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1 Introduction

1.1 Motivation

The last century has seen increased industrial growth worldwide. A side effect of this
development is an exponential increase in pollution of earth, air and water, especially in
densely populated areas such as the EU. While land pollution is locally restricted and great
efforts have been made during the last decades to improve the quality of rivers and larger
bodies of water, air pollution is not so easily reduced. Wind, rain and other meteorological
phenomena make the spread of pollutants difficult to predict and impossible to control. The
measures taken over the last years are therefore focussing on preventing or reducing the
emission at its source, e.g. the use of air filters for industrial combustion. However, complete
prevention of pollutant emission is not always viable and much more difficult if applied to
mobile (e.g. automotive) or unpredictable (e.g. wood fire) sources. This pollution threatens
nature and human health alike. People, especially in urban areas, are exposed to a high
quantity of harmful airborne substances at work, in traffic and at home. To be able to devise
effective countermeasures and reduce the personal exposure to pollutants, their exact nature
and quantity must be known with a high spatial resolution.

Nowadays, the qualitative and quantitative analysis of gaseous compounds is performed
almost exclusively by analytical instruments; wet chemistry and one-way tests having a small
complementary function. These instruments use a broad range of chemical and physical
methods to determine the properties of a given sample [1]. Chromatography, spectroscopy
and spectrometry play a prominent role among these systems. These classical analytical
instruments are highly accurate and reliable devices, able to detect even traces of pollutants in
mixtures and with lifetimes in the range of several years. Their drawbacks are a high initial
cost, high maintenance costs, size and weight, high power consumption (no battery operation
possible), the need for qualified personnel and a comparably low time-resolution. The high
costs often entail a low spatial resolution due to a restricted number of instruments, relevant in
applications with a large area to cover.

Figure 1.1: Standard analytical instrument (GCMS) and gas sensor.

Most data on the levels and spread of airborne pollutants is gathered through the
environmental monitoring networks present in all large European cities. They are composed
of a number of expensive and very accurate analytical instruments and give a measure of
hourly to daily concentration levels of known pollutants as well as indicate seasonal trends
and long-term developments. However, even large cities such as Madrid (Spain) are covered
by only 25 measuring stations [2], limiting the geographical relevance of the gathered

4



information. At the same time the idea of personal exposure becomes more and more
important in our society. From personal gas alarms for pedestrians to medical monitors of
patient health and intelligent household instruments (e.g. refrigerator, oven) small and cheap
(gas) sensing devices experience an increased consumer attention. One answer to this growing
need is the development of smaller, cheaper and autonomous measurement units - sensors.

1.2 Gas Sensors

The main difference between classical analytical instruments and sensors is cost and accuracy.
In contrast to classical analytical instruments sensors are small and cheap devices with lower
lifetime and accuracy. The one’s strengths are the others weaknesses. Attempts to close this
gap from both sides are currently made by the industry and researchers alike: increasing the
accuracy of sensors and miniaturising classical instruments [3].

But what is a sensor? As sensors are originating from many different disciplines (physics,
chemistry, biology) a similarly high number of definitions exist [4]-[6]. The field of chemical
gas sensors alone already hosts many sensors based on very different measurement principles.

Measurement parameters Transducer Sensor system
Conductance AG 2-, 3- or 4-point electrodes Mete&lo?l)éi;icetii;rgi)clc})]rg;(;tors,
Current Al 2- and 3-point electrodes Electrochemical cell
Mass Am oscillating quartzes Polymer coated microbalances
Work function AD Kelvin probes Gas-FETs
Temperature AT Thermol;g;;g;: or pte- Calorimetric sensor, Pellistor
Capacitance AC Interdigital capacitors Humidity sensors
Optical layer thickness An Light RIFS
Intensity Al or Phase A Fibre optics Optical sensors

Table 1.1:  Chemical gas sensors and their measurement principles [7].

For our purposes, chemical gas sensors will be defined as “a device which provides an
electrical output in response to the partial pressure change of a gas”. They consist of two
parts: the sensing element and the transducer. The sensing element changes its chemical
properties in response to changes in the ambient concentration of a gas. The transducer
transforms the chemical signal into an easily measurable electrical one.

The most important characteristics of gas sensors are:

e Sensitivity - response to small concentrations or concentration changes of pollutants
e Selectivity - strong response to some pollutants, none to others
e Stability - signal reproducibility over time

A high performance gas sensor has a high sensitivity to very few selected pollutants and
provides a stable and reproducible signal over long time periods.



1.2.1 Electrochemical Cells

Electrochemical gas sensors are based on the measurement of a current in an electrochemical
cell between a sensing or working electrode and a counter electrode at a certain potential
(amperometric sensor). The current is created by the electrochemical oxidation or reduction of
the target gas at a catalytic electrode surface that is in contact with an electrolyte. The
magnitude of the current is directly proportional to the gas concentration.

transport (diffusion) =~ <+ Samplegas  <—

barrier — _CQZI_ LCO_» -
working electrode ___ anode reaction:
(anode, WE) |21 CO + H,0 — CO, + 2H"+ 2¢’
el((agtéozteo) — | cathode reaction:
9. H30, — o6 j@( o0,+2H + 2¢" — H,0
R ——1 slrencs [ (Ueonst) ~pog
reference gas ————F— 11/202

Figure 1.2: Schematic sensor structure of a three electrode amperometric gas sensor with
CO as example for a target gas and the oxidation reaction to CO; as
electrochemical reaction [8].

The advantage of electrochemical sensors is their good selectivity and stability. The linear
signal dependency on gas concentrations is an advantage at higher concentrations and for
wide concentration ranges. However, it is a disadvantage for the detection of very small
concentrations.

1.2.2 Microbalances

Quartz Crystal Microbalances (QMB) [9] are composed of a piezo-electric crystal disc coated
with a polymer. The crystal is swinging with a defined excitation frequency. Gaseous
molecules interact with the polymer, changing the mass of the sensing element and thereby
also the frequency [10]. Different microbalances employed as sensor systems are thickness-
shear mode resonator (TSM), surface and bulk acoustic wave devices (SAW, BAW).

a) quartz b)

( ‘—)— clectrode . @
‘_ contacts <—p  sideview

mountlng

—1mm

Figure 1.3: a) Set up of a swinging quartz b) TSM resonator; white arrows: wave
propagation, black arrows: particle propagation [11].



The advantage of microbalances is their easily variable selectivity (polymer-dependent) and
sensitivity to Volatile Organic Compounds (VOCs) [12]. Disadvantageous are the low
maximum operation temperature and slow recovery times.

