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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

Lignid and many solid samples release gaseous sunbstances at ambient
temperature. For many products we are exposed to in ¢very 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 vaponr composition can be
obtained by leaving samples in a closed thermostatted vial undl the
equilibium between vapour and sample is reached. This equilibrinm
vapour mixture is often referred to as the headspace of the sample [1]. 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
becanse 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 Persand
& Dodd in 1982 [4]. Claimed advantages over conventional technignes
inclode 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 realisaion of several commercially available instruments.
Published applications are mainly in gnality control [5-7], but also include
fields like health screcning [8] and micro-organism identification [9].







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
valnes characteristic for the odour. The values of every individual sensor
are then collected in a ‘feature vector’ [12] or -matrix which is used as
input for the pattern recogrition procedare.

Feature extraction

The choice of the feature extraction depends on the sensor type used.
Although other normalisation procedures like anto-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 R, (equation 1.1) has been used
thronghout this thesis. Although simple, this treatment has previously been
shown to reduce the influence of sensor drift [25].

Normalised response =

Rr _RO
(1.1}
Ry

In more sophisticated measurements protocals, feature extraction may
furthermore involve a normalisation with values obtained with reference
samples, to further compensate for sensor drift [25,27].
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Pattern recognition

Depending on the purpose and characteristics of specific odour analysis,
different pattern recognition technigues (Table 1.1) can be applied to the
feature matrix. For some simple applications where the system is only used
to detect an incidental ontlyer, a simple visnalisation with a principle
component analysis (PCA) might be sufficient [5,9,18]). This method
allows to visnalise a maximum of the data variance, by a base-
transformation [16,28,29].

Table 1.1: Three types of pattern recognition technigues.

Type of techniqoe Typical example
¢ Principle Component
1 visnalising techniques Analysis

e Cluster analysis
+ Partial Least Squares

2 linear calibration methods s Linear Discriminant
Analysis
* Multi-layer Perceptron
3 neural nets » 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 neoral net [20]. The choice of a more defined
technique like PLS or a more ‘fuzzy’ (echnigoe like a neural net fully
depends on the application and the required output format[13].
Multidimensional data treatment techniques, are not only used for
electronic noses, but also for evaluating multi-spectral data (chemometrics)
and patiern 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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’

1.1.4 Detection principies for electronic noses

Electronic noses can be realised with many different sensor technologies.
These technologies are described in review articles [10,12,17]. 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.

13



Table1.2:  Overview of the sensor technologies used in electronic noses.
Sensor type physical advantages disadvantages
quantity
intrinsically wide range of + water sensitivity
conducting resistance available types + imreproducibility
polymers low power due to
(chapter 3,4.6) room temperature
operation
Metal-Oxide gas high sensitivity toa | «  high power
SENSOrs resistance range of organics consumption
(4] commercially
available
Quartz, Crystal chemical selectivity | e expensive
Microbalances mass {Langmuir- Blodgett substrates
[31,32) films) * water sensitivity
wide rage of available| »  poor sensitivity
types
Surface Acoustic chemical selectivity | » limited stability
Wave sensors mass (Langmuir - Blodgett | « interface
{31,321 elasticity films) electronics
high sensitivity
GASFETs Work wide range of * expensive
{chapter 5) Function available types substrates
insulating polymers |  swelling wide range of s ieproducibility
with conducting changes available types
filler resistance
[33]
dielectric gas dielectric better stability e low selectivity
Sensors constant
(chapter 7)
optical sensors no electrical ¢ imeproducibility
[34] fluorescence interferences
miniaturisation
Mass spectrometry | mass-charge physical property e expensive
[35,36] ratio analytical accuracy

14
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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
advantageons 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 canse 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].

15



1.3 Outline

Chapter 2 of this 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 IDA 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 corrent.

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 1DA supports as used for
the chemo-resistors.

The last chapter gives a global discussion of the work and an outlaok into
conducting polymers and electronic noses.

16
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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 nsed
to bring the sensors into contact with the odour. The design of sach a
system, which in the scope the IMT nose project needs to function 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 the reference gas.
During operation of the nose, the sensor array is used to compare the
reference gas to the actoal sample, which is preferably prepared using this
same reference gas.

reference —+| sensor
gas e

sampla
preparation

Fig. 2.1: The sensor array compares the reference gas fo 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
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is contacted with the sensor array is another important aspect. 1t 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 throngh a
sensor chamber by means of a system of tubing (Fig. 2.2). Odour
exposures are alternated with purges of reference air.

sc:mplelpurge—*"‘j H””IIH |
] — waste

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 bumidity 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
compoenents of the sample have to be released in the sample chamber. In
the case of pure chemicals, the equilibrium vapour concentration can be
calcnlated 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 compaosition 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 1o the system has to be kept as constant as possible. For solid
samples the surface arca 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-treatrnent of the gas in a carbon filter and a Drierite®
column, the flow passes throngh two mass-flow controllers, One of them
regolates the flow throngh the sampling system, the other regnlates the
diluting flow. The two combine in a T-piece before they are fed into the

sensor chamber.

sensof
chamber

|
i

Fig. 2.3:  Schematic overview of the IMT flow-system. The Mass
Flow controllers are marked with MF. Only I of the 5
sample containers is shown.

The sampling system consists of two Bio-Chem Valve™ Corp. model
105T & 12-125 6-way valves. One of the lines is connected straight
throngh to create a purge line, the other 5 allow to insert wash bottles
containing samples (only one displayed). By regnlating 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 (25°C) container (not shown).
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2.2.2 Carrier gas

In onr electronic nose, compressed air, obtained from the building’s
compressed air system was used as the reference gas. It was passed
throngh a Wilkerson oil filter (not shown) to remove residnal pump oil
before entering the nose system. In the system the air is passed through
two laboratory gas drying onits (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®”
to -100°F dew point [10]. The air obtained has a relative hnmidity of less
then 0.1 % (this was confirmed by measnrements, 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 5850S/BCTHATAA0OBALAL, 0-1.0 U/min
(accuracy: * (.75% of rate accuracy + 0.25% full scale).

, which dries the air

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 maltiple days long.

The wash bottles were 250 ml Drechsel type gas wash bottles from
borosilicate glass (DURAN®) with a frit with porosity 1. 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 soificient, for the fundamental stody 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 psed 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.

[:1—
elactrical
connector

actlve 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 thns 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.

Althongh adsorption in the tubing can never be fully prevented, it can be
limited by the right choice of materials. Dense inert materials like stainless
stee] and glass have low absorbency vaines 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 continnons flow, the interaction time
between the tnbing 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 Prodocts
gmbh) mounted in a flow throngh cell was inserted in the waste line
directly after the sensor chamber. The probe has an accuracy of +1%
relative homidity. The response time was found o be approximately 2
minuotes.

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-couverter was
employed. Both valves and mass flow coutrollers 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 Intraduction

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 nsing water as
a sample. The humidity directly at the wash bottle outlet was measured
with the humidity sensor (section 2.2.6). The static equilibriom
concentration is represented by a relative humidity of 100%.

The flow rate was varied between 0.0 and 1.0 /min, in a stair-case shape,
with a time interval of 10 minates 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 dilated with a second stream to vary the vapour
concentration. The performance of this dilntion system was assessed by
measuring the humidity resolting 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 V/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
Vmin, 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 Vmin 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 the 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.

8

refative humidity (%)
5 & 8 8

o

0 0.2 0.4 06 0.4 1
fiow fraction through wash bottle

Fig. 2.6: Humidities abtained 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 paint 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 lingarity 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 homidity
sensor, showed nearly 100 % saturated vapour after the sample bottle. 1t is
expected that similar results will be obtained for the organic compounds
nsed 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 1 I/min. At the minimum channel
diameter of 1 mm, the mean gas velocity <v> is the guotient of the flow
and the surface area of the tube: 1.67*10° m'/s / 7.9%107 m’= 21 m/s.

Re=P ) p 2.1)
n
p: density (=1.2 kg/m’ for air)
n:  viscosity (=17*10° Pa_s for air)
<¥>: 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 toc low for turbulent flow [11]. 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 Iaminar, and that
the mixing will occur at some mixing peints, 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
minuie 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
becanse of its fast response. The response transients were fitted to the
model obtained using the Langmuir isotherm (equation 6.4) and the
resnlting parameters were studied.
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Results and discussion

Fig. 2.7 shows the time constants k as a function of flow rate. It can clearly
be observed that the time constant inéreases with flow rate. At
0.5 Vmin which cortesponds with 83 ml/s, a time constant of
32/8.3=3.9 s corresponding with k=0.25 would be expected. Due to the
sorption process in the sensors, an almost [0 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.

