohmic conduction and 

dielectric loss will be discussed. Section 3 describes impedance 

measurements over the complete frequency range. Section 4 demonstrates 

practical capacitive vapour measurements with simple interface 

electronics. 
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7.2 Theory 
7.2.1 General 

The capacity of an isolated conducting body is the ratio of the electric 

charge that must be added to the body per unit increase in its potential 

[H]. A parallel plate capacitor (Fig. 7.1) is the most simple capacitor 

configuration. 

Fig. 7.1: A parallel plate capacitor. 

When boundary effects are neglected by taking A»d, its capacity is given 

by equation (7.1). For all types of more complicated electrode 

configurations the capacity can be obtained by integrating the electrode 

distance over their surface area in a suitable co-ordinate system. 

C = e0zr~ (7.1) 
a 

The equivalent capacity of two parallel capacitors is calculated by 

summarising the contribution from the individual capacitors. This relation 

can conveniently be used for calculation of the capacity of a complex 

structure. The structure can simply be split up in different parts, which can 

be added up to calculate the total capacity. 
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7.2.2 Planar interdigitated capacitors 

The capacity of the IDA structures can be split up in two main parts (Fig. 

7.2). One on top of the electrodes through the air, and one under the 

electrodes through the substrate. The first one is the actual sensing 

capacity, the second will remain constant. 

A third contribution can appear if a significantly thick dielectric layer, i.e. 

a polymer [3] or a significantly thick inert passivation layer [1] is applied 

on top of the electrodes. Because solids have a dielectric constant of at 

least two orders of magnitude larger then gases, this contribution can be 

quite significant. 

Fig. 7.2: A section of the planar capacitor with the two 

contributions to the capacity. The black areas are the 

metal electrodes. 

For an interdigitated set of electrodes without passivation, the capacity per 

unit length [3] of electrode is given by (7.2). 

K 

Clii + C2rr — Er, • 

* ] 
(7.2) 
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O ^l-k2 sin2 (x) 

Where b is the cell length, and a is the electrode spacing (Fig. 7.2). In the 

case of the 2 urn spaced IDAs used, b and a are 4 ujn and 2 fim 

respectively. K[k] is the elliptic integral of the first kind according to 

equation (7.3). An eventually present additional passivation layer with a 

thickness h will result in an additional 3rd part of unit capacity according to 

(7.4). 

C % = e 0 e r - (7.4) 
a 

To obtain the total capacity C of the interdigitated structure the unit 

capacity C^=Cl(/+C2(y+C3t/ has to be multiplied with the number of 

fingersNminus one, and their length/ according to (7.5). 

C = (N-\)-lCv (7.5) 

Substrate capacity 

Initial experiments were performed on readily available IDA structures on 

a silicon substrates, which are conducting. This makes the contribution of 

the second part (Fig. 7.2) different. The substrate capacity will in this case 

not exist of the capacity between two electrodes, but of half the capacity 

between 1 electrode and the substrate according to equation (7.1). 

7.2.3 Theoretical capacity of IDAs 

The different contributions to the total capacity of an IDA with 2 urn wide 

electrodes with 2 u.m spacing [12] were calculated and are summarised in 

Table 7.1. The substrate capacity of silicon was obtained from equation 
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(7.1) by substituting a nitride thickness of 200 nm and an electrode area of 

1.25 mm2 (including connection leads). The contribution of the capacity 

through the air, or through glass is calculated with equation (7.2). 

Table 7.1: The different contributions to the IDA capacity 

Geometric part of the structure 

elliptic integral through air 

elliptic integral through glass $,=5) 

substrate capacity (silicon with 

nitride (£,=8) passivation) 

Capacity contribution (pF) 

1.4 
7.0 

221 

The total capacitance of such a structure can, dependent on whether the 

substrate is glass or silicon, be calculated by addition of the value from the 

first row together to that on the second or third row respectively. 

7.2.4 Dielectric loss and surface conductivity 

A change in gaseous environment will not give a pure dielectric effect for 

two reasons. Firstly no dielectric is ideal. There will always be a certain 

charge loss which is represented by the loss angle [5,11], which results in 

a frequency dependent dielectric according to (7.6). 

ec = £ - y ° (7.6) 
CO 

Secondly, the surface absorbed vapour will form a conductive layer on the 

electrodes [I]. This results in an increase of apparent dielectric loss of 

planar capacitors (equation 7.6). From impedance curves, the two 

phenomena cannot be distinguished, and they will in this chapter therefore 

be taken together. 
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7.3 Impedance measurements on IDA 
structures 

7.3.1 Introduction 

An ideal capacitor has a frequency independent capacity. However, due to 

the dielectric loss and the surface conduction, the IDA based vapour 

sensor will not be an ideal capacitor. The measured characteristics of the 

device will be frequency dependent. This section will demonstrate this 

effect with impedance measurements over a wide frequency range. 

7.3.2 Experimental 

The impedance measurements were performed with a HP 4194A 

Impedance Analyser. The sensors were directly connected to a set of 

HP16048C test wires, and the frequency was scanned between 100 Hz and 

40MHz. 

Vapour samples were generated with a 25 ml beaker filled with 5 ml 

solvent and sealed with parafilm®. They were left at ambient temperature 

for at least 10 minutes to equilibrate. The sensors were exposed by 

inserting them in the headspace in the beaker, through a small hole in the 

parafilm®. 