1.2.3 Metal Oxide Semiconductor Gas Sensors

The idea of using semiconductors as gas sensitive devices leads back to 1952 when Brattain
and Bardeen first reported gas sensitive effects on Germanium[13]. Later, Seiyama found gas
sensing effects on metal oxides [14]. Taguchi finally brought semiconductor sensors based on
metal oxides to an industrial product [15]-[17]. Since then, metal oxide semiconductor sensors
have attracted a lot of attention due to their cheap and easy-to-use gas monitoring capabilities.
They comprise a sensing layer deposited on a substrate provided with electrodes and a heating
element (sensor operation temperature between 200 and 400°C). The substrate is usually
mounted on a socket, e.g. TO-socket, provided with a cap and sometimes a filter as shown in
figure 1.4. Such Taguchi-type sensors are still on the market, but most of the commercially
available sensors are nowadays manufactured in screen-printing technology on small and thin
ceramic substrates [18]-[20].

Heater coil —

100 mesh ql\ 1

SUS 316 gauze (double) =
Gas sensitive 5:3% 0.5mm

Y Sensing element semiconductor ér—_" l
l=——Metal housing s
ﬁ] (Nickel plated brass) Lead wire NE

T— Plastic base

S~ Electrode pins

- | 0.3mm

Figure 1.4: Schematics of a Taguchi-type thick film sensor.

The measured parameter is the resistance of the sensing layer which directly correlates to the
concentration of the targeted gas. The major advantage of thick film sensors is their good
sensitivity, resulting from the exponential signal dependency on gas concentrations.
Disadvantageous is their lack of selectivity, resulting in a high number of cross-sensitivities
for most applications. Other advantages include good stability, extensive material experience
and low manufacturing price.



Figure 1.5: Different commercially available single sensors using semiconductor
technology, Figaro Engineering.

Since the first commercial semiconductor gas sensors have been offered by the company
Figaro in 1968, the sensor market has continued to grow steadily. Nowadays, millions of gas
sensors are sold every year in many different applications, as demonstrated in table 1.2.
Among them, domestic alarms, automobile air quality control and industrial process control
are the most prominent areas of application. Other fields are currently experiencing strong
research efforts by public and private societies.

Actual and future areas of application for chemical gas sensors

Domestic Alarms fire (CO), natural gas heating
Automobile driver’s cabin air quality, control of ventilation hatches, exhaust
Medical disease detection through breath analysis
Military chemical and biological warfare
Ventilation air quality monitoring in tunnels or underground parking garages
Environment environmental monitoring systems, personal exposure alarms
Industry process-control, leakage alarm
Traffic city traffic control and management
Household Appliances intelligent refrigerator or oven
Life-Style bad breath detection, blood alcohol

Table 1.2:  Actual and future areas of application for chemical gas sensors.

However, in spite of many efforts by science and the industry to promote gas sensor
technology, the market breakthrough has not yet been accomplished. For chemical gas sensors
to be accepted two obstacles have to be overcome.




The knowledge of the chemical and physical properties fundamental to gas sensing is not
satisfactory for all techniques. Mastery can only be achieved by completely understanding the
microscopic mechanisms by which sensors interact with ambient gases. To this end, the
fundamental research on well established chemical gas sensors has to be intensified and new
methods and materials have to be investigated.

The other barrier to the wide-spread use of chemical gas sensors is the gap in performance
between sensors offered by the manufacturing companies and the performance requirements
demanded by the users. The development of gas sensors has to be focused more towards the
needs of its users. Current research efforts focus on reducing size, cost and power
consumption, increasing the long-term stability and enabling compatibility with modern
telecommunication systems (sensors usable e.g. in mobile phones). However, the price
pressure is very high. To be competitive, sensors have to cost 5 to 20 € or, as complete sensor
systems (including electronics, calibration...), 100 to 1,000 €. By meeting these criteria and
proving themselves in demanding applications the market can be convinced by chemical gas
Sensors.

1.3 Target and Outline of this Work

The present work contributes towards increasing the acceptance of chemical gas sensors
based on metal oxide semiconductors. Its objectives were to develop a smart, mobile gas
sensor system with low power consumption. A sensor system consists of the sensing element
itself and the supporting system. As sensing element a monolithic micro-machined metal
oxide sensor was chosen, the ADA sensor chip, developed by the Physical Electronics
Laboratory, University of Zurich [21]. The authors contribution to the sensor chip
development was a thorough laboratory assessment of its chemical sensing properties. In
parallel to the chip development a supporting sensor system was developed in co-operation
with AppliedSensor GmbH [22]. The authors contribution was to test all components and
various system prototypes, evaluate different operation modes and improve the sensor
selectivity. The latter constitutes the main research focus of this work: investigating
possibilities to improve the sensor’s selectivity and applying them to the developed sensor and
system. Due to the parallel development of sensor chip and supporting system, substitute
sensors were employed during the early sensor system tests. Both conventional thick film
sensors and micro-machined sensors were used. Several final ADA sensor system prototypes
with integrated sensor chip and full packaging were produced, characterised and calibrated.
These calibrated sensor systems were submitted to a 3-month field trial, where they were
investigated in both outdoor (traffic hot-spot in Madrid, Spain) and indoor (offices and car
parking in Turin, Italy) applications.

The developed sensor system constitutes a successful transfer of metal oxide sensor
technology to micro system technology with all advantages a monolithic micromachined
sensor system offers: reduced size, packaging and power consumption, integration of
electronics, sensor array and on-chip data-evaluation. The integration of metal oxide sensor
technology into CMOS-compatible structures allows for a sensor mass production with
established microelectronic and microtechnological processes and facilitates cost-effective
commercialisation.

This work was made possible by funding of the EU in the frame of the project IST-2000-
28452 “ADA - Advanced Distributed Architecture for telemonitoring services”.



The thesis is organised as follows:
Chapter 1: gives an introduction to chemical gas sensors and the motivation for this work
Chapter 2: discusses the measurement principle of metal oxide semiconductor gas sensors

Chapter 3: details the sensor system development process from first concept to final
prototype and discusses difficulties encountered and strategies employed

Chapter 4: detailed report on laboratory validation of the ADA sensor system prototype
(ADA sensor chip with supporting sensor system) and results of the real world

applications tested in the field trials

Chapter 5: summarises the presented work, highlighting the main achievements
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2 Metal oxide gas sensors

Metal oxide semiconductor gas sensors are, essentially, gas dependent resistors. A broad
range of metal oxides are known for their gas sensing properties, each with a unique
sensitivity and selectivity, as given in the literature survey in table 2.1. Their detection
principle is based on a modulation of their electrical conduction properties by surface
adsorbed gas molecules. The sensitive layer is deposited onto a substrate with a set of
electrodes for measuring resistance changes and heating the sensitive layer; normally 2-point
resistance measurements are accurate enough for gas sensors. The used metal-oxides are n- or
p-type semiconductors, due to the presence of oxygen-vacancies in the bulk. In the case of tin
dioxide (SnOy), the resulting surplus valence electrons can be easily energised and elevated to
the conduction band. At the usual operation temperatures of 200 to 400°C all surplus valence
electrons can be considered energised and available in the conduction band as free charge
carriers. These free charge carriers in the conduction band of tin dioxide determine its
conductivity. A change in their concentration due to changes in oxygen partial pressure or
other ambient atmospheric changes will change the semiconductor resistance, respectively
conductance. It is by such chemical reactions at the surface of the semiconductor involving a
charge transfer that a gas induces a sensor signal. This mechanism will be discussed in detail
in the following sections.