0.05
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0.04 1+ ® x
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0 0.03 + e
x poz 4 x
001 ¢ x
0 —+ + 5
0.2 0.4 0.6 0.8 1

flow rate (Ymin)

Fig. 2.7 Fitted time constants obtained with a 4 mC
hexanesulfonic acid doped polypyrrole sensor for
repeated water exposures at different flow rates.

Becanse at flow rates approaching 1 l/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 €) 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 continoonsly 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 caosed 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 s 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 illnstrates the electro-polymerisation of pyrrole.
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Fig. 3.1:  Overali 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 aimost infinitely be expanded by
the introduction of a pendent gronp 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 vsed 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.

I. | monomer

2. | counter ions

3. | solvent

4. | potential/current
5. | temperature

6.

cell configuration

Polypyrrole is cne 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 Outdine

This chapter starts with a general experimental section dealing with the
preparation of the chemo-resistors, mostly polypymole doped with bsa.
Observations made during the deposition of the bsa doped polypyrrole are
described in section 3 and section 4 describes the repreducibility of this
preparation. The following sections consider the influence of thickness,
doping ions and deposition potential on the behaviour of the obtamed
chemo-resistors.
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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 compartmeut of the electrode was filled with saturated aqueous
LiCl. The outer compartment was during storage also filled with satnrated
aqueous LiCl. Before every deposition it was thoroughly rinsed and filled
with the background electrolyte nsed for the deposition.

For gas phase measnrements, the resistance of the prepared chemo-
resistors was measured with an in house made curreut source circuit with
integrated output amplifier (Fig. 3.4) that was able to deliver curreuts
between 0.12 mA and 12 nA. The circuit is based on a design described by
Bartlett [5].

)

bﬂlk....mﬂM +15V

10k

I sensorl 15k
SV F

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

Pre-treatment of the working electrode

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

follows:

e Gold electrodes were thoroughly rinsed with MOS-grade isopropanol
and then dried with nitrogen.

» Platinom electrodes were cycled 4 times in 1 M solphuric acid between
0.2 and 1.2 V vs. SCE at a scan speed of 100 mV/s. The middle two
scans were taken np 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 platinnm 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.

0.5 pA

d

Fig. 3.5: A wypical voltammogram vs. SCE for a pre-treated
platinum IDA. The cross indicates the origin.

02V
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Purification of the monomer

The pyrrole used (Aldrich 98 %) was stored in the dark at 4°C. 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 parified. This was carried out by passage through
a 7 em Al;O3 column (Aldrich, activated, neutral, Brockmann 1, ~150
mesh), where the first fraction was discarded. The procedure resuited in a
colourless lignid.

Solution preparaticn

The deposition was performed in a Metrohm single compartment
clectrochemicai cell (volume 100 mil) containing 30 m! of electrolyte which
was (.1 M of the counter-ion in an appropriate solvent. Oxygen was
removed by bubbling nitrogen through the solution for at least 30 minates.
Then 0.204 mi 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 bnbbling, 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 (HPLC grade) was dabtained from Aldrich. After
opening of the bottle, it was stored over 4 A molecular sieve.







3.3 Characterisation of growth

3.3.1 Iutroduction

The growth of the conducting polymer films was studied via the deposition
current, by Atomic Force Microscopy (AFM) 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 pm spaced gold IDAs.

3.3.2 Current profiles

Fig. 3.7 shows the corrent profile during the first two pulses of the
deposition of bsa doped polypyrrole on a non-passivated 5 um goid 1DA
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 pyrole 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]).

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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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 issne for the
comparison of different chemo-resistors. This section describes
experiments for an evalnation 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 reprodncibility 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 perfbrmed, ie.
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 pm spaced non-passivated 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 °C 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 CaCl, in the
carrier stream, 1o give it a relative homidity of 30 %. The dilution bypass
was not present. The sensors were characterised by 1 minute exposures to
4 different samples: 50% aqueons methanol, water, 50% agueouns 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.

34.3 Results and discussion -

The reproducibility between different depositions was tested whilst using
the alumina column for pyrrole purification.
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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
continwously 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.
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Fig. 3.15: Responyes of the sensors from Fig. 3.14 after 3 days of
CORIINUOUS eXpOsUre.

The data frcm Fig. 3.14 and Fig. 3.15 is collected in a principle component
analysis (pca) 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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Fig. 3.16: Principle component analysis of the sensors, with the
respanse to the 4 different vapours in Fig. 3.14 and
Fig. 3.15 as inpur 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 pymole 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 afier
preparation. The results are presented in Fig. 3.17.
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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 pca was performed (Fig. 3.19).
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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 pca be observed the
difference between the sensors prepared from different baths is similar to
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the variance betwcen the sensors prepared from the same bath. The
similarity of the sensors did in this case not improve with time. 1t 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 agueons solution.

The betler reproducibility between baths prepared from the same
polypyrrole stock suggests that the purity of the pyrrole itself is the origin
of the irreproducibility. A more rigorous puorification procedure might
therefore be required.

Sensors prepared from different deposition solutions prepared from two
lots of distilled pyrrole were compared (Fig. 3.20).
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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 pca in Fig, 3.21 it can bc observed that the variation between the
sensors made from the 2 lots of deposition solution is in this case smaller
than when the pyrrole was porified with alumina (Fig. 3.16), there is
however still a significant difference. The variation between different
batches of porified polypyrrole can apparently not be completely
eliminated by the distillation procedure used in this experiment,
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Fig. 3.21: 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 Conclnsions

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
irreproducibility 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.
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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 nsed as an indicator of the film thickness. Previous
experiments {55] indicated a thickness of 2.3 um.cmzlc.

3.5.2 Experimental

A series of chemo-resistors were prepared by electrodeposition of bsa
doped polypyrrole on 5 pm spaced, passivated An 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 valoe 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 microscape 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 chemao-resistor with
2 mC of charge. The bridged areas are marked with
white circles. The electrodes are 5 um wide.

At higher charges when the gap between the electrodes is fully covered,
the thickness apparently 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
guter 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 varions vapours. Considering first the water vapour response, it can be

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

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

which may be slower then the sensors response.
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Fig. 3.24: Normalised responses to saturated water vapour, The
deposition charge in mC corresponding to the different
sensors is indicated on the graoph.

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

tendency in the opposite direction to water, i.¢. the sensors prepared with
thinner films show a larger positive response, The thicker films also show
a longer rise - and fail time, strongly suggesting some diffusion limitation.
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Fig. 3.25: Normalised responses to methano! 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 snggest 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.

.15

0.1 1

0.05

nommalised response

-0.05

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 acetoniirile and ethanol vapour, the situation is more complicated. The
very thin film does in this case give the biggest and fasiest 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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Fig. 3.27: Normalised responses to ethanol vapour. The
deposition charge in mC corresponding to the different
sensors is indicated on the graph.

Another canse 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.

62



Fahbrication of chemo-resistors

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, 1n the fully oxidised form there is ca. | 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
thau a pyrrole unit [14], it may be seen that it can exert a considerable
influence upon the properties of the polymer film. As for previons 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 um spaced passivated Au IDAs from
30 ml 0.067 M agueous salt solution of the counter ion with 0.204 ml
pyrrole. The IDAs were pulsed between 0.0 and 1.0 V versns SCE until a
total charge of 4 mC. Different alkane sulfonates (see Table 3.2) were
used as counter tons. The different sulfonate jons were obtained as 98%
sodium salts from Aldrich, and were used as received.

The prepared sensors were tested in the flow system with varions 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 hase-line resistance presented in Table 3.2.
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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-agueous solvents.
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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
varions 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,

Response

length ratio | ratio ratlo | baseline
doping |carbon| water [ methanol | ethanol | acetonitrile [methanol | ethanol|acetonitrile| (€)

chalo water | water water
methane
sutfonic 1 0.52 0.50 0.0004 | 0.0043 0.96 | 0.0008 0.008 89
acid
butane
sulfonic 4 0.13 .16 -00055¢  0.0025 1.23 -0.042 0.02 122
acid
hexane
sulfonic 6 0.066 0.16 0.038 011 2.42 0.58 1.67 72
acid
octane
sulfonic 8 [0.0014] 0.004 0.0035 | 0.0034 2.87 245 2.38 53
acid
decane
sulfonic | 10 |0.0019] 0.006 0.0044 | 0.0048 3.07 2.34 2.56 52
acid

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 vartable but controlled potential or
current [34]. We have fonnd 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. 1t 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 bath (section 3.2.3}. All sensors were prepared by
depositing bsa doped polypymole on 5 Um spaced non-passivated gold
1DAs 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 moonted in the flow system and
characterised with water vapour.