The impedance characteristics of an IDA were also defined whilst the 

sensor was dipped demineralised water. 

73.3 Results and discussion 

Fig. 7.3 shows the Nyquist plots for a 2 pm Au IDA under different 

conditions. Note that die instrument plots the imaginary axis negatively. 

The polar plots were independent of the oscillation amplitude between 0.5 

V and 50 mV. At low frequencies a large phase noise is observed. 
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In ambient air, the real component is frequency independent and the 

imaginary component decreases with increasing frequency. In this case the 

structure behaves purely like a capacity. When exposed to vapours or 

liquid water, the polar plot becomes more complex. For liquid water, a 

semi-circle can be distinguished, which corresponds to a capacitance with 

a parallel resistance [13]. For the case of water and methanol vapour, the 

semi-circles can to some extent also be observed. This is believed to be 

due to a combination of dielectric loss and surface conductivity as 

described in previous section. 

These measurements show that under vapour exposure, the capacity is 

frequency dependent up to frequencies as high as 40 MHz. Measured 

capacity changes therefore have to be interpreted with great care. 
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Fig. 7.3: Nyquist plots for a 2 fJm Au IDA under different 

conditions, a) in lab air b) in demineralised water, c) 

in ethanol vapour d) in water vapour. The imaginary 

axis is plotted in the negative direction. 

The impedance analyser was also used to measure the real capacity of the 

sensors in dry air (similar to section 4.2). This resulted in a capacity of 212 

pF, which is in good agreement (5%) with the calculated value presented 

in Table 7.1. 
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7.4 Towards practical application 
7.4.1 Introduction 

For an eventual application of dielectric sensors in an electronic nose, the 

interface electronics is a critical issue. The interface needs to be simple, 

reliable and multiple of these need to be operated in parallel. 

This section evaluates 2 possible solutions. The simplest is an oscillator, 

which frequency is determined by the required time to charge and 

discharge the sensing capacitor. The second is an Amplitude Modulator 

(AM), which measures the impedance of the sensor. 

7.4.2 Theoretical 

Oscillator 

An op-amp can in combination with three resistors and a capacitor be used 

to build an oscillating circuit (Fig. 7.4). The capacitor C is loaded through 

resistor R3 until its potential equals the potential on the positive entry of 

the op-amp. At that moment, the op-amp switches the sign of its output 

potential. Consequently the capacitor is unloaded and loaded in the inverse 

direction, until it reaches again half the output, then the op-amp switches 

back. The process then starts from the beginning. The resulting output 

potential of the op-amp is a square wave which frequency is defined by the 

capacity. 

-T 

Fig. 7.4: An astable multivibrator with an oscillation frequency 

proportional to C. 
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In case Ri=Ri and an ideal op-amp, the oscillation frequency of the circuit 
is given by equation (7.7). Which allows the capacity to be calculated from 
(7.8). 

/ = - (7.7) 
2-Ä3-Cln(3) 

C = ! (7.8) 
2-In(S)-A3'/ 

The capacity change due to the vapour interaction can be calculated by 
normalisation with the baseline signal according to (7.9) which can be 
rearranged to (7.10). 

AC = ! ? (7.9) 
2.1n(3)-Ä3-/ 2-ln(3)-/?3-/0 

AC = &—£ (7.10) 
2-InO)-A3-Z0-/ 

The oscillator circuit has in the past successfully been used in combination 
with capacitive pressure sensors [14,15]. Advantages include the simple 
operation and the digital output signal, which eliminates the need for 
analogue signal processing. 
Depending on the size of the to be measured capacitance changes, the 
base-line frequency can change quite significant, which can be 
disadvantageous for frequency dependent detectors. Another disadvantage 
is the rather high potential the sensor has to be exposed to for proper 
functioning of the op-amp. 
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AM modulator 

Capacity measurements can be performed with a very high accuracy with 

an AM modulator (Fig. 7.5). This has prevìously^been demonstrated with 

an accelerometer by Letters [16]. For capacitive pressure sensors [14] this 

measurement strategy resulted in a better signal to noise ratio then the 

previously described oscillators. 

The impedance of the sensor was used to modulate the amplitude of an AC 

signal from a function generator. The Op-Amp is used for a virtual earth 

connection of the output terminal of the sensor and the amplification. This 

set-up is particularly advantageous, because the virtual earth connection 

eliminates the influence of the wire capacitance, which can be quite 

significant compared to the small sensor capacitance (Table 7.1). 

Zfeedback 

Sensor 

* -15V 

Fig. 7.5; The AM modulator for capacity measurements. 

The output of the Op-Amp which is an AC signal with an amplitude 

proportional to the impedance of the sensor Zensor is given by (7.11). The 

variable V is the amplitude of the applied sine wave. 

" « = V - ^ S S = S . (7.11) 
^ sensor 

When this sensor is assumed to be purely capacitive according to (7.12), 

the apparent capacity can be calculated from (7.13) which is obtained by 

rearranging the substitution of (7.12) in (7.11). 