Metal oxide semiconductor gas sensors

Semiconductor Additives Gas Reference
SnO, Pd, Pt CO, NOy, H,, CH,4 [23], [24]
SnO, H,S, NOy, O, [25]
SnO, Ag H, [26]
SnO, Ru LPG [27]

Ba-, Sr-, CaTiO; (0)3 [28]
WOs Pt NH; [29]
WO Au HaS [30]
WO; NOy [31], [32]
ZnO Er NOy [33]
ZnO CuO Ha, O, [34], [35]
TiO, 0,, H,, CO, C,HsOH [36]
In,0; MgO, TiO, NH; [37]
In,05 03 [38]
Fe,0; Zn NO; [39]
Gay0; 03, H,, CO, CHy4 [40], [42]

Table 2.1: Non exhaustive literature survey of semiconductor materials used as gas
sensors. For gas specific literature see [43].
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2.1 Material Properties of Tin Dioxide

All sensors used in this thesis are based on tin dioxide (SnO,). The following observations
and discussions will therefore focus on SnO; and only include references to other materials
where appropriate.

2.1.1 Crystalline Structure

SnO; is a semiconductor crystallising in the space group P4,mnm[44], [45]. Its tetragonal unit
cell is composed of two tin and four oxygen atoms, with each tin atom octaedrically
coordinated by six oxygen atoms. The lattice parameters are a=b=4.74nm and ¢=3.19nm. The
tin atoms are arranged on (0/0/0) and (0.5/0.5/0.5) in the unit cell; the oxygen atoms on
+(0.307/0.307/0) and +(0.807/0.193/0.5). The corresponding structure is shown in figure 2.1.

0.319 nm

Figure 2.1: SnO; unit cell with four O°" anions and two Sn*" cations. The crystal structure of
SnQO; is rutile crystal, space group 136.

2.1.2 Electronic Properties

SnO; is an n-type, wide-bandgap semiconductor [46]. The n-type behaviour of SnO, is due to
a deficit in oxygen. Donors are simply and doubly ionised oxygen deficiencies with donor
states Ep; and Ep, at 0.03eV respectively 0.15¢V below the conduction band [47], [48].
Investigations have proven both donor levels to be completely ionised at the usual operation
temperature of 200-400°C (473-673°K) [49], [50]. The conduction band has its minimum at
the I" point in the Brillouin zone and is a 90% tin s-like state. The valence band consists of a
set of three bands (2", 3" and 5"). The valence band maximum is a I';" state. In this way, SnO,
has a direct bandgap, with energy Ecir(l“3v+ - Flc+) = 3.596¢V for E; and 3.99¢V for E|,
measured at 4K. Figure 2.2 shows the band diagram for SnO; and the projection of the density
of states (DOS) for the 1-states of Sn and O. According to results of Barbarat et al. [51] a
large contribution of Sn(s)-states is found at the bottom of the valence band between —7 and —
5eV. From —5eV to the top of the valence band, Sn(p)-states contribution is decreasing, as the
Sn(d)-states are occupying the top of the valence band. A large and extended contribution of
the O(p)-states is found in the valence band. Clearly, bonding between Sn and O is dominated
by the p-states of the latter. Each anion in the unit cell is found to be bonded to the cations in
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a planar-trigonal configuration in such a way that the oxygen p-orbitals contained in the four-
atom plane, 1.e. px and py, define the bonding plane. Consequently, the oxygen p orbitals
perpendicular to the bonding plane, i.e. p, orbitals, have a non-bonding character and are
expected to form the upper valence levels [51]. The conduction band shows a predominant
contribution of Sn(s) states up to 9eV. For energies larger than 9¢V an equal contribution of
Sn- and O-states is found in the conduction band. More information, mainly about the valence
band, can be found in [52]-[54] and references therein.

12 . 12
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f()4== bonding p
-~ lone pair
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Figure 2.2: Band diagram of SnO; (left) and projection of the DOS for the I-s states of
SnQO,, Sn and O (right) [51].

2.1.3 Bulk Conductivity

The conductivity of a semiconductor crystal can be described as the sum of electronic and
ionic conductivity if the conduction processes are considered independent. SnO, gas sensors
are typically operated at temperatures between 200 and 400°C. At these temperatures the
ionic contribution can be neglected and the conductivity of SnO; be calculated according to:

o = Ge—"_ Gp+2010n,1z Ge+0p (2.1)

The resistance of homogeneous bulk material with bulk conductivity oy, mobility u, length |
and cross section A can be calculated according to:

Ry, = op'l/(b-d) = o,- /A, with 6y = 6. + 6, = n-pee + p-ppe (2.2)

where the charge carrier concentration n and p for an intrinsic semiconductor can be
calculated according to:

n= TD(E)f(E)dE; p= EJVD(E)(l—f(E))dE (2.3)

with the Fermi-Dirac distribution f(E) and the density of states D(E):
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DE) =i(2me ]Z(E—Ec)i; (E) = L (2.4)

2 2 _
2n°_ h 1+ exp E-E;
KT
For Ec — Er > 4kT, the charge carrier concentrations n and p can be approximated by:
E.-E 27m kT )"
n= NC exp(%) 5 NC = 2[h—2j (25)
E, -E 2nm KT\

In an extrinsic semiconductor additional donor or acceptor levels appear. Also, in the case of
extrinsic semiconductors the equations (2.5) and (2.6) hold and the extrinsic doping shifts the
Fermi level towards the conduction band for n-doped semiconductors and towards the valence
band for p-doped semiconductors.

For operation at room temperature (300K), literature suggests charge carrier densities in the
range of 2-10" to 6.8-10%° / cm’® [55][57]. The influence of temperature on the charge carrier
density can be determined with Hall measurements [48]. From these results it seems that the
shallow donor levels (0.03eV) are completely ionised above 100K, the deep donor levels
(0.15eV) start to be completely ionised around 500K. Therefore the donors can be considered
completely ionised in the typical temperature range for sensor operation (200-400°C, i.e. 473-
673K) [47], [48].