3.7.3 Resulis and discussion

Different sensor series prepared from different deposition baths did not
always show consistent results. In general there 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 pnlse followed by
a decaying corrent due to diffusion limited polymerisation according to
Fig. 3.7. Sensors deposited with 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 solntion with pulses from 1.0,
1.1, 1.2 and 1.3 V respectively. The sensors had baseline resistances of
184 ©, 141 £, 150 € 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.
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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. 1t 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 anthors [14], we have found that repreducibility 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
pelypyrrole films it has been shown that growth and subsequent bridging
occurs only at a few localised areas, which may also impact upon
repreducibility.
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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, becanse 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 [1]. 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 10" to 50 S/cm [1,4-6].

This semicondoctor 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 [1,3,7-10].

73



Charge transfer between conducting regions

The semicondnctor 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 varions 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 shert-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
respense of the chemo-resistors used in this thesis.

4.2.2 Experimental

Chemo-resistors were prepared with bsa doped polypyrrole (SmC) on
5 um 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 parafilnf.

Obtained Bode plots were fitted to a model composed of a parallel
resistance and capacitor using an intemal function of the instroment. The
same fitting procedure was also performed on data obtained with dummy
resistors and 1DA snbstrates withont a conducting polymer.

4.2.3 Resnlts and discussion

Bode plots characteristic for an RC circnit 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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Fig. 4.1: 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 Sample R (kQ) C (pF)
silicon ambient air 8.2 250
silicon water 8.6 250
glass ambient air 6.4 5
glass water 6.8 5

Even on the glass substrates having a capacitance of only 5 pF, allowing
the capacitance to be measured more accurately, uo changes could be
observed on vapour ¢xposure. The dielectric changes in the IDA structure
are shorted out by the conductivity of the polymer, With the available
cquipment it is therefore not possible to measure dielectric effects of the
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 sedes 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 O and 100 pA,
and the voltage across the sensor was measured with an HP 34401A
multimeter. Both instruments were connected to a personal computer via
an HP-1B 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 nA in 1 minute duration
steps of 1 pA. 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 antefact of the D-A converter, since this effect
was also seen when dummy resistors of a comparable value were
examined.

0407

0.05 - 10 % rel. hum,

100 % ref. um.

Current {(uA}

Fig. 42: 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 entire humidity range. This shows that
under these conditions neither the polymer, nor the gold-polymer contacts,
displayed any non-chmic 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 throngh
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 pm width, 1 mm
length and 5 pm 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/mnr’.
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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 circnit 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 AMPO] from Analog Devices, which was
set to amplify 20 times. This device has a typical input current of 1 nA,
which is low enongh 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.

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 % aqueons methanol solution.

4.4.3 Results and discussion

The 120 nA curreut 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 M and 325 k& respectively. Fig. 4.4 shows the
normalised responses of the inner and the ounter 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
k=1 MS. The difference with the total resistance of 1.4 M£Q is thos the
total contact resistance, which is.400 kQ.

Based on this extrapolation, the contact resistance is approximately 29%
of the total polymer resistance. The response measnred 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 bolk 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
¢lectrodes. This eliminates only a part of the contact resistance, so
resnlting 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 reintroduace 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 resistors R per contact.

RI+R2  R3+R4+R5 R6+R7

Ideal
e Re Re Re

1 2 3 4

Redt Rl R2 R3 R4 RS Ré& R7

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 canses
part of the current to be passed throngh the metal, whilst another part
passes throngh the film on top of the electrode. The potential measured
between 2 and 3 reflects the polymer resistance R4 plus the shunted
current maltiplied with the contact resistance,

The partial suppression of the contact resistance with a four point
measurement method, results in a larger vapour response. 1t 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,
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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 nltimately determined by its noise behavionr. This section will explore
the noise behaviour of chemo-resistors. After a brief introduction to noise
theory, the results of noise measwements on bsa doped pelypyrrole
chemo-resistors will be described.

4.5.2 Theory

Two main origins of noise can be distinguished. Firstly, the noise
originating from external influoences 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 ¢an be a contribotion of flicker noise, or 1/f noise,
canscd by charge flow in a discontinnous 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 sonrces, but their power densitics that should be added to
allow the determination of the total noise [22]. Therefore it is commeon to
use the notation of equation (4.2) because this notation, with a noise
voltage density expressed in [V*/Hz], allows contribntions from different
comporents to be simply added.
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P=4iT Af @.n
Visermar- = 4KTR - AF (4.2)

k: Boltzman’s constant [J/K]
: absolnte temperature K]
Af: bandwidth [Hz}
P noise power density [W]
Vihermal:DOISE VOliage V]
R:  tesistance [£2]

Flicker noise is roughly inversely proportional to the frequency f.
Assuming a constant power density per octave (pink noise) it can be
described by {4.3).

A
vFI.ickerz = IBR2 ‘ K'“}L 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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lood resktor

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 k€2 in the place of
the sensor.

4.5.4 Results aud discussion
Dummmy

Initially the noise behaviour of the measurement system was determined
using a 2 k€2 dummy resistor. This gave a frequency independeut noise of
1.3 uVNHz. The theoretical thermal noise of a 2 k&2 resistor is 4%%*T*R
=3.3e-17 V¥/Hz. Together with the load resistor and 100 times amplified,
this results in a noise of 100¥V2*V3.3¢-17= 0.8 pV/YHz. 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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Tabled.2:  Overview of the characterisation conditions and the obtained nose
parameters for the chemo-resistors and the dummy.
I{mA) R (kQ)
sensor | 23 24
sensor 2 24 2.1
dummy 25 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.
Becanse 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 wonld be significantly improved throngh the vse 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 varations in the charge carrer
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 nsed 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 systemn, temperature fluctuations
may have an important impact. The limited temperature range does then
allow a linear modelling [23], which is sufficient to describe the
ternperature influence in a practical nose system.

4.6.2 Experimental -

Butane sulfonic acid doped polypymole 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 -1%/C was obtained.
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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 aftention 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 sifuation.

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 -1%/°C is large
enough to impose a strong requirement on the temperature stability of the
flow system. '
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S GASFETs

The work deseribed in this chapter has been done in collaboration with Jan Hendrikse
from the MESA research institote at the University of Twente (the Netherlands). Parts
of it have been presented at CIMTEC'98 [1] and other paris have been published in
‘Electrochemical and Solid-State Leners' [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 Lundstrdm 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
madification on the metal-insulator interface[4].

The later development of the suspended gate Field Effect Transistor by
Janata allowed waork 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 bath 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 Flietner et 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 Ontline

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 charactensation 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 nsing 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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5.2.2 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).

K

Ip=3 .(Q.VD.(VG_VT)_voz) (VpsVg-vr)  (5.12)
K 2

]D =_2 (VG _VT) (VD EVG "‘VT) (5.1b)

K is a factor depending on the dimensions and material properties of the
transistor, Vp and Vi are the voltages applied to respectively the drain and
the gate (Fig. 5.1). The source is connected to ground. Vr, 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, C,, ¢ & N X, ¢ and E,, which are constant for a given
transistor, and the work function of the gate material @, (5.2).

Vp=®g - ci +206,|+ E]_ J26.aN, (2lo,]) (5.2a)

Eg
CDGS =q)gare-X"E_¢p (5.2b)
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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 buik 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 comresponding 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 polypyirole 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 pegative counter ion [21], which can also be called a doping ion. In
siicon 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 polypyriole
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 Eyand the top level of the valence band
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E, depeuds on the doping concentration p, the cffective state density N,,
Bolzmann’s constant kg and the absalute temperature T.

E;-E,= -kBT-ln(NL) (5.3)

v

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
factor L according to (5.4).

p=pgt+L<gas> 54)

Where pj 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).

AE; = kgT- (m(-}’%] - ln[NivD (5.58)

AE; =kyT- m[”—;] (5.5b)

98



GASFETSs

With equation (5.6), which relates the Fermi level to the potential of the
semicondncting polymer @y and the elementary charge g, eqnation (5.5)
can be converted (o 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 (56)
ADp = Li:L 1n(£] (5.7
q )

Equation (5.8) is obtained by substituting equation (5.4) into equation
(5.7).