Out 
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^sensor ~ . _ (7.12) 
J(OC 

AV 
AC = ^ ^ (7.13) 

V-J<°mZfeedback 

Advantages of this circuit include a freely adaptable measurement 

amplitude, a constant characterisation frequency and a sine wave potential 

on the sensor, which makes it easier to interpret combined resistive and 

capacitive effects. A disadvantage of the circuit is the need for off-set 

regulation. The feedback has to be adapted to every sensor, with a trimmer 

or a potentiometer, to avoid clipping of the op-amp. 

7.4.3 Experimental 

Oscillator 

The oscillator circuit was constructed around an LF356 operational 

amplifier with R1-R2=W kQ. The charging resistor Z?3 was chosen 10 Hi 

or 100 kQ dependent on the desired characterisation frequency. To 

minimise the influence of parasitic capacities, all the components were 

soldered as close to each other as possible. The circuit was operated with 

a power supply of -2.0 and +2.0 V. The resulting square wave at the 

output of the op-amp was monitored on an HP 54600A oscilloscope and 

proved to have an amplitude of 1.0 V. This means that the sensor is 

exposed to voltages up to 0.5 V. 

The circuit was realised in threefold to allow for the simultaneous 

characterisation of 3 sensors. The 3 frequencies were measured with a 

HP5335A 2 channel counter and a HP34401A multimeter, both connected 

to a PC over an HP-IB interface. The instruments were controlled by a 

virtual instrument running in the HP-VEE environment. The counters were 

all operated with a gate time of 0.5 s. 
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Without any external capacitor connected to the circuit, and a charging 

resistor of 100 kQ, this resulted in an oscillation frequency of 165 kHz due 

to parasitic capacity on the PCB. Connection of the standard flow cell, 

which adds a certain wire capacity, lowers this frequency to 

143 kHz. This corresponds to a parasitic capacity of 27.6 pF and a total 

capacity including the flow cell of 31.8 pF. 

AM-modulator 

The circuit shown in Fig. 7.5 was realised around an LF356 operational 

amplifier. The filter at the outlet consisted of a 10OnF capacitor and a 

10OkQ resistor to result in a cut-of frequency of 16 Hz. The function 

generator was operated at an amplitude of 10OmV, at frequencies between 

4 an 100 kHz. 

The feedback impedance in the original circuit of Lotters consisted of 

capacitor and a resistance in parallel, operated at a frequency well above 

the cut-off frequency of the two, so that the impedance is determined by 

the capacitor. The resistance is only required for stability of the feedback 

loop. 

This set-up, which results in a frequency independent amplification, was 

initially copied. Experiments were performed with a feedback impedance 

of 22pF//10M which results in a corner frequency is 725 Hz. The system 

was operated well above this frequency, so the capacity change can in this 

case be calculated from (7.14). 

AC = ^ = (7.14) 
V 

For later measurements with the sensors on glass substrates, having a low 

capacity, a 10 MQ simple resistor was taken as a feed-back. The output is 

in this case frequency dependent, and the capacitance changes were 

calculated from equation (7.13). 
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The output of the circuit was fed to a HPE1313A 16 bit scanning A/D 

converter. The scanner was read out with a virtual instrument written in 

HP-VEE. 

Flow system 

The different types of flow cells were connected in the standard flow 

system (Fig. 2.3) to allow the sensors to be exposed to a concentration 

range of different vapours. 

IDAs and coating 

Measurements were made with 2 u,m spaced uncovered Au IDAs. 

Platinum electrodes and coated structures were also tested to see how the 

electrode material or an additional coating influences the vapour response. 

Hexamethyldisilazane (HMDS) was applied on the structures by dipping 

the structures in pure HMDS and drying them in laboratory air, Solutions 

of 3 and 30 mg/ml PVC in tetrahydrofurane (THF) were prepared with 

high molecular weight PVC (Fluka 81392). With a micro-pipette 10 JiI of 

these solutions were dispensed on the substrates as well on glass 

microscope plates, for a visual inspection of the so obtained layer. The 

structures were dried in laboratory air-

7.4.4 Results and discussion 

Oscillator 

With a 2 um IDA on a silicon substrate, and a feedback resistance of 100 

kß, the circuit oscillates at a frequency of 18 kHz. According to equation 

(7.8), this corresponds to a total capacity of 252 pF. When the wire and 

component capacitance (section 7.4.3) of 30 pF is subtracted, a very good 

agreement with the calculations of 222.4 pF in Table 7.1 is obtained. 
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The dielectric sensors gave a fast and reproducible responses to different 

vapours. Fig. 7.6 shows a typical response curve obtained for exposure to 

saturated water vapour. For lower concentrations and other vapours, 

similarly shaped responses were obtained. Compared to previously 

presented conducting polymer response curves, especially the fast 

response followed by an even faster recovery are attractive features of this 

sensor type. 

35000 j -

30000 
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10000 
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Fig. 7.6: Transient water response. 

The relative dielectric constant of liquid water is 78.5. The measured 

capacity does, compared to the baseline of 222.4 pF, change with a factor 

100 though. This means that the large apparent capacity change 

represented in Fig. 7.6 cannot be purely caused by a change in dielectric 

constant of the vapour according to equation (7.1). Even if water 

condenses on the sensor surface, the capacity can change only with a 

factor 78. 

This larger response is caused by the change of the characterisation 

frequency to values as low as 150 Hz during the vapour exposure. This 

low frequency causes a relatively important ohmic part in the measured 

capacitance (equation 7,6), which causes a leakage current whilst charging 

the resistor making the capacitor look larger then it actually is. 