To conclude, the conductivity of SnO, is determined by donor and acceptor energy levels,
charge carrier concentration and the operation temperature. So far, only the bulk conductivity
has been discussed. In the following sections, the surface of SnO; crystals will be taken into
account. Here, the gas-sensor interaction occurs and thus its contribution determines the
influence of the ambient gas atmosphere on conductivity.

2.2 Chemical and Physical Properties of Metal Oxide Surfaces

When discussing the atomistic and electronic behaviour of a surface there are two dominant
models in literature: the atomistic model [58]-[60], or surface molecule model, generally
preferred by chemists. And the band model [61], [62], generally preferred by physicists. The
atomistic model is most appropriate for chemical processes at a solid surface. It describes the
solid surface in terms of surface sites or atoms, ignoring the band structure of the solid. The
band model is preferable for electron exchanges between (semiconductor) solids and surface
groups that include a conductivity change of the solid. It describes the surface in terms of
surface states, i.e. localised electronic energy levels available at the surface, ignoring the
microscopic details of atom-atom interaction between surface species and its neighbouring
atoms.

Both models have their merits, but to understand the surface reactions of semiconductors with
gases both chemical and physical view have to be considered [63].

From a chemical point of view a surface can be divided into surface sites of varying
reactivity. Usually, more reactive sites can be associated with heterogeneous surface regions
or surface imperfections. Examples of reactive sites are surface atoms with unoccupied or
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unsaturated orbitals (“dangling bonds™), surface atoms with unsaturated coordination sphere,
crystallographic steps, intersections, interstitial defects or superstructures.

From a physical point of view the interruption of the crystal periodicity at the surface results
in localised energy levels. These can function as acceptor or donor states, exchanging or
sharing electrons with the non-localised energy bands in the bulk of the solid. Those energy
levels in the band gap have an effect on the electronic properties of the solid, especially for
semiconductors. Surface states can result from non-ideal stoichiometry or bulk defects
(intrinsic) or arise from (intentional) impurities, as for doping (extrinsic).

In the following sections, the interaction of gases with surfaces is discussed and how this can
lead to a change in the conductivity of a semiconductor and finally, a sensor signal.
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Figure 2.3: Ideal and reduced (compact) SnO2 (110) surfaces; the latter is obtained by
removing the bridging oxygen layers.

2.2.1 Physisorption and Chemisorption

The fundamental stage of all surface processes is the adsorption of foreign atoms or molecules
that causes essential rearrangements of surface chemical bonds and, consequently, the
variation of the surface states density and surface potentials. When discussing the interaction
of gaseous molecules with surfaces of solids it is of interest to differentiate between
physisorption and chemisorption [64].

Interaction type Energy [kJ/mol] Comment
covalent 120 - 800 chemical reaction
ion - ion 250 only between ions
coordination, complexion 8-200 weak chemical interaction
ion - dipole 15 between ions and polar molecules
hydrogen bond 20 hydrogen bond A-HY...B”
dipole - dipole 0.3-30 between polar molecules
‘ ' Lond(?n . 0.1-2 physical interaction between all
(induced dipole to induced dipole) ) molecules

Table 2.2: Bond energies for different types of interaction [65].
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Physisorption takes place at a relatively large distance r from the surface (adsorbant). A
gaseous molecule (adsorbate) approaching the surface is slightly polarised and induces an
equivalent dipole in the adsorbant. This dipole - dipole bond between gas and surface results
in an interaction energy AE = 0-30kJ/mol with AE ~ 1° (see table 2.2).

Physisorption is the first step in the interaction between a gas and the surface of a solid.
Physisorbed molecules may thereafter become chemisorbed if they exchange electrons with
the surface of the semiconductor. Physisorption is characterised by a high surface coverage
with gaseous molecules at low temperatures and a low coverage at high temperatures. For the
adsorption of up to one monolayer, this coverage 0 is defined as follows:

0=+ (2.7)

t

with the number of molecules adsorbed per surface unit N and the total number of surface
adsorption sites N.

Chemisorption introduces higher bonding energies and consequently stronger interactions
between adsorbate and adsorbant. It results from a profound modification of the charge
distribution of the adsorbed molecule: the bonding energies are of similar strength as for
chemical bonds. One can distinguish between neutral chemisorption and ionosorption. Figure
2.4 details the potential energies in case of physisoption (Epnys) and chemisorption (Echem) as a
function of the distance r from the surface.

E
A
b a A
Ediss
&
gﬁ "t
E
Edes chem Ephys

Figure 2.4: Lennard-Jones model of physisorption and chemisorption: (a) physisorption of a
molecule; (b) chemisorption of a molecule. Activation energy E,, dissociation
energy Egiss, desorption energy Ees.

If a gaseous molecule approaches the surface it will first be physisorbed, gaining AE equal to
Epnys- Upon a further approach towards the surface the molecule encounters a growing energy
barrier, tending towards an infinite energy for a finite distance r. By spending the activation
energy E, the gaseous molecule can dissociate, thereby allowing a further approach to the
surface. This stronger interaction with the surface (chemisorption) results in a higher energy
gain AE equal to Echem than during physisorption. This energy gain AEpem depends strongly
on the individual surface sites available and their reactivity. The most reactive sites will
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therefore be occupied with gaseous molecules during thermodynamic equilibration. However,
the chemisorption energy not only depends on the number of reactive sites (high potential
gain in AEc.m) but also on the ambient gas concentration pg.s and temperature T (probability
of molecules overcoming the energy barrier E,).

As for chemisorption, desorption also requires the molecule to overcome an energy barrier
Eges = Echem + Ea. Therefore chemisorption and desorption are both activated processes
requiring an activation energy supplied either thermally or by photoexcitation, contrary to
physisorption which is a slightly exothermic process. The adsorption rate of gaseous
molecules is proportional to the gas pressure and to the number of unoccupied adsorption sites
according to

do
Tl Kags (1= 0)P s (2.8)

with the adsorption constant k,4s = A-exp(-Ea/kT).
The desorption rate is proportional to the number of occupied sites according to

d6=k

E des 0 (29)

with the desorption constant kq.s = B-exp(-Episs/kT).