AD, = kBT_]n[p0+L-<gas>] (5.8)
q Py

The site occupancy is assnmed to follow a Langmuir isotherm
(chapter 6), according to equation (5.9).

k | gas]

<QGas>=——""—-
1+k-[gas]

5.9

Where [gas] is the gas concentration in the air, & is the sorption constant
which is the ratio between the sorption and de-sorption rate consiants.
Combining (5.8) and (5.9) results in (5.10).

A‘I‘p:ﬂln ]+£.m (5.10)
q po 1+k-[gas]

Equation (5.10) can be simplified to (5.11).
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A@szézm[ns-—kﬂ] 5.11)
q 1+k-[gas]

B is the dimensionless constant of the combination of L and pp. Becanse 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 sommary of the meaning of the
variables in the derived model is given below.

AD=A1 k-[gas]
= A-logf 14+ B-— 1851 _ (5.12)
1+k [ gas}

k. Ratio between sorption and de-sorption rates. Determines the
amount of sorbed gas in a polymer in equilibrinm with a certain gas
concentration. The variablek is always positive.

A:  Slope of the logarithmic relation between the potential and the
daping concentration. It is comparable with the slope of the Nemst
equation [23]. The variable A has a valoe of RT/»nF 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 redocing
species, and positive for oxidising species. The value of B should be
larger then -1.
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purified by passage down a nentral aluminium oxide column immediately
before wse. 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
tetrafluorcborate  (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 the 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/mm?® 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 mcasurements. Although 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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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 Vr{equation 5.2). The
current was set at 100 pA, and Vpg 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 25°C.

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 1 I/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 threc different types realised, was exposed to
different samples of Swiss cheese. Samples of Gruyere, Emmentaler,
Rogquefort 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 afl 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% rel. hum. using a wash bottle filed with an aqueous CaCl,
{sat.) solution placed upstream of the two mass flow controllers.

Together with the cheese samples, 4 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 /min instead of the usual flow of | /min, to minimise the
composition changes in the sample headspace.

54,2 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 respoutse types are shown in Fig. 5.6.

time (seconds) fime (seconds)

Fig. 5.6: Response curves of the teatfb doped polypyrrole
sensor for different concentrations of isopropanol
{left) ond water (right). Vapour concentrations in
mmol/l are shown in itolics 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].

]
]

© Iscpropanol
© ethanol

0 acetonitrie
@ methanol
w water

threshold voltage shift (mV)

gas concentration {mmol/l)

Fig. 5.7: Calibration curves of the teatfb doped polypyrrole

GASFET.
o= .
-
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E
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%
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ges concentration {mmol)

Fig. 5.8: Calibration curves of the bsa doped polypyrrole
GASFET.
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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 paramelers 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).

A(mV) (B k (Vmmal)
teatfb doped isopropanol | 241 -0.39 1059
polypymrole ethano! 280 029 |[1.32
acetonitrile | 187 -031 | 1.39
bsa doped isopropanol | 80 0.16 1.1
polypyrrole ethanol 87 0.17 {096
acetonitrile | 43 -0.07 |1.14
polyaniline ethanol 301 0.56 |0.69
acetonitrile | 551 1.0 0.047
methanol 257 049 1.23

Because of the limiled amoun! of data available care must be taken with
the interpretation of the data resulting from the fits. Nevertheless some
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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 vepours

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 | polyaniline GASFET), were
combined and projected onto a two-dimensional space nsing 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 simpie vapours, to
be used to obtain information about species and concentration,

—&—athanol
—O—acstionfirlie
—a&r— rethanol
—O— water

PC2 (24.6 9% varianca)

T

zero gas wp:m

PC1 (65.0 % vanance)

Fig. 5.10: PCA plot of the threshold voltage shift after 300 s of
severel concentrotions of the different vapours.
Vepour concentrotions corresponding to dilution of
10, 20, 30, 40, 50 and 60% aof the vapour pressure.
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54.3 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 °C. Also for the human nose, the spoiled cheeses
smelled very similar when they were disposed of after the experiment.
With a 29% rel. hum, carrier, and no water added to the samples, better
results were obtained. Fig. 5.11 shows a PCA plot of the first two
COMPONENLs.

= 3
]
24
w®  55% humridity
g . & Foquefort
§ x & Gruyere
5 ) N ék . X 100% huridiy
g k 4 2 :‘= 3 x thaiter
L4 = Bmmentaler
* a4 ”§
* ,s( -
o. 2l
PC1t {60% variance)

Fig. 5.11: Principle component analysis of normalised data of 3
SERsors.

The Roguefort 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. 1t is interesting to note that the
water coutrols 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 platinam contact electrode.
The realised devices werc 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 medel 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 anderstanding of the functional behaviour of the device, and
can therefore be a valnable tool for sensor development. In the case of gas
sensors in an electronic nose system, a model can furthermore be nseful for
an improved feature extraction from the transient sensor response [1].
Multiple aathors report attempts to describe the bebaviour of condacting
polymer based sensors with a mathematical formula [2-4]. Most of these
publications are however limited to the platean 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 cbeme-
resistors and a Qoartz Crystal Microbalance (QCM).

6.1.2 Conduction modulation due to vapour interaction

The interaction between condocting polymers and vapours is a
complicated issue, and the exact mechanism of the response remains
unclear. 1t 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]. 1t is
also possible that some of the observed features, such as history effects
resolt 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 gcnerally 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 vaponrs and conducting polymers.

(partial) electron charge transfer
swelling

interaction at the metal/polymer interface

lwlO] -

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 conld
best be described by a model based on a Langmuir sorption isotherm. This
implies that diffusion is fast enough to be disregarded. This then reduces
the issue to a problem of vapour sorption.

6.1.3 OQutline

This chapter starts with the derivation of a theoretical model for the sensor
response in section 2. 1n 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 the 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 theory.
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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 nsed.
Althongh in reality the situation will be more complex, it is desirable to
begin with the simplest model, to obtain 2 minimum number of parameters
(degrees of freedom) in the fitting procedure. Where this results in errors,
this will be pointed ont.

6.2.2 Langmuir isotherm [13]

According to a Langmuir isotherm, the sorption state is defined by the
dynamic equilibrinm [4,13] between sorption (6.1} and de-sorption (6.2).

|Gas) +< Site> —*2—s < Gas > (6.1)
< Gas >—24 [Gas] + < Site > 6.2)
ka: forward reaction rate [m*/s.mol]
kg backward reaction rate [1/s]
[Gas]: gas coitcentration in the air [mol/nt]
<Site>! concentration of empty sites [1/m’]
<Gas>: concentration of occupied sites [1/m’]

117



When the sorption process is redefined with a parametcr representing the
fraction of occupied sites O=<gas>f(<sire>+<gas>), a differential equation
(6.3) for the state of the process can be defined.

30

5 = fa [Gas]-(1-0)~ &, -6 (6.3)

The solution of this differential equation with the boundary condition
0(0)=0 (i.c. initially no sorbed gas) is given in (6.4).

_ 1 Ay ket
6(¢) = [—] . K) (1-¢7) (6.4)
Where the constants X and & are defined as :

K= i 6.5)

kq [Ga.s‘]
k=k, [Gas|+ky (6.6)

If the gas concentration is assumed to be O 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).

6(1)=6(0)- ¢ *a* 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 fp<zr<t; under
the condition of a constant temperature.
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ﬁ'(l_e-“) tp<t<h
o) = {6.8)
—k 1=t
0(t))-e ai=t) <t
lo:  start sample
ti:  switch back to carrier

6.2.3 Drift compensation

Counducting 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 coutact 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 directiou 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, depeudent on the vapour and the polymer.

Because of the small amplitudes of the drift, it can to a first approximation
be cousidered linear, and is in the model described by equation (6.9).

drift=a-t (6.9)

Where a is a rate constaut [1/s], 7 is the time from the start of the exposure,
and drift is the dimeusionless drift added to the response caused by the
vapour influeuce (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 fraciion of occupied sites has 10 be converted to mass
according to equation (6.10).

M=A-8 (6.10)

The variable A 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).

ﬁ.(l_e_k") IOStSII
M) = (6.11)

M(,)- e~k o) <t

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 o describe a
resistance change according to equation (6.13).