Although the response is not only the consequence of capacitance change, 

a calibration curve with apparent capacitance changes was obtained. Fig. 

7.7 shows 5 consecutive responses of an 2 \xm gold IDA to a range of 
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concentrations of methanol and water. Note the logarithmic scale of the 

sensory response. A very good reproducibility is observed for 

concentrations above 0.1 mmol/1. For lower vapour concentrations die 

signal disappears in the noise. 

1.0EtOS 
1.OEtO-* 
1.0&03 

water concentration (mmol/1) methanol concentration (mmol/1) 

Fig. 7.7: Calibration curve water response of 5 repeated series 

of exposures. 

For intermediate concentrations of both vapours the sensor responds 

logarithmically. Above a certain concentration the slope does sharply 

increase and men follows about the original direction for even higher 

concentrations. The slope variations are, just like me very high responses, 

believed to be caused by the frequency dependence of the sensor. 

Calibration curves were also obtained at a higher base-line frequency. This 

was obtained by changing the 100 kQ charging resistor for a 10 kQ 

resistor. This resulted in a base-line frequency of 120 kHz. The experiment 

was simultaneously performed on three similar sensors. Fig. 7.8 shows the 

responses of 3 different sensors to water and methanol at the two different 

base-line frequencies. 

It can be seen that the increased sensitivity at higher concentration is for 

most of the sensors suppressed at the higher base-line frequency. This 

confirms that the high responses at higher concentrations are an artefact of 

the low frequency. A good reproducibility between sensors can 

furthermore be observed, especially at moderate vapour concentrations. 
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Fig. 7.8: Water and methanol response curve of 3 Au IDAs at 

two different frequencies. The base-line frequencies 

are marked in the plot. However, during exposures the 

frequency is considerably lower then this value. 

AM measurements 

A 2 firn Au IDA on a silicon substrate was characterised with the AM 

circuit with a feedback of 22pF//10MH at frequencies of 10OkHz and 4 

kHz. The response values after 60 seconds are presented in Fig. 7.9. 
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Fig. 7.9: Water responses of a 2 /JmAu IDA at 4 and J00 kHz. 

The resulting calibration curves were quite similar. Apart from some noise 

at low vapour concentrations, a straight line without any saturation at 

higher vapour concentrations was obtained. The characterisation at a 

constant frequency shows that the previously observed slope variations on 
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a logarithmic scale are indeed due to frequency changes, and that the 

sensor response is in fact logarithmic. 

The figure also shows that the AM circuit can be operated at a wide range 

of frequencies. The detection limit of the system however, is troublesome. 

This was mainly caused by the primitive set-up of the actual circuit. 

The same electric circuit was constructed fourfold in a more thorough way, 

with a metal shielding of the signal carrying part of the circuit. The new 

circuit was operated at 100 kHz. The high freqency allows to lower the 

feedback resistor to 100 kfì, whilst equation (7.14) remains valid. The 

shielded circuit with a lower impedance showed an improved noise 

behaviour. Results with this circuit are shown inFig. 7.10. 
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Fig. 7.10: Response of a 2 }Jm Au IDA with the shielded circuit to 

2 repeated series of exposures to water (left) and 

methanol (right). 

For the water response, the higher concentration points are not 

reproducible. This may be caused by an earlier reported hysteresis in the 

surface sorption [1], also observed in one of the sensors in Fig. 7.8. For 

methanol this is not observed. In contrary, for this vapour a reproducible 

response was obtained over the whole concentration range. 
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Glass structures 

The parallel resistance through the silicon substrate is believed to lower 

the detection limit considerably. Dielectric measurements were therefore 

also performed on IDAs fabricated on glass substrates. 

The capacity of IDAs on the glass structures was measured with the gain-

phase analyser as described in section 7.3 and proved to be 8.7 pF in good 

agreement with the calculations summarised inTable 7.1. 

The structures were characterised with the AM circuit. The small sensor 

capacitance in this case, needs a high impedance in the feedback loop, to 

keep a reasonable signal level. This means that the feedback capacitance 

should be smaller then 8 pF, which is impossible, because the parasitic 

capacity on the PCB is already higher then this value. The capacitive 

feedback was therefore removed, and a 10 MQ resistor was used as a 

feedback. The frequency had to be lowered to 45 kHz, to lower the 

influence of the parasitic capacitance on the PCB and get a reasonable 

output signal level. 

There was a cross-talk problem whilst using multiple AM circuits in 

parallel, and therefore only one set was used at a time. Cross talk can for 

future measurements easily be eliminated by constructing the interface 

circuits for the individual sensors on thoroughly shielded individual printed 

circuit boards. The sensor characteristics of the glass IDAs exposed to 

water and methanol are shown in Fig. 7.11. 
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Fig. 7.11: Capacity shifts of 2 fjtn Au IDAs for 3 repeated series 

of exposures to a) water and b) methanol. 

The electrode configuration of the IDAs on glass is identical to those on 

the silicon substrates. In consequence, the capacity changes obtained, are 

in good agreement with the results presented in Fig. 7.10. The lower 

parasitic capacity does however improve the signal to noise ratio 

considerably, which results in a good reproducibility between the three 

consecutive series of concentration. 