The net adsorption rate can therefore be described through (2.8) and (2.9) by

do
= Kt (1= OPges —K s (2.10)

With a resulting equilibrium coverage 0 for d6/dt=0 of

pgas .
k 2
pgas + k

0= 0= f(pgas, T) 2.11)

ads

Equation (2.12) represents the Langmuir isotherm. It shows that all adsorption and desorption
processes not only depend on the nature of the adsorbate and adsorbant but also on the
availability of absorbates (partial pressure) and on the temperature. The above observations
are correct only for adsorption and desorption of gaseous monolayers on surfaces of solids.
Taking also multi-layer adsorption and desorption processes into consideration results in the
Brunauer-Emmet-Teller (BET) isotherm with related rate constant equations [66].

2.2.2 Acidic and Basic Properties of Surface Sites

The detection of gases with a semiconductor sensor induces chemical reactions between gas
phase and solid. Electrons, and possibly even protons, are transferred between adsorbate and
adsorbant; the detection of gases is in many aspects very similar to heterogenous catalysis.
The essential step, in most chemical reactions, is the interaction of a non-bonding electron
pair (of a molecule or ion) with a centre of electron deficiency (a vacant orbital or partial
positive charge) on another species. The electron donating sites, or Lewis basic sites, and the
electron accepting sites, or Lewis acid sites, determine the reactivity of the molecules [67]-
[69]. The strength of the acido-basic properties of surfaces can be determined by probe
molecules [70], [71], such as NH3, pyridine, CO (for acid sites) and CO,, SO, (for basic sites).
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The complex interactions at the interface gas/solid prevent simple models and predictions for
the chemical reactions taking place. Gases have differing acido-basic properties and their
interaction with solid surfaces depends on the acidic or basic character of these surfaces.
Correspondingly, the surface of a solid can be described as an accumulation of acid-base
pairs.

Two theories are dominant in describing the acid-base character of a system [72]: the theory
of Bronsted [73] and the theory of Lewis [74]. According to the first theory, an acid-base
reaction is simply the transfer of a proton from the acid to the base, resulting in a conjugated
acid and conjugated base. The strength of acidity is defined as the tendency to impart a proton
and the strength of basicity as the tendency to accept a proton. According to Lewis, an acid is
a species with a vacant orbital and an acid-base reaction is a reaction where the free electron
pair of the base starts a covalent bond with the vacant orbital of the acid. Brensted sees the
proton himself as the acid as it has a vacant orbital. The theory of Lewis is more general as it
works with concepts of free and vacant orbitals without relying on protons.

Coming back to semiconductor surfaces, their properties can be described in terms of Lewis’
acidity and basicity. The metallic cations, deficient in electrons, are generally Lewis acid sites
while the oxygen anions, rich in electrons, are generally Lewis basic sites [75], [76]. The
acidic or basic strength of molecules can be characterised by a set of empiric rules. The acidic
strength of molecules MX,,

¢ diminishes with the shell of M (attraction between positive nucleus M and the electron
pair diminishes)

e increases with the electronegativity of X

e is maximal for compounds with a minimum value of n

The basic strength of bases OM;

e grows with the electron donating character of M
e increases with the electropositive character of M and its oxidation state, if M is a metal

As the semiconductor surface is in constant interaction with ambient gases, we have to
consider at least a partial hydroxylation of the surface. Such surface hydroxyl-groups are
potential acceptors or donors of protons. It is therefore also necessary to consider the Bronsted
acid and basic properties of the semiconductor surface. The strength of Brensted acid sites
AH increases with

e the electron affinity of A
o the stability of A
e the ability of the conjugated base A" to delocalise and distribute the negative charge

The presence of surface sites with various properties (acidic, basic or redox) leads to
concerted mechanisms and sequential interactions during chemical reactions with gases.
Consequently, materials with acid-base pairs on the surface may decrease the activation
energy of chemical reactions, stabilise reaction intermediates or offer faster reaction kinetics
than surfaces with only acid or basic sites [67]. As discussed, the acido-basic properties of
surface sites influence the chemical reactions and in some cases can even determine reaction
paths. An example is the oxidation of ethanol, which follows different reactions depending on
the acidity or basicity of surface oxygen [77][78]:
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basic oxides

> CH,CHO

> CH, /

C,H,0H Co,

>

acidic oxides

The acido-basic properties control the adsorption and desorption of the reactands, the
intermediaries and reaction products [79], [80]. Acidic sites favour the adsorption of basic
molecules and increase desorption of acidic products, and vice-versa [81].

2.2.3 Space Charge Effects

If we move from discussing the bulk properties of ideal crystals to surfaces in realistic
environments, we have to accept a state of constant adsorption and desorption in a
thermodynamic equilibrium situation. It is of interest to analyse the effect the adsorption of
oxygen has on the electrical properties of a semiconductor. Due to the high electronegativity
of oxygen its adsorption leads to an oxidation of the semiconductor surface and a reduction of
the gas, i.e. a transition of electrons from the conduction band Ec to surface acceptor states. A
negative charge is created at the surface. This negative surface layer has to be compensated by
a positive countercharge in the solid. Would the adsorption take place at the surface of a
metal, this would simply result in a planar countercharge: a double layer situation as for a
capacitor. However, unlike a metal, a semiconductor does not have a large amount of mobile
free charge carriers available at the surface. The countercharge will therefore be formed in the
bulk (donor ions), resulting in a space charge region. According to the Schottky
approximation [82], this region is characterised by a total exhaustion of mobile charge carriers
(all moved to the surface) and therefore called depletion layer. Between these two space
charge layers (the planar at the surface and the region in the bulk), an electric field develops.
A measure for the reach of this electrical field is the Debye-Length Lp:

kT
Ly = |20t 2.12)
e’N,,

Equation (2.13) gives a relation between the Debye-Length Lp (the extension of the space
charge region into the bulk) and the concentration of free charge carriers N(v): assuming a
high enough temperature to allow mobility to all potentially free charge carriers, Lp is high
for a low density of free charge carriers in the volume and vice-versa. Hereby, the
concentration of free charge carriers N(y) can be set as equivalent to the concentration of free
electrons Ngv), as the concentration of other charge carriers is negligible for the usual
operation temperatures (200-400°C) of SnOs.

The space charge region corresponds to a band bending in the band model of the
semiconductor: the potential energy of an electron near the surface is increased by the
electrostatic repulsion of the negative surface layer; the negative charge at the surface creates
a surface barrier qVs.

These discussed considerations lead to an adaptation of the semiconductor band model for
surface situations as detailed in figure 2.5.
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Figure 2.5: Flat band situation for an n-type semiconductor (SnQO;) in the bulk (left) and at
the surface with oxygen adsorption (right). With the axis perpendicular to the
surface z, the depletion region zy), work function @, electron affinity y and
electrochemical potential p.

The behaviour of the semiconductor solid, both its chemical and electrical characteristics, is
strongly influenced by the development of double layers at the surface and can even be
dominated by them.