%:B-e (6.12)
L.(l_e-k-f) tg<t<y

AR 1+X

—R—(t)= (6.13)

AR k{1~
e kat-n) <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 %4, k,, 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 B4 +K)
and k, which represent an amplitude - and time constant, to equaticn
(6.13). In both cases the de-sorption constant k; is obtained directly from
the decay curves. The fits can furthermore eventually be complemented
with a drift componenta.

The first method has the advantage that the physical parameters are
unambiguously defined when the fit is snccessful. A disadvantage of this
method is the appearance of the parameters k; and &, in both the amplitnde
constant D and the time constant k of the exponential carve. This requires
more calcnlation during the iterations and can canse convergence
problems.

The lumped parameter fit, with one amplitude - and one time constant,
needs iess calculation during the iteration. However, the post-extraction of
ks and k, from the in this case obtained constants D and k can give
inconsistent results which can be difficnlt to interpret.

For the QCM experiments the ‘lnmped parameter fit" was nsed. 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 applicaticn 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 35 s, but this was later decreased to 2.5 seconds to
obtain a better resolution of the transients.

Deposition

Butane sulfonic acid doped pelypymole was deposited on the gold
electrodes of the crystals by electrochemical deposition according to the
standard recipe (chapter 3). During deposition, the contact areas cf the
crystal were protected by scotch tape. After deposition this was peeled off,
leading to crystals coated only on the 0.38 cm? 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/mm? respectively, which is relatively low compared to the
chemo-resistors.

Gas exposures

The resonating crystals were monnted in a glass flow cell having an
estimated volome of approximately 200 m!. Two mass flow controllers and
a bubbler allowed differemt wvapour 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 nsed as carrier gases at a flow rate of
0.72 Vmin. 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 o
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 lomped parameters A/(1+K), k and &y
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 becanse of the limited amount of
experimental data. This strategy will be discossed 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 resonauce 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
iun 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, nncoated crystal was examined. Fig. 6.1 shows the
respouse to & sample of 3.4 mmoll methanol in argon. The small
frequency shift observed is believed to be combination of surface
absorption of the vapour and a vanation in damping due to the deusity
varjation of the passed gas (i.e. the carrier with methanol is more deuse
than the pure carrier).
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Fig. 6.1: The frequency response of an uncoated crystal to a
120 5 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,
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Polymer cooted crystols

The responses of a crystal coated with 40 mC of polypymrole, 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).

deita f (Hz)

o 40 a"o 1;0 1(;0 200 240
time (s)

Fig. 6.2: Metharol 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.

The response peaks for the higher concentrations of methanol do not show
a constant platean but a slow decrease. This is thought ta 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

(22°C).
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Fig. 6.3:  Warer 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.

Although a good fit between data and model was observed with methanol
and water, ethanol showed a more complex behaviour, consisting of a
rapid initial increase followed by a second, much stower, increase possibly
due to the lower diffusion constant of ethanol in the polymer film.
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© @ ® 10 10 20 26
time

Fig. 6.4:  Ethanol sorption in a 40 mC polypyrrale film, Vapour

concentrations in mmol/l are shown under the curves.

The solid line is the experimental data, the dashed line

is the fit.

126



Response modelling

The. application of ‘drift compensation’ was not suitable to solve this
problem. In that case the transients conld reasonable be followed by the fit,
but the resnlting 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/l response curve.
Since this was the first ethanol response corve in the series, the overshoot
in the response may be an artefact, due to the imteraction with remaining
water from the previons 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).

6.08

delta t (Hz)

time (s)

Fig. 6.5: Methanol sorption in a 30 mC film. Vapour
concentrations in mmol/l 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 Langmnir isotherm model. The thinner film can have a smaller number
of sorption sites. However, the time constants should in the case of an
ideal Langmmir behaviour be the same (equation 6.6). The fact that the
thinner film shows faster sorption indicates that there is a diffusion
inflnence on the sorption behavionr.
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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].
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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/(1+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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» mathanol 40mGC
50 + methanol 30 mC
X water 40mC

0 1 2 3 4 5 B 7
vapour concentration (mmold)

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/(1+K) from equation (6.11).
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Fig. 6.8: The time constants of the sorption together with their
Jit io equation (6.6).

The ratic ksk, could also independently obtained from a fit of equation
(6.6) to Fig. 6.8. The resulting values for A, the ratio ks/k,, together with
the values of k;, which were obtained directly from the decay fits in Fig.
6.2, Fig. 63 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.
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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. k, is roughly a factor 3 higher for the thinner film, k, is a
factor 1.5 higher, to result in a kg%, 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 | vapour kak, k, ky A

[mC] [mol/m’ ] [m*/s.mol] [1/5] (Hz)

from from from direct from

amplitude | timing timing from | amplitude
(Fig. 7) | (Fig. 8) (Fig. 8) decay | (Fig.7)

40 MeOH 0.080 0.51 0.08 0.042 | 0.010 207
40 water 0.24 0.49 0.14 0.067 | 0.036 242
30 MeOH 0.16 1.07 0.11 0.122 | 0.035 135

It is also important to notice that the obtained time constants (Fig. 6.8) are,
for concentrations above 2 mmol/l, larger than 0.06 (=1/17 s), which
wonld 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 perfarmed 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 sulfanate (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 nonmalised 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.

Saftware

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 1e-10 for the parameters, and to 1e-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 resnlts
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

1.3 mmaold

0z 4
0.18

0.1

normailsed response

0 20 &0 o0 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 mmol/l with steps
of 013 mmol/l. The continuous curves are
experimentol 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 withont drift
compensation. As can be seen, the ‘drift-compensation’ leads to a better
fit, especially on the decay part of the corve, and was employed during
fitting of chemo-resistor data.
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Fig. 6.10: Evaluation of ‘drift’ compensation on o 0.65 mmol/l
water respanses af a 2 mC bsa daped ppy film. The
continuous curve is experimentol dota, the dotted

curves are the fits.
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Fig. 6.11: Fits of the water responses of a 7 mC bsa doped ppy
Jilm with drift compensotion. Water concentrations
between 0.13 and 1.3 mmol/l with steps of 0.13 mmol/l.
The continuous curves are experimental data, the
datted 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 atso 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 paramerers

The calcalated fit parameters in Fig. 6.12 were used to extract the
parameters B and ky%, which represent respectively the interaction
strength and sorption dynamics. This was done by fitting Fig. 6.12a to the
term B/(1+K) with equation (6.5) substituted for XK. The so obtained values
for B are presented Fig. 6.14a for the various thicknesses. The value for
k%, is presented in the curve labelled ‘amplitude’ inFig. 6.14b.

134



Response modelling

b) 025

a2
015 ¢

x 01+

N & ae

w

005 1

-§.06

q 05 1 1.5

water conc. {mmoll) w ater conce. (mmoll)

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 BA1+K) and equation (6.6) are shown in
the graph a) and b} respectively.
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Fig. 6.13: Graph of k4 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 k, and %,. Their
ratio, labelled with ‘raise’, is also plotted in Fig. 6.14b. The last curve
labelled ‘decay’ in Fig. 6.14b represents the ky%, ratio for k; values
obtained from the decay part as presemted in Fig. 6.13. The values
estimated from these curves were divided by k, values obtained from the
fits to Fig. 6.12b.
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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 k4%, 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
diffosion on the sorption process. This is confinmed 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 anather factor which may caunse
deviating behaviour, At a flow rate of 1 Vmin, the sensor cell with a
volume of 32 mi 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 k4 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 the physical ky%k, 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 resnlts 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 concloded 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 soperior.

Direct fits

The parameters k4, k,, 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 concenitrations
are likely to be cansed by local minima, or ronnding errors in the end
condition. The ending criterion is an absolute error, and since K and k are
larger than &, and k, this resnlts 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 &y valoes
with exception of the lowest concentration values do agree withFig. 6.13.
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Fig. 6.15: Fitted values of B an k4 as a function of film thickness
at different water concentrations. The regression line
for the highest concentration s also shown,

The &, -[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 ks value of approximately 0.04
(Fig. 6.15b) this results in k%, 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 k, |Gas){a) and the extracted values
for k. (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 &, which occurs together with a lower B value. This can be
explained by mixing and diffusion, resulting in apparent k, and k; 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 rauge is given. The B values were
found to be charge depeudeot. The estimated formula is given.