Sensor modification 

Although the presented sensory responses look promising, the responses 

for water and methanol do unfortunately look very similar. Gas sensors for 

electronic nose applications do not have to be 100% selective, but for a 

successful odour recognition, a certain amount of selectivity is required. 

The possibility of the modification of the sensor properties was therefore 

examined before further effort to improve the detection limit. 

The chemical state of the surface was modified with an HMDS treatment. 

This treatment of one of the sensors had no effect. It responded similar to 

hexanol, ethanol, water, methanol and acetonitrile vapour before and after 

the treatment. The HMDS may have no influence, or it may simply be 

washed of by one of the vapours it was exposed to. The exact cause was 

not further examined because the sensors need to be robust to have any 

practical application. 
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A sensor modification with PVC films was more successful. Fig. 7.12 

shows calibration curves for 4 different organic vapours detected with 3 

different sensors. The first is an untreated 2 urn gold IDA as previously 

used. The second is similar IDA with an additional PVC layer, and the last 

one is a 2u.m Pt IDA. 
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Fig. 7.12: Responses of different sensors to different organic 

vapours. Note the linear scale for the hexanol vapour. 

All the sensors respond very similar at low vapour concentrations. At 

higher vapour concentrations it can be observed that the PVC membrane 

suppresses the responses to all the tested vapours, except for the hexanol. 

This might be caused by the low vapour pressure of hexanol, which does 

not allow the concentration to be risen enough to see the response 

suppression. Furthermore it can be observed that there is no significant 

difference between gold and platinum electrodes. 
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Dielectric sensors 

7.5 Conclusions and outlook 

It was clearly demonstrated that the IDA structures are suitable for 

dielectric vapour measurements. Since the vapour detection is frequency 

dependent, the oscillator circuit has a limited performance in this 

application. However, the AM circuit, especially combined with the IDAs 

on a glass substrate, resulted in a system with a rather low detection limit. 

Furthermore a good reproducibility between sensors was observed. 

Selectivity of the sensors is poor, but an initial experiment with PVC 

showed that a polymer membrane can change the characteristics 

drastically. Since there is a wide range of polymer available for such 

surface modifications, it is believed that it should be possible to fabricate 

an array with a sufficiently high selectivity. 

A next step towards practical application will involve the application of 

polymer layers on the glass structures, and the development of other 

polymer membranes, which will provide the required selectivity. 
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8 Conclusions and 
outlook 

In this thesis several methods for characterising conducting polymer based 

gas sensors have been described. Polypyrrole doped with bsa was chosen 

as a model conducting polymer. This polymer displayed a greater 

deposition reproducibility and stability than many other materials 

investigated, and so allowed a quantitative overview of the influence of 

several parameters to be obtained. 

Perhaps the most important results were obtained in relation to the 

materials' humidity response. It was demonstrated that replacing the bsa 

with a more hydrophobic counter ion can reduce the relative sensitivity to 

water. Furthermore it was found that as the thickness of the bsa doped 

polypyrrole films increased, the water sensitivity was increasing, whilst the 

response to more hydrophobic organic vapours decreased. It was also seen 

that as the film thickness increased, the response time increased. Together, 

these results strongly suggest that it is preferable to use thin polypyrrole 

films. 

A study of the electrical parameters of die chemo-resistors revealed that a 

4-point measurement, which suppresses the contact resistance, resulted in 

increased responses. It was also shown that low frequency AC 

measurements could be used to reduce die noise in the resistance 

measurements. However, additional sensory information, as some authors 

have reported for AC measurements, could not be observed. 

As well as the chemo-resistor system, GASFETs and QCM systems were 

investigated. For the GASFET measurements a simple fabrication method 

for the conducting polymer gate contact was developed. Using the 

GASFETs responses, very similar results to those obtained with chemo-

resistors were obtained, which strongly supports the idea that partial 

charge transfer is the main response mechanism in conducting polymer 

based gas sensors. 
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A simple model based upon a Langmuir isotherm was developed. 

Comparison of experimental data obtained from chemo-resistors and QCM 

devices, with the model showed that for small molecules and thin films 

sorption was the limiting step in the response. The results also showed that 

under certain conditions the close parallel between model and experiment 

was rapidly lost. This reflects the complexity of the conducting 

polymer/gas interaction and supports the proposition that overall no 

mechanism is dominant. The simple model was able to explain the 

temperature dependency of the sensor responses. 

Although the measurements performed here have concentrated upon bsa 

doped polypyrrole, there is no reason that the techniques can not be 

extended to other conducting polymers. 

Finally, considering the commercial instruments based solely around 

conducting polymer sensors, it must be said that conducting polymers 

appear to be on the wane. They may, however, find a use in the mixed 

technology, hybrid, noses currently under development. In the longer term 

electronic noses based upon mass spectrometry (MS) are beginning to 

become commercially available. The presence of data libraries for MS 

illustrate the stability if this method. It seems therefore probable that, 

unless the problems such as drift and stability that currently plague 

conventional electronic nose systems are rapidly solved, the MS based 

systems will dominate in all but the most specialised markets. 
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Appendix A 
Headspace equilibration theory 

For pure chemical components and mixtures of those, the equilibrium 

vapour concentration can be calculated from the vapour pressure. 