From an electrical point of view, the formation of a double layer represents injection or
withdrawal of charge to or from the bands of the semiconductor. This represents a change in
the density of current carriers. Additionally, through the relocation of the Fermi level Er in
relation to the vacuum energy Ev,., the work function @ of the solid changes.

The chemical properties of the solid surface are also dominated in many cases by double
layers. The newly introduced surface barrier translates to an activation energy increase AE,=
qVs for an electron transfer between the semiconductor and a gaseous molecule (necessary for
a chemical reaction); the availability of electrons and thereby the probability of a reaction is
decreased. Or, differently put, the double layer forming will, by electrostatic repulsion,
decrease the density of charge carriers near the surface. Which, in turn, will decrease the rate
and energy of further adsorptions.

2.2.4 From Charge Transfer to Sensor Signal

The band bending (i.e. surface energy barrier for electrons trying to travel from the bulk to the
surface) induced by interaction of the tin dioxide solid with oxygen is the initial electronic
situation a gaseous species encounters if converging to the sensor surface. Depending on the
reactivity of the remaining surface sites and of the gaseous species adsorption on the metal
oxide will result in one of the following [70]:

e Molecular (non-dissociative) adsorption, in which the interaction is mainly by o-
donation and/or n-bonding interaction

20



e Dissociative adsorption, in which a molecule dissociates homolytically or
heterolytically upon adsorption. Usually an anion-cation coordinatively unsaturated
pair site is required. Dissociation of H,O into H" and OH is an example of heterolytic
dissociative adsorption into charged species.

e Abstractive adsorption, in which the adsorbate abstracts a species from the surface or a
previously adsorbed species from the surface. The former is often a proton and
commonly occurs on acidic oxides. The latter could be previously adsorbed oxygen.

e Reductive (oxidative) adsorption, in which an adsorbed molecule is oxidised while the
surface is reduced, or vice-versa.

e Catalysis, in which the surface acts as catalyst and lowers the activation energy for a
reaction between adsorbed species and a previously adsorbed molecule. The surface
remains chemically unchanged by the interaction.

As the sensor measures a change in the surface conductivity of the sensitive material (SnO,),
only a change of its electronic properties, i.e. a free charge transfer from or to an adsorbed
species will result in a sensor signal. Other surface reactions may occur that do not influence
the surface band bending. Examples include reactions on the surface that do not involve the
solid and dipole-dipole-interactions with adsorbed hydroxyl groups. Thereby the electron
affinity x or work function @ of the sensor surface may be changed without resulting in a
sensor signal. Therefore only the reductive/oxidative adsorption and abstractive adsorption
will result in a sensor signal as defined in this work, i.e. a change of the metal oxide sensors
conductivity. Figure 2.6 gives an overview of the possible effects such an adsorption with
charge transfer has on the electronic properties of the semiconductor.

Gases with low electronegativity can act as donors, transferring electrons to the
semiconductor. The increase in charge density will reduce the surface potential barrier, depth
of the depletion region and work function resulting in an increased conductivity. However,
reducing gases utilised in this work, such as carbon monoxide or hydrocarbons, do not choose
this direct interaction with the semiconductor. Instead, they react with adsorbed oxygen as
mentioned for the abstractive adsorption. The electron previously trapped by the adsorbed
oxygen species is released into the conduction band of the metal oxide upon desorption of the
reaction product. In this way the electronic properties of the semiconductor are affected
indirectly by a surface reaction with the same results as for a donor interaction: increase in
charge density and thereby increase of the conductivity.

Oxidising gases utilised in this work, such as nitrogen dioxide or ozone, will act as acceptors,
trapping electrons from the semiconductor at surface states. The decrease in charge
concentration will increase the surface potential barrier, depth of the depletion region and
work function resulting in a decreased conductivity just as for the adsorption of oxygen
discussed in section 2.2.3.
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Figure 2.6: Adsorption of gaseous species and their effect on the electronic properties of an
n-type semiconductor (SnQ,). a) Gaseous species acts as donor: (left) surface
band model, (right) changes to the electronic properties induced by the charge
transfer from the adsorbate to the conduction band Ec: decrease of the surface
potential barrier qVs, depth of the depletion region zy and work function @ and
increase of free charge carrier concentration. b) Gaseous species acts as
acceptor: (left) surface band model, (right) changes to the electronic properties
induced by the charge transfer from the conduction band Ec to the adsorbate:
increase of the surface potential barrier qVs, depth of the depletion region zy and
work function @ and decrease of free charge carrier concentration.

2.2.5 Conduction in the Sensing Layer

We can conclude from the above discussions that the conductivity of poly-crystalline SnO,
depends not only on the intrinsic and extrinsic (oxygen-)defect concentration in the bulk and
the mobility of the charge carriers but also on the partial pressure of ambient gaseous species.
While the conductivity of mono-crystalline samples is understood (see section 2.1.3), the
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matter is more difficult for poly-crystalline samples. It is necessary to differentiate between
compact and porous layers. A compact layer situation is encountered nearly exclusively for
thin film sensors. The bulk of the sensitive layer is not accessible to the ambient gases and all
reactions take place at the continuous surface. For thick film sensors, such as used in this
work, porous layers are most commonly encountered. The sensitive layer is composed of a
multitude of metal oxide grains of a similar size. Ambient gases have access to the solid of the
sensitive layer and chemical reactions can take place at the surface of the grains, resulting in a
much higher surface area than for compact layers.

The grain size in relation to the Debye-Length Lp (extension of the depletion region into the
grain) is a defining factor for the conductivity. Two different cases can be discriminated:
partly depleted grains, i.e. grains with a grain radius r > Lp and fully depleted grains with r <
Lp. In the first case, electrons have to overcome a surface potential barrier every time they
cross from one grain to the next, similar to a Schottky barrier [83] (see figure 2.7). Therefore
grain boundaries, the bottlenecks of electronic conduction, play an important role in the
conduction and consequently the sensing mechanism. In the second case, the band bending
(and thereby change of free charge carrier concentration by adsorption of gases) extends
throughout the complete grain. The small size of such nanocrystalline grains limits the
strength of the band bending and thereby the potential drop between grain surface and grain
centre. This can result in a surface potential barrier qVs < kT. The energy barrier will then be
too small to hinder the mobility of free charge carriers, resulting in a flat band situation. The
effect of gases can be approximated by a shift in bands on the surface relative to the Fermi
level and the related shift in electron concentration. The conduction models and their
dependency on geometric effects are discussed in detail by Barsan and Weimar [84].
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Figure 2.7: Grain size and gas interaction. Two cases can be discriminated: grains with a
radius r larger than the Debye-Length Lp (left) and grains with a radius smaller
than the Debye-Length Lp (right). In the first case an energy barrier is built up
at the grain boundaries which electrons have to overcome. In the second case,
the energy barrier extends throughout the grain. This situation can be
approximated by a shift in the Fermi energy in relation to the conduction and
valence bands.
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2.3 Interaction of Selected Adsorbants with SnO, Surface