B ka kd kd/ka
[m3/s.mol] [1/5] [mol/m’)
fitting timing ampiitude
strategy values values
Lumped | 0.17+0.06*charge 0.1-0.2 0.03-0.05 0.6
Direct 0.11+0.06%charge | 0.08-0.18 | 0.03-0.05

Diffusion and mixing will however not influence the equilibrium valne (the
plateau) of the response. The amplitude of the exponential curve which is
presented by the lumped variable BA7+KX} (equation 6.13) is therefore a
more accorate parameter than ky, k, and B obtained from the direct fits,
because these are influenced by the time constant. The values for kyk, and
B can later be derived from the BA/+K} values gver the concentration
gradient. This does however only give a reliable value for the ratia ky%,,
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 varions cencentrations. The results for
chemo-resistors prepared with a charge of 2mC are presented inFig. 6.17.
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Fig. 6.17: Fits of the methonol responses of a 2 mC bsa doped
ppy film with drift compensation. The concentration
step size is 0.68 mmol/l.

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 minnte exposure.
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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-sorpiion time
constants as a function of the vapour concentration.

The deposition charge is given in the legend. For the
2mC film, the fit is presented in Fig. o).
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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 B/ 1+K) plots (Fig. 6.19a), and consequently
the fitted parameters can not be nsed for the extraction of the physical
parameters B and ky%,. The lack of a platean value in the response does
apparently cause 2 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 k, (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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Fig. 6.20: The fined 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 further 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,
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Fig. 6.21: The response of a hsa doped ppy sensor to pyrrole
vapour. Concentrations between 0.044 ond 044
mmol/l with steps of 0.044 mmol/l.
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Fig. 6.22: The response of a hsa doped ppy sensor io
tripropylamine vapour. Concentrations between 0.02
and 0.2 mmol/l with steps of 0.02 mmol/l.
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For pyrrole and tripropylamine, the responses and the 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.
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Fig. 6.23: The response of a hso doped ppy sensor to vorious
concentrations of oniline vapour.
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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 Jumped fits to the responses. The &, values
were taken from the decay curves, the &, 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 &, 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 vaponrs,
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.

Yapour bsa hsa | dsa
2meC)
Water B (.25 0.28 |[0.2
k [mYsmol] | 015 3 3.5
k, [14s] 0.04 004 |0.04
Methanol B 0.6 0.73 1.07
k, [m*/s.mol] [ 0.01 005 |0.38
ks [U/s) 0.04 0.015 | 0.05
Pyrrole B 020 |0.082
k, [m’fs.mol] 01 |[006
ke [108) . 004 [0.035
Aniline B 0.016 | 0.004
k, [nr'/s.mol] 2 1
ks [145) 0.03 |[0.04
Tripropylamine | B 0.021
k, [m*/s.mol] 0.2
kq [1/5] 0.02
Ethanol B 0.03
&, [m*/s.molj 0.02
kg [1/s] 0.04
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6.4.5 Discnssion

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 vapouor. This is believed to be related to
the small size and the polar character of the molecule which causes a fast
diffnsion and a strong interaction with the polymer.

The lumped fitting method, in which the two lumped parameters according
to eqnation (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 snccessful fit, it is desirable to continue the vapour
exposure nntil an equilibrinom 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

Varions 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 polypymole chemo-
resistors (see section 3.2.3). The sensors were mounted in the flaw system,
and exposed to the vapour generated from various diluztions of aqueous
methanol between 0 and 50%. The carrier homidity was kept at 30% by
means of a wash bottle with a sat. CaCl; solution. The flow rate was 0.5
1/min and the exposure pericd was 1 minute.

The vapour concentration of water and methanol resuiting from the
different soletions was calculated from equation (A1.10) in appendix A.

Fitting procedure

The normalised response was fitted to two superimposed exponential
curves (6.13) resnlting in equation (6.14). The subscript w stands for
water, m for methanol. The variables & and K consist of the individuai
parameters ky and &, according to eqnation (6.5} and (6.6).
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The six parameters (ky, 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 Jarge 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 valnes 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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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 thai 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
concengrations.

Table 6.5: The fitted parameters for the aqueous methanol solutions.

water [ methanol
k. [m3/s.mol} | 0.002 0.014
k; [1/s] 0.026 0.0115
B -2.76 0.20

The parameters obtained with the fit are summarised in Table 6.5. Because
this is a different sensor type from the sensors nsed in previons paragraph,
care must be taken with the comparison of the data in this table to that in
Table 6.4. 1t 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 &, value obtained here is
smaller for water then for methanol whereas &, values in Table 6.4 were
for all polymers larger for water then for methanol.
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6.6 Studying Kkinetics 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]

Asspming attractive forces between the vapour and the polymer, the
desorption is related to the average time T during which the gas molecules
stay at the interface between the solid and gaseous phases. This depends
on the ratio of the interaction energy () 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, 1o is the molecular vibration
time.

3
T=1y-eRT (6.15)

The de-sorption constant &y is inversely proportional to this value, so the
temperature dependency of the backward sorption relation can be
described by (6.16).

ky=—-¢ FT (6.16)
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The sorption constant &, depends on the nnmber of impacts of volatile gas
molecules on the solid according to equation (6.17), which is defined by
the kinetic gas theory [13,24].

0
k, = ﬂ"‘a‘f 6.17)
(21rMRT)
o site area ) [m?]
Ng: number of sites
M. sorbate mass [kg/mole]

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
}:’ chemo-
resistors
temperature
sensor

Temperature
eontroller

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. Varions water
concentrations were obtained from a saturated CaCl, solution in a wash
bottle at 25°C. The resnlting air was diluted with dry air from 10% to
100% to give vapour containing water concentrations between 0.04 and
0.4 mmol/l. 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 I/min, since the flow cell had a 2 dl volume, this shonld
be low enough for a minimal influence of the carrier gas on the
temperatore in the chamber.

6.6.4 Resnlts and discussion

The different response amplitudes at different temperatores are presented
in Fig. 6.27. 1t 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].

13

s
o]

normalised responsa
-
-

—_—

4] Q.1 0.2 0.3 0.4 0.5
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Fig. 6.27: Sensor respanses as a function of water concentration.
The temperatures in °C 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, sbrption 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 transicnt
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 the reason for the
limited accuracy of the so obtained fitting parameters. It was particnlarly
noticeable that water gave the best fit, perhaps dne to its small size,
leading to fast diffnsion 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
inflnence of for example film thickness in chapter 3, and can be nsed for
new designs of chemo-resistors.

The de-sorption parameter k; was found to be very similar in all cases.
This would snggest that the interaction between the vapour and the
polymer was similar in all the cases. In contrast the sorption parameter k,
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 diclectric sensors arc 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 [3,9,10]. This
chapter examines the feasibility of the application of the IDA structures
used throughout this thesis, for dielectric gas measurements.

7.1.2 Ountline

Section 2 of this chapter gives theoretical consideration of the IDA
capacity. The capacities of the different part of the structure will be
calcnlated 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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3
k()= [ g (73)

Where b is the cell length, and a is the electrode spacing (Fig. 7.2). In the
case of the 2 um spaced IDAs nsed, b and g are 4 m and 2 pum
respectively. KTk] is the elliptic integral of the first kind according to
eqoation (7.3). An eventually present additional passivation layer with a
thickness h will resnlt in an additional 3™ part of nnit capacity according to
(7.4,

C3y =g, A (7.4)
a

To obtain the total capacity C of the interdigitated structure the unit
capacity Co,=C1#+C2,+C3y has to be multiplied with the number of
fingers N minus one, and their length according to (7.5).

C=(N-1}-1-Cy (1.5)
Substrate capacity

Initial experiments were performed on readily available IDA structures on
a silicon substrates, which are conducting. This makes the contribntion 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 pm wide
electrodes with 2 pm 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 arca of
1.25 mm? (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 Capacity contribution (pF)

clliplic integral through air 14
elliptic integral through glass €=5) 7.0
substrate capacity (silicon with 221

nitride (£,=8) passivation)

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 snrface conductivity

A change in gaseons 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).

e
eo=e~j— (1.6)

Secondly, the surface absorbed vapour will form a conductive layer on the
electrodes [1]. 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
40 MHz.

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 !0 minutes to equilibrate. The sensors were exposed by
inserting them in the headspace in the beaker, throngh a small hole in the
parafilm®.

The impedance characteristics of an IDA were also defined whilst the
sensor was dipped demineralised water,

7.3.3 Results and discussion

Fig. 7.3 shows the Nyquist plots for a 2 pm Au IDA under different
conditions. Note that the 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 expesed 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 exient 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
capaéity changes therefore have to be interpreted with great care.
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Fig. 7.3: Nyquist plots for a 2 um Au IDA under different
conditions. aj in lab air b) in demineralised water. c)
in ethano! 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 muitiple of these need to be operated in parallel.