The Gas-law 

In static conditions (i.e. in a closed vessel in the absence of flow) a liquid 

sample will evaporate into the air above it until the vapour pressure is 

reached. Assuming the gases and vapours to behave as ideal gases is 

reasonable, because the pressure is in all our applications close to ambient 

pressure [6.13]. From this vapour pressure the gas concentration can be 

calculated by applying the general gas law equation (Al.l). 

^ - = R (Al.l) 
nT 

p: Pressure [Pa] 

V: Volume [m3] 

R: Gas constant (8.31 [J/(mol K)]) 

n: amount of gas [mol] 

Single components 

For a single liquid component the equilibrium between liquid and gas in a 

closed volume is represented by equation (Al .2). 

n + nvapour=-^-(p + pmpourj (A1.2) 
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ttvapour' amount of vapour present in the headspace [mol] 
Pvapour- the vapour pressure of the liquid [Pa] 

Subtracting the initial present amount of gas from both sides of equation 
(A1.2) results in equation (Al.3) which can be rearranged to result in 
equation (A 1.4) which represents the equilibrium concentration of the 
sample in the headspace in particles per volume. 

p-V V 
nvapour = „ _, — n+ • pvapour (A 1 .J) 

„ _ nvapour _ Pvapour (\\ A\ 

V ~ R T 

At a defined pressure, gas concentrations can also be expressed as a 
molecular ratio. This is commonly expressed as part per million (PPM) 
according to equation (A 1.5). 

C r e / = 1 0 6 . £ œ ! L (A1.5) 

At ambient temperature (25°C) and pressure (105 Pa), the gas 
concentration in moles per m3 can, under the assumption of ideal gas 
conditions, be converted to the mole fraction in PPM with equation (A1.6). 

Cre,=2A7\04-C (A1.6) 
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Mixtures 

The vapour pressure above a mixtures of two liquids is described by 
Raoult's law according to equation (A1.7). 

Ptotai = P1A-XA + PB-XB ( A L ? ) 

Px- vapour pressure of pure liquid X. 
x\: mole fraction of substance X in the liquid. 

The concentration of the two species together (Al.8) can be calculated 
from the total vapour pressure in the same way as equation (A1.4). 

r - ntotal _ Piotai / A I Q\ 
Statai ^ — ^ f ( A L 8 ) 

Dal ton's Law (A 1.9) shows that the concentration of one species in the 
mixture can be calculated by taking the ratio of the vapour pressures 
according to the mixing ratio in the liquid[6.13]. 

yA=EA^A_ ( A 1 9 ) 

Piotai 

vA: mole fraction of substance A in the vapour. 
p: the total pressure. 

The concentration of one fraction can therefore be calculated with equation 
(ALIO) which is obtained by combining (A1.8) and (A1.9). 

cA=yAc=^-^ (Ai.iO) 
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Appendix B 
This appendix gives the 4 most important m-files which were used for the 

normalisation of chemo-resistor data from the acquisition and the fit of the 

model to the normalised data. When different normalisation procedures 

were used, or different models were fit, a new set of m-files with small 

variations were used. 

% nosedatafit.m 
clear 
echo on 

% processes a datafile data.txt 
% with boundary conditions timing.txt from the nose directory. 

% load datafile and parameterfile 
load data.txt 
[x,y]=size(data) 
load timing.txt 
% assign values from parameterfile to constants 
begin=timing(i,l) 
sampling=timing{2,1) 
delay=timing{3,1) 
number*timing(4,1) 
purge=timing(5,1) 
eerstesensomt iming {6,1 ) 
sensors=timing{7, l) 
% discard empty columns from datafile 
datawithoutzero{:,1)=data(:,1); 
for m=l:sensors 

datawithoutzero (: , m+l)i=data( : , eerstesensor-tm) ; 
end 
size (datawithoutzero) 
clear data 
% calli cutper, which returns a matrix with normalised 
% responses 
matrix-cutper(begin,sampling,delay,number,purge,datawithoutzero 

); 
save normpeak.txt matrix -ascii 
% plot individual untreated response curves 
figurecounter=0 
for k=l:sensors 

figure(k+figurecounter) 
plot(0.0001*datawithoutzero(5:x,l), 
[datawithoutzero(S:x,1+k)]) 

end 
figurecounter=figurecounter+k4l 
% plot untreated response curves in one graph 
figure(figurecounter) 
plot ([datawithoutzero(5 :x,2 :aenBors+1) ] ) 
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%plot individual normalised response curves 
[x,y]-size(matrix) 
for k-1:sensors 

figure(figurecounter+k) 
plot (matrix(3:x,l+k)) 

end 
figurecounter-figurecounter+k+1 

% plot normalised response curves in one graph 
figure(figurecounter) 

plot((matrix(3:x,2:sensors+D)) 

% call fitting procedure 
pararneters-simplefi(matrix,number,sampling,delay); 

function matrix»cutp#r(begin,sampling,delay, 
number,purge, input) 