2.3.1 Adsorption of Oxygen (O,)

Gas sensors are usually operated in an ambient atmosphere containing oxygen. Therefore, the
interaction with oxygen is crucial as discussed above. At temperatures between 100 and
500°C oxygen is ionosorbed onto the sensor surface as molecular (O;) and atomic (O, O")
species according to:

Gas - —a
207" +a-e +[S] * 0% (2.13)
where 0,%* is an oxygen molecule in the ambient atmosphere and ¢ is an electron which can
reach the surface despite the electric field resulting from the surface double layer. The
concentration of free charge carriers (electrons) is ng, S is an unoccupied chemisorption site

for oxygen, O is a chemisorbed oxygen species with: a. = 1 for singly ionised forms, a = 2

for doubly ionised forms, f = 1 for atomic forms, f =2 for molecular forms.

The concentration of adsorbed oxygen species, such as O,, O and O, is a key element in the
response of semiconductor gas sensors to gases [85]. TPD (Temperature Programmed
Desorption), FTIR (Fourier Transform Infrared Analysis) and EPR (Electron Paramagnetic
Resonance) have been used to examine the oxygen species present at the surface with results
as detailed in figure 2.8. Below 180°C the molecular form dominates and above this
temperature the ionic forms dominate.
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Figure 2.8: Literature survey of oxygen species detected at different temperatures at SnO;
surfaces with TPD, FTIR and EPR [92].

The chemisorption of oxygen is a process that can be divided into two parts: an electronic one
and a chemical one. Adsorption is produced by a charge transfer between adsorbate and
adsorbant at a surface state, which does not exist previous to adsorption. Therefore, the
limiting factor is chemical (activation energy) at the beginning of the adsorption, due to the
unlimited availability of free electrons in the absence of band bending. After the building of
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the surface charge, a strong limitation is coming from the potential barrier, which has to be
overcome by electrons in order to reach the surface. Desorption is controlled from the
beginning by both electronic and chemical parts; the activation energy is not changed during
the process if the coverage is not high enough to provide interaction between the chemisorbed
species [63]. Because of electrostatic repulsion, surface coverage with adsorbed oxygen
species is normally limited to 10 to 10~ of a monolayer. Assuming the Schottky
approximation [63] to be valid and a temperature high enough to have all donors ionised the
relation between the sensor conductance and the oxygen partial pressure can be described by

G o py” (2.14)

The exact relationship is influenced by the sensor material (doping) and geometry (layer
thickness, grain size, sintering) [84].

2.3.2 Adsorption of Water (H,0)

For many applications water will be present as an interfering gas. Therefore, the interaction of
water with the semiconductor surface is of great interest. TPD and IR studies have shown that
the adsorption of water vapour results in molecular water, adsorbed by either physisorption or
hydrogen bonding, and hydroxyl groups formed at the surface as a consequence of the
dissociation of water (see figure 2.9).
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Figure 2.9: Literature survey of water-related species formed at different temperatures at

SnO; surfaces [92].
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Above 200°C molecular water is no longer present, whereas OH groups are still present above
400°C. IR investigations prove the presence of hydroxyl groups. However, the way in which
and where the hydroxyl groups are fixed on the tin dioxide is still under discussion. Barteau
[99] proposes an acid/base reaction with the hydroxyl OH" sharing its electron pair with the
Lewis acid site (Sn) and leaving the weakly bonded proton H' ready for reactions with the
Lewis base (lattice oxygen or adsorbed oxygen). Heiland and Kohl [100] assume a homolytic
dissociation of water resulting in two hydroxyl groups, an “isolated” hydroxyl bond to lattice
tin and a “rooted” hydroxyl group including lattice oxygen.

All experiments reported a reversible increase in the surface conductance in the presence of
water. The conductance increase does not vanish with the molecular water but with the
disappearance of hydroxyl groups [101]. Several mechanisms have been suggested to explain
this finding. Two direct mechanisms have been proposed by Heiland and Kohl [100]. The first
attributes the role of electron donors to the rooted OH group, which includes lattice oxygen
according to:

Hzogm + Snlat + Olat ha (Sn;;t - OH_)+ (OH)ZU te (215)

where Sny, and Oy, are tin and oxygen atoms in the lattice.
The reaction would imply the homolytic dissociation of water and the reaction of the neutral
H atom with the lattice oxygen:

H+0} = (0,H) +e (2.16)

The second mechanism takes into account the reaction between the proton and the lattice
oxygen and the binding of the resulting hydroxyl group to the tin atom. The resulting oxygen
vacancy produces additional electrons by ionisation according to:

H,0% +2-Sn,, +0,, > 2-(Sn;, ~OH )+ V" +2-¢ (2.17)

lat

However, Yamazoe [89] found a minimum temperature of 600°C is necessary to extract
oxygen from the bulk. Due to the weak abstractive powers of the hydrogen atom it is therefore
highly unlikely that equation (2.18) takes place at low to medium temperatures. Others [102],
[103] assumed a reaction with chemisorbed oxygen instead of the surface lattice, which would
result in two hydroxyl groups linked to tin. Morrison [63], as well as Henrich and Cox [104],
consider an indirect effect, i.e. the interaction between either hydroxyl OH or proton H" with
an acidic or basic group, which are also acceptor surface states. The coadsorption of water
with another adsorbate, which could be an electron acceptor such as oxygen, may change the
electron affinity of the latter. Such an interaction of adsorbed species was recently proven by
Koziej et al. [105] for water and oxygen.

Henrich and Cox suggested that preadsorbed oxygen can be displaced by water adsorption.
Caldararu and others [106]-[108] assume a blocking of the adsorption sites for oxygen by
water. For all these mechanisms the particular state of the surface plays an important role.
Egashira et al [94] showed by TPD and isotopic tracer studies that the rearrangement of
oxygen adsorbates due to the presence of water vapour depends on the surface doping.
Clifford and Tuma [109] approximated the influence of water vapour in synthetic air
empirically by:

R=R,(+ky-pyo)” (2.18)

with the water-independent constants Ro, k,, and B and the water concentration in

volumetric ppm p,, , .
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2.3.3 Adsorption of Carbon Monoxide (CO)

Carbon monoxide is considered to react with pre-adsorbed or lattice oxygen [104]. IR studies
identified CO-related species, i.e. unidentate and bidentate carbonate between 150 and 400°C
and carboxylate between 250 and 400°C. A summary of the IR results is presented in figure
2.10. Moreover, the formation of carbon dioxide CO; as a reaction product between 200 and
400°C was identified by FTIR. All experimental studies in air at temperatures between 150
and 400°C reported an increase of the surface conduction in the presence of carbon monoxide.
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Figure 2.10: Literature survey of CO-related species found by means of IR (infrared analysis)
at different temperatures on a (O,) preconditioned SnO, surface [92].