This section evalnates 2 possible solntions. 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 measnres the impedance of the sensor.

7.4.2 Theoretical

Oscillator

An op-amp can in combination with three resistars and a capacitor be used
to bnild an oscillating circuit (Fig. 7.4}. The capacitor C is loaded throngh
resistor R; 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 ontput
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.

f
||

Fig. 7.4:  An astable multivibratar with an oscillation frequency
proportional ta C.

166



Dietectric sensors

In case R;=R; 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).

1

= R cme

a.mn

C= _r (7.8)
2:In(3)-Ry- f

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).

ce— L 1 7.9)
2m(3)-Ry-f 2-Wn(3)-Rs- fy
fo-f (7.10)

C=
2n(3)-Ry-fo-f

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. Ancther 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 previously_been demonstrated with
an accelerometer by Litters {16}, For capacitive pressure sensors {147 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
¢liminates the influence of the wire capacitance, which can be quite
significant compared to the small seusor capacitance (Tabie 7.1).

Ifeedback

Sensor

F out

-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 Z.,. is given by (7.11). The
variable Vis the amplitude of the applied sine wave.

z feedback

Vou =V 7

(7.11)

lensar

When this sensor is assumed to be purely capacitive according to (7.12),
the appareut capacity can be caiculated from (7.13) which is obtained by
rearranging the substitution of (7.12)in (7.11).

168



Dielectric sensors

1

Zpony = —— 7.12
sensor jﬂf ( )
AV (7.13)

V. jo- Zfeedback

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 R,=Ry=10 kQ. The charging resistor Ry was chosen 10 kK2
or 100 kQ dependent on the desired characterisation frequency. To
minimise the influence of parasitic capacities, all the components were
soldered as close to ¢ach 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 simultaneons
characterisation of 3 sensors. The 3 frequencies were measured with a
HP5335A 2 channe) 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 k£2, 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 100nF capacitor and a
100k€2 resistor to result in a cut-of frequency of 16 Hz. The function
generator was operated at an amplitude of 100mV, at frequencies between
4 an 100 kHz.

The feedback impedance in the original circuit of Litters 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 comer 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).

_AV Creear
14

AC (7.14)

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 cutput 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 HPEI313A 16 bit scanning A/D
converter. The scanner was read ont 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 um spaced uncovered Au IDAs.
Platinum electrodes and coated structures were also tested to see how the
electrode material or an additional coating influgnces 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 pl 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
k€2, the circnit 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 inTable 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 10
saturated water vapour. For lower concentrations and other vapours,
similarly shaped responses were obtained. Compared to previously
presented conductling polymer response curves, especially the fast
response followed by an even faster recovery are attractive features of this
SENSOr type.

0 + + -+
0 20 40 60 80 100
time (8)

Fig. 7.6:  Transient water response.

The relative dielectric constant of liquid water is 78.5. The measured
capacity docs, 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.

Althongh 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 pm 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/]l. For lower vapour concentrations the

signal disappears in the noise.
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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 then follows about the original direction for even higher
concentrations. The slope variations are, just like the very high responses,
believed to be cansed 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 k& charging resistor for a 10 kQ
resistor. This resulted in a base-line frequency of 120 kHz. The experiment
was simuitaneously 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 pood reproducibility between sensors can
furthermore be observed, especially at moderate vapour concentrations.
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Water ond 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 pm Au IDA on a silicon substrate was characterised with the AM
circuit with a feedback of 22pF//10MQ at frequencies of 100kHz 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 ytm Au IDA at 4 and 100 kHz.

The resulting calibration corves 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 previcusly 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 2 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 fregency allows to lower the
feedback resistor to 100 kQ, 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 ppm Au IDA with the shielded circuit to
2 repeated series of exposures to water fleft) 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 snbstrates,

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 calcniations summarised inTable 7.1.

The structures were characterised with the AM c¢ircuit. 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 M£2 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 reasonabie
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
circnits for the individnal sensors on thoroughly shielded individual printed
circuit boards. The sensor characteristics of the glass IDAs exposed to
water and methanol are shown inFig. 7.11.

176



Dielectric sensors

1068401 1.0E+00
a) X b "
® o
1.0E+00 - b 1.0E01 x
% * g . X x
O 10801 } x < 10E02
§ x i
10502 J,¥ 10503
¢
1.0E03 + + 1.0E604 P + 4 }
0 0.5 1 15 0 2 4 B 8
water concentration {mmol) methanol concentration {mm o1}

Fig. 7.11: Capacity shifts of 2 ym 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 regired.
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 canse 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 soccessful. Fig. 7.12
shows calibration curves for 4 different organic vapours detected with 3
different sensors. The first is an untreated 2 pm gold IDA as previously
nsed. The second is similar IDA with an additional PVC layer, and the last
one is a 2pm Pt 1DA.
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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 PYC 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 enongh to see the response
snppression. Furthermore it can be observed that there is no significant
difference between gold and platinum electrodes.
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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 shounld 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 cau reduce the relative sensitivity to
water. Furthermore it was found that as the thickness of the bsa doped
polypytrole films increased, the water seusitivity was increasing, whilst the
respouse to more hydrophobic organic vapours decreased. It was also seen
that as the film thickness increased, the response time increased. Together,
these resulis strongly suggest that it is preferable to use thin polypyrrole
films.

A study of the electrical parameters of the 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 the 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 systemn, GASFETs and QCM systems were
investigated. For the GASFET measurements a simple fabrication method
for the conducting polymer gate coutact was developed. Using the
GASFETSs respouses, very similar results to those obtained with chemo-
resistors were obtained, which strongly supports the idea that partial
charge trausfer is the main response mechanism in conducting polymer
based gas seunsors.
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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 modcl 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 paralle] 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 nse in the mixed
technology, hybrid, noses currently under development. In the longer term
clectronic 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 equilibrivm
vapour concentration can be calcnlated 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.1).

pY
Ly Al
T (ALY)

Pressure [Pa]

Volume [m’]

Gas constant (8.31 [J/(mol K)])
amount of gas [mol]

IS

Single components
For a single liquid component the equilibrinm between liquid and gas in a

closed volume is represented by equation (Al1.2).

V
4 yapour = ﬁ ’ (p + Pvapour) (Al.2)
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Pvapour: amount of vapour present in the headspace [mol]
Prapour: the vapour pressure of the liquid [Pa]

Subtracting the initial present amount of gas from both sides of equation
(Al.2) results in equation (Al.3) which can be rearranged to result in
equation (Al.4) which represents the equilibrium concentration of the
sample in the headspace in particles per volume.

p-v 14

Myapour = R_T_"+R_T'Pvapour (Al.3)
C= Ryapour " Puapour (Al.4)
1 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 (A1.5).

C,,; =108 . Lrapour (AL.5)
P

At ambient temperature (25°C) and pressure (10° Pa), the gas
concentration in moles per m’ can, under the assumption of ideal gas

conditions, be converted to the mole fraction in PPM with equation (A1.6).

C, =247-10%-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).

Piotal = PA XA T Pp-Xp (AL7)

px.  vapour pressure of pure liquid X.
xx:  mole fraction of snbstance X in the liquid.

The concentration of the two species together (A1.8) can be calculated
from the total vapour pressure in the same way as equation (Al.4).

n Piotal
C.. = hotal _ Prota Al8
total v R-T ( )

Dalton’s Law (A1.9) 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].

X
y, =24 x4 (A19)
Proral

¥ya: mole fraction of substance A in the vapour.
p.  the total pressure.

The concentration of one fraction can therefore be calculated with equation
{A1.10) which is obtained by combining (A1.8) and (A1.9).

pA ! A
C =¥ C==L_—= Al.10
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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.

% nocodatafit.m
clear
echo on

% processes a datafile data.txt
% with boundary conditions timing.txt from the nose directory.