% cutper(begin,ßampling,delay,number,purge,input) 
% Normalise every response peak separately 
% 
* Gives zeros in the first two rows of the output matrix 
% Normalises the response peak on the 10 measuring points 
% before and gives the response peaks in the rest of the lines 
% 
% The time in the first column starts with two zeros in the 
I first rows 
% On every sample row there is the absolute time shifted so 
* every sample starts at t-0 
echo on 
[m,column]»size(input) 
% for all response peaks 
for m»l:number 
% generate first column with time values 
matrix(3+(m-1)*(delay+1)*sampling: 
2+m*(1+delay)»sampling,1)-input(begin+(m-
1)»(purge+sampling):begin-l+(m-
1)* 4purge+sampling)+ (1+delay)»sampling,1)-input(begin+(m-
1)*(purge+sampling),1); 
* for all sensors 
for k-2: column 
% calculate baseline from 10 previous values 
claverage=0.l*sum(input(begin-10+(m-1)*(purge+sampling):begin-
1+ (tn-1)* (purge+sampling) ,k) ) ,-
% normalise 
matrix(3+(m-1)*(delay+1)*sampling:2+m*(1+delay)»sampling,k)-
(input(begin+(m-l)*(purge+sampling):begin-!+(m-1) * 
(purge+sampling)+(1+delay)*sampling,k)/claverage)-1; 

end 
end 
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function parameters-simplexi(matrix,number,sampling,daisy) 

% simplefi(matrix,number,sampling,delay) performs a fit with 
% a single re curve and 'drift compensation' 
% 
% the input format is a n*m matrix with 
% m-1 sensors. The first two rows are empty the next rows 
% contain number * (1+delay) *sampling samples 
% see also cutper.m; needs f unes imp. m 
%options(l)=1; %echo's iteration 
options(2)=1.Oe-IO; %x 
options(3)=1.0e-15; %f(x) 
options(14)=10000; tmaxnumber 
% define the important parameters global to allow 
I them to be accessed by funcsimp.m 
global N; 
global In­
globai MATRIX; 
global LENGTH; 
global SAMPLING; 

% assign values to the global variables 
SAHPLING=sampling; 
LENGTH-(ltdelay)*sampling; 
MATRIX-matrix; 

% check the amount of available data 
[rows,columns]csize(matrix); 
clear rowB; 

% for all sensors 
for K=2:columns 

K; 
% for all response peaks 

for N=I:number 
N; 

* define start values for the fitting paramters 
c=0.05; 
raise=0.02; 
decay=0.005; 
slope=.01; 
a=100*K+N 

* call fitting procedure 
a=fmins('funcsimp',[c,raise,decay,slope],options); 

% copy parameters obtained from 'funcsimp' 
parameters(l+(K-2)»4:(K-I)M1N)=a'; 

end 
end 
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function y-funea imp(a) 

% belongs to simplefi.m 

% define global variables 
global N; 
global K; 
global MATRIX; 
global LENGTH; 
global SAMPLING; 
% calculate the simulated response from the parameters 
% in the vector a, which comes from the minimisation procedure 
ysim-aU) * (l-exp{-a (2) »MATRIX (3+(N-I) «LENGTH :3+ (N-
l)*LENGTH-t-SAMPLING,l))} ; 
ysitn (SAMPLING+2 : LENGTH] nysim (SAMPLING+1) *exp ( -
a(3)*(MATRIX(4+SAMPLINGt(N-I)«LENGTH :2+N*LENGTH,1)-
MATRIX(3+SAMPLING+(N-I)»LENGTH,1))) ; 
% add 'drift compensation' to the response peak 
ysim*ysim+0.001*a(4)«MATRIX(3+(N-I)«LENGTH:2+N*LBNGTH,1); 
% calulate the difference between simulation and data 
error=ysim-MATRIX(3+(N-I)*LENGTH:2+N*LENGTH,K) ; 

% take the square of all the errors and return to 'simplefi.m' 

y=error'*error; 
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Appendix C 
"Detection limits for different gas sensor technologies" 

C l Introduction 
C.l.l General 

This thesis describes different aspects of, mainly conducting polymer 

based, gas sensors for electronic nose applications. During the sensor 

characterisation, the noise level proved not to be the limiting factor in the 

performance of the devices. Consequently the detection limits have not 

been experimentally determined. 

There is however a growing awareness that for many applications the 

detection limits of sensors are an important factor in the feasibility of the 

implementation of electronic nose technology. Especially in the case where 

the system needs to be able to detect outliers containing a single polluting 

component (for example herbicide in food) the feasibility of the electronic 

nose implementation critically depends on the detection limit of the sensors 

used. 

C. 1.2 Detection limit 

The lowest possible concentration that can be detected with a particular 

sensor depends on different sensor properties. Assuming perfectly 

repeatable experimental data, it is the limit at which the signal can be 

distinguished from the noise. A common measure is 3 or 5 times the noise 

level. 

In the particular case of the gas sensors examined here, there is 

furthermore a considerable drift. Although this does not directly influence 

the lowest concentration which gives a detectable signal, it does make it 

difficult to quantify the vapour concentrations and therefore indirectly 

influences the detection limit. Another problem in the determination of the 
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detection limits is that the repeatability with which a sensor can be 

exposed to a defined vapour concentration is not known. 

C.2 Experimental 

The experiments in this thesis were not performed with the intention of the 

determination of the detection limit. To have some indication of 

experimental values, detection limits were estimated by extrapolation of 

the modelled sensor response to the concentrations where the model 

response equals the estimated experimental noise level. 

Detection limits are given in mmol/1 following the convention throughout 

this thesis. It should be kept in mind that at 25 0C a vapour concentration 

of 1 mmol/1 corresponds to 24.7e3 ppm (Appendix A). 