% lopad datafile and parameterfile
load data.txt

[x,y)=8ize{data}

load timing.txt

% assign values from parameterfile ta const&nts
begin=timing(1,1)

sampling=timing{2,1)

delay=timing (3,1}

number=timing{4,1)

purge=timing{5,1)

eerstesensor=timing (6,1}

sensora=timing (7,1}

% discard empty ceclumns from datafile

datawithoutzero(:,1)=data{:,1);

for m=l:sensors
datawithoutzero(:,m+l)=data{:,eerptesensor+m) ;

end

size (datawithoutzerol

clepr data

% calll cutper, which returns a matrix with normalised

% responses

matrix=cutper (begin, sampling,delay, number, purge, datawithoutzero
Vi

save normpesk.txt matrix -ascii

% plot individual untrested respcnse curves

figurecounter=0

for k=1:8ensors
figure (k+figurecounter)
plot{0.0001*datawithoutzero{5:x,1),
{datawithoutzero(S:x,1+k}) ]}

end

figurecounter=figurecounter+k+l

t plot untreated response curves in one graph

figure (figqurecounter)

plot{ [datawithoutzeroc(5:x, 2: 5ensors+1}]}
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tplot individusl normaliged response curves
[%,¥]=glze matrix)
for ksl:sensors
figqure (figurecounter+k}
plot (matrix(3:x,1+k))
end
figurecountersfigurecounter+k+l

% plot normalised response curves in one graph
figure{figurecounter)
plot ([matrix{3:x,2:8ensors+1}}}

% call fitting procedure
parametergsgimplefi (matrix, number, sampling,delay);

function matrixecutpsr (hegin,sacpling, dslay,
number, purgs, input)

cutper {begin, sampling, delsy, number, purge, input)
Normalise every response peak separstely

Gives zeros in the first two rows of the output matrix
Normalises tha responee peak on the 10 measuring points
before and gives the response pesks in the rest of the lines

The time in the first column starts with two zeros in the
first rows

On every sample row there is the absolute time sghifted so
every ssmple atarts at t=0

i AP AP P AP AP OF WP OF OF oOF

echo on
[m, column] =size {input}

% for all response pesks
for m=l:number

% generate firxst column with time values
matrix(3+(m-1)+(delay+l) *sampling:

2+m* (1+delay) *aampling, 1} =input (begin+ (m-

1) * {purge+sampling) : begin-1+ (m-

1) * (purge+aampling) + {1+delay) *sampling, 1) -input (begin+ (m-
1} * (purge+sampling),1);

¥ for all sensors
for ke2:column

% calculata baseline from 10 previous valuea
claverage=0.1*gum{input (begin-10+{m-1) * {purge+sampling) :begin-
1+(m-1}* (purge+gampling) , ki) ;

¥ normalise
matrix(3+{m-1}+*(delay+1)*sampling:2+m*(l1+delay) *gampling, k=
(1nput {begin+ (m-1) * {(purge+sampling) :begin-Ls{m-1)*
(purge+sampling) + (1+delay) *sampling, k} /claverage) -1;

end
end
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function perametars=simplsfi (matrix,numbar,sampling,delesy)

simplefi {matrix, number, sampling, delay) performs a fit with

s single re¢ curve and ‘drift compensation’

m-1 sensors. The first two rows are empty the next rows

¥
$
]
% cthe input format is & n*m matrix with
$
4

contain number * (l+delay) *sampling samples
% see slso cutper.m; needs funceimp.m

toptions (1) =1; techo’'s iteration
optione(2)el,0e-10; x
options(3)el.0e-15; SE{x)
options{14}=10000; ¥maxnumber

¥ define the important parameters global to allow
% them to be accessed by funcsimp.m

global N;

global K;

global MATRIX;

global LENGTH;

global SAMPLING;

% spsign values to the globsl varisbles
SAMPLING=gampling;

LENGTH= {1+delay) *sampling;
MATRIXematrix;

%t check the amount of available dats
[rows, columne] esize (matrix) ;
clear rows;

¥ for sll sensors
for K=2:cclumns

K;
% for all response peaks
for N=1:number
N;

¥ define start values for the fitting paramters
c=0.05;
raieee=0.02;
decay=0.005;
slope=.01;
a=100"K+N

% csll fitting procedure
a=fmins (‘' funceimp’, [¢,raise,decay,slope] ,options);

% copy parameters obtained from ‘funceimp’

parameters (1+{K-2}*4: (K-1}*4,N)=a';

end
end
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function y=funcaimp (a)
¥ belongs to simplefi.m

% define global variables
global N;

global K;

glohal MATRIX;

global LENGTH;

global SAMPLING;

% calculate the simulated respcnse from the parameters

% in the vector a, which comes from the minimisation procedure
vaims=a (1)~ {l-exp{-a(2) *MATRIX {3+ (N-1) *LENGTH: 3+ (N-

1) *LENGTH+SAMPLING,1}}};
yaim{SAMPLING+2: LENGTH) cysim (SAMPLING+1) vexp( -

a(3}* (MATRIX (4+SAMPLING+ (N-1) *LENGTH: 2+N*LENGTH, 1} -

MATRIX (3+SAMPLING+ (N-1])*LENGTH,1)}));

%t add ‘drift compensation’ to the response peak
yaims=yeim+0.00k*a{4) *MATRIX {3+ {N-1) *LENGTH: 2+N*LENGTH, 1) ;

t calulate the difference between simulation and data
error=yaim-MATRIX {3+ (N-1) *LENGTH: 2+N*LENGTH, K} ;

% take the aguare of all the errors and return to ‘aimplefi.m’

Yeerror'*error;
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Appendix C

“Detection limits for different gas sensor technologies”

C.1 Introduction
C.11 General

This thesis describes different aspects of, mainly conducting polymer
based, gas sensors for electronic nose applications. During the sensor
characterisation, the noise level groved 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 10 detect cutliers 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 commen measure is 3 or 5 times the ncise
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 himits are given in mmol/l following the convention throughout
this thesis. 1t should be kept in mind that at 25 °C a vapour concentration
of 1 mmol/l 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 1) Hz
and a bias of 2.5 mA was found to be typically le5 uV%Hz (Fig 4.7).
During sensor operation the current is kept at 5 LA, so the noise level at a
bandwidth of 10 Hz, will be approximately
(664 -leSpVZ/Hz=2000uV2. This corresponds to a noise
- 23e-3A

amplitude of 44 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 PV, in
reasonable agreement with the 44pV from the theory.

The interface circuit apparently does not contribute significantly to this
noise. The response characteristics summarised in Table 6.4 were

10Hz

extrapolated to a response of 0.1%.
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Table C.1: Detection limits in mmo¥/] extrapolated from Table 6.4.

The results are presented in Table C.1.

analyte bsa hsa dsa
water 0.002 0.002 0.002
methanol 0.006 0.006 0.010
pyrrole 0.0008 0.0063
aniline 0.00015 0.0053
tripropylamine 0.0018

ethanol 0.00025

C.3.2 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 there 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 mmo!/ for

various vapours.

Analyte teattb bsa
isopropropanol 0.1+0.07 | 0.07+0.04
ethanol 0.0410.03 | 0.110.07
acetonitrile 0.0510.04 0.240.1
water 0.0240.01 0.001
methanol 0.0940.05 0.410.3

C.3.3 Dielectric sensors

The best dielectric measurements in this thesis, which are the AM
measurements on glass substrates, showed a detection limit of about
0.05 mmol/1 for water and 0.4 mmol/l for methanol.

193



C.3.4 Acoustic Devices

The noise limit of the QCM unsed in chapter 6 is approximately 0.4 Hz.
The response values of table 6.2 were extrapolated to this leve]. This
results in detection limits snmmarised in Table C.3.

Table C.3: Detection limits in mmol/l of a QCM covered with 40 mC polypyrrole.

methanol 0.001
water 0.0005

The functional behaviour of the aconstic devices is well known from
literature. Consequently, the theoretical detection Jimits, in mass loading
per surface area are known from literature [1]. 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 nsed Surface Aconstic 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 anthors’
knowledge the lamb wave technology has however not yet been applied in
electronic noses.

C.3.5 Mass spectrometry

Quadrupole based Mass Spectrometers are being increasingly vsed in
electronic nose applications mainly due to their inherently high stability.
They have a typical detection limit of 1e-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 varions 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 lmits, 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 acounstic
devices (0.001 mmol/l corresponding to 25 ppm).

Considering other possible technologies, the quadrupole mass-
spectrometer gives a rather similar detection limit. However the SAW and
the FPW devices have a potential of a Jower detection limit when they can
be operated in a set-up which guarantees a sofficient stability of the sensor
signal.

1t is clear that in electronic nose applications where the system is used as a
surveillance system which should warmn for a frequently occurring event of
one single contaminant, the detection limits of the sensors should be low
enough to detect this particolar 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
individunal components of the odours might lie well below the detection
limit, bat the sensor responses which are the sum of all the responses to all
the individual vapours may still be usable.
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