C.3 Estimation of detection limits 

C.3.1 Chemo-resistors 

The physical noise density in chemo-resistors (mainly 1/f noise) at 10 Hz 

and a bias of 2.5 mA was found to be typically le5 jtV2/Hz (Fig 4.7). 

During sensor operation the current is kept at 5 uA, so the noise level at a 

bandwidth of 10 Hz, will be approximately 

10¾ • — \e5\xV2/Hz = 2000^V2. This corresponds to a noise 

amplitude of 44 u.V. 

The observed electrical noise on the sensors typically corresponded to 0.1 

% of the sensor signal (3 times the noise amplitude in for example Fig. 

6.23). At a sensor bias of typically 10 mV this corresponds to 10 u,V, in 

reasonable agreement with the 44uV from the theory. 

The interface circuit apparently does not contribute significantly to this 

noise. The response characteristics summarised in Table 6.4 were 

extrapolated to a response of 0.1 %. 
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The results are presented in Table C. 1. 

Table Cl: Detection limits in mmol/l extrapolated from Table 6.4. 

analyte 

water 

methanol 

pyrrole 

aniline 

tripropylamine 

ethanol 

bsa 

0.002 

0.006 

hsa 

0.002 

0.006 

0.0008 

0.00015 

0.0018 

dsa 

0.002 

0.010 

0.0063 

0.0053 

0.00025 

C3.2 Conducting polymer GasFETs 

The noise in the GasFET measurements was estimated to be 0.2 mV. 
Response curves in Table 5.1 were extrapolated to this value, to result in 
the detection limits given in Table C.2. Since for the GasFETs diere was 
more data available, not only the detection limits, but also the variation in 
these detection limits could be estimated. 

Table C.2: Detection limits of the conducting polymer GasFETs in mmol/l for 
various vapours. 

Analyte 

isopropropanol 

ethanol 

acetonitrile 

water 

methanol 

teatfb 

0.1+0.07 

0.04±0.03 

0.0510.04 

0.02±0.01 

0.09±0.05 

bsa 

0.07ÌO.O4 

0.1 ±0.07 

0.210.1 

0.001 

0.410.3 

C.33 Dielectric sensors 

The best dielectric measurements in this thesis, which are die AM 
measurements on glass substrates, showed a detection limit of about 
0.05 mmol/l for water and 0.4 mmol/l for methanol. 
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C3.4 Acoustic Devices 

The noise limit of the QCM used in chapter 6 is approximately 0.4 Hz. 

The response values of table 6.2 were extrapolated to this level. This 

results in detection limits summarised in Table C.3. 

Table C.3: Detection limits in mmol/l of a QCM covered with 40 mC polypyrrole. 

methanol 
water 

0.001 
0.0005 

The functional behaviour of the acoustic devices is well known from 

literature. Consequently, the theoretical detection limits, in mass loading 

per surface area are known from literature [I]. This is however quite 

difficult to translate to the practice because the relation between vapour 

concentration and mass loading strongly depends on the sorption 

properties of the coating material used. 

The theoretical sensitivity of the frequently used Surface Acoustic Wave 

(SAW) devices is one order of magnitude higher then that of QCM 

devices. With the Lamb wave technology even higher sensitivities can be 

obtained. For example the Flexural Plate Wave (FPW) technology which is 

a particular type of Lamb wave, has a sensitivity which is again one order 

of magnitude higher [1] then the SAW technology. To the authors* 

knowledge the lamb wave technology has however not yet been applied in 

electronic noses. 

C3.5 Mass spectrometry 

Quadrupole based Mass Spectrometers are being increasingly used in 

electronic nose applications mainly due to their inherently high stability. 

They have a typical detection limit of le-9 gram [2]. At a sample volume 

of 1 ml, this corresponds in the case of water vapour to a concentration of 

5.6e-5 mmol/l, roughly 1 ppm. 
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C.4 Discussion 
This appendix gives an overview of the detection limits of various gas 

sensor technologies. Detection limits proved to be dependent on the 

particular vapour considered. Especially water, a small and polar molecule, 

proves to have very low detection limits for all sensor technologies. 

Care must however be taken with the interpretation of the given values. 

Since at the time of the experiments no special attention was paid to the 

detection limits, rather large errors can occur in the estimated values. For 

certain technologies the observed noise might for example be largely due 

to the noise originating from the interface electronics, and therefore not 

fundamentally limiting to the particular sensor technology. 

Keeping the limitations in mind, the estimated values show a rather good 

performance of the conducting chemo-resistors, compared to the FET and 

dielectric sensors. They approach the detection limit of the used acoustic 

devices (0.001 mmol/1 corresponding to 25 ppm). 

Considering other possible technologies, the quadrupole mass-

spectrometer gives a rather similar detection limit. However the SAW and 

the I1PW devices have a potential of a lower detection limit when they can 

be operated in a set-up which guarantees a sufficient stability of the sensor 

signal. 

It is clear that in electronic nose applications where the system is used as a 

surveillance system which should warn for a frequently occurring event of 

one single contaminant, the detection limits of the sensors should be low 

enough to detect this particular vapour. However, the detection limit is not 

in all cases the critical factor for the performance of an electronic nose 

system. Especially in the case of complex odours, the concentration of the 

individual components of the odours might lie well below the detection 

limit, but the sensor responses which are the sum of all the responses to all 

the individual vapours may still be usable. 
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