Morrison derived, using a simplified model, the dependence of the resistance on the partial

pressure of carbon monoxide. He assumed that oxygen is present as O, and O" at the sensor
surface according to:

e +0, >0, ;e +0, 520 (2.19)

Hereby the reverse reaction is neglected due to the small probability of a reaction which is of
second order in O" concentration. The adsorbed carbon monoxide then reacts with the oxygen
species to carbon dioxide. In addition, he assumes that due to the high reactivity of O, the
reaction of O, with carbon monoxide can be neglected.

CO+0 - CO, +e (2.20)

Equation (2.14) can therefore be amended to
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p-CO*“ + 0,8 — B-CO +a-e +[S] (2.21)

and the rate equation for the oxygen surface coverage will be, by combining equations (2.14)
and (2.22):

) syag o h o) b o] o)

related to ad— and desorption of O, related to the reaction of CO

where Kqeact 18 the reaction constant for carbon dioxide production.

By considering the surface coverage, the Poisson equation and the electro-neutrality condition
the relation between conductance and partial pressure of carbon monoxide can be calculated
in dependence of the sensor geometry (layer thickness, grain size, sintering) [84].

For thick films and large grains, which is the case for sensors used in this work, the
calculations result in a power law dependency according to:

B
G~ng ~ pes’ (2.23)

with values of 6 typically in the range of 0 to 0.2.

In the previous section the influence of water on the adsorption of oxygen was discussed. It is
therefore natural to expect a similar influence on the interaction with carbon monoxide. As
anticipated, it has been observed [103], [109] that water enhances the interaction with carbon
monoxide, but only for doped metal oxides [114]. Several models have been proposed which
may account for this observation. Egashira et al. [115] suggested that water enhances the
reaction with oxygen. Harbeck [114] and others propose a reaction of carbon monoxide with
pre-adsorbed hydroxyl groups [115], [116]. Koziej [117] observed an indirect effect of water:
in concurrence with carbon monoxide, water molecules react with surface adsorbed oxygen
resulting in an increase of conductance.

Various equations have been derived for the sensor conductance in the presence of water
vapour [109], [118], [119]. In some cases even a correlation between ageing and the
irreproducibility of sensors and the presence of water-related species could be found [102],
[120].

2.3.4 Adsorption of Methane (CHy,)

In heterogeneous catalysis the adsorption and subsequent oxidation of hydrocarbons on metal
oxide catalysts has been studied intensively. For saturated hydrocarbons such as methane the
activation of the C-H bond is the first crucial step in all oxidation reactions [121]. Once the
first bond is broken, sequential reactions to carbon dioxide and water are relatively facile.
Methane is more difficult to activate than higher hydrocarbons, partly due to the ease of
adsorption of the different hydrocarbons on oxide surfaces [122]. After the initial homolytic
activation at a surface oxide site gas phase methyl radicals are formed. Two pathways are
considered for the further reaction of methane: oxygenation to carbon dioxide and water and
dehydrogenation and subsequent dimerisation to ethane [123]:

2CH,e -»C,H—2"° 5C.H, (2.24)
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CH, ¢+0, — C,HO/CH,OH - CO/CO, +H,0 (2.25)

Sokolovskii et al pointed out that the rates as well as the reaction pathways and product
distribution of the oxidative transformation of light alkanes depend on the acid-base
properties of the solid catalyst [124]. Generally, basicity promotes the dehydrogenation
reaction (owing to the basic character of alkenes), while acidity facilitates the formation of
oxygenates (being more acidic) [125], [126]. Since the C-H bond in methane is only very
weakly acidic (pK,=4.6), surface sites capable of deprotonation of methane must be very
basic. Such sites would be expected to strongly adsorb carbon dioxide, so there might be a
rapid self-poisoning by the reaction products. Others [127] have proposed an acid-base pair as
active site, arguing that both acidic and basic sites are important. Deprotonation would lead to
the formation of an OH(ads) and a CH3" ion attached to a metal cation.

Kohl et al [93] assumed, based on TDS and reactive scattering results, two principle
oxygenation pathways for methane. The first one involves the reaction with ionosorbed
oxygen and the second one the reaction with lattice oxygen. The product fluxes were
independent of the primary oxygen flux. Kohl attributed this observation to the surface
oxygen density due to Weisz limitation [128]. Tournier et al [129] interpreted similar results
as a hint for a methane interaction which does not involve oxygen adsorbed species. The
reaction of methane with lattice oxygen leads to the creation of oxygen vacancies which are
tin oxide donors and can therefore account for the removal of ionosorbed oxygen and also the
conductance increase observed in the presence of methane at higher temperatures.

For the influence of water on methane several models have been proposed. Egashira et al
[115] found a decreasing reaction of methane with oxygen in the presence of water. They
assumed that water blocks the adsorption sites for methane. Ionescu et al [108] proposed a
model which is based on dynamic resistance measurements for the water influence on the
methane interaction. They assume that methane reacts with lattice oxygen, thereby competing
with water for the same oxygen sites, whereas carbon monoxide and water react with different
oxygen types. This competition for adsorption and thereby reaction sites was also observed by
Burch et al [121] on Pd catalysts. This could mean the rate determining step for methane
combustion could be the release of water from surface-OH groups rather than the initial C-H
bond breaking step for some catalysts. Furthermore, water increases the number of Brensted
surface acid sites by dissociative adsorption which, in turn, enhances alkene selectivity at the
expense of the COy selectivity [130]. Clifford and Tuma [109] offer an empirical formula to
describe the influence of methane in the presence of water vapour on the sensor resistance.

2.3.5 Adsorption of Nitrogen Dioxide (NO,)

The main environmentally relevant source of nitrogen dioxide is the combustion process of
diesel engines. There, it is formed together with nitrogen oxide (NO). Both are in a delicate
equilibrium in air, according to

2NO +5(NO),; (NO),+0, —2NO, +114.2kJ (2.26)

and therefore often referred to collectively as NOy. This reaction is reversible and exothermic.
However, it is very slow because NO reacts after a reaction mechanism of second order to the
short-lived dimer (NO), before a reaction with oxygen leads to NO,. Therefore NO can be
considered as the dominant species even for some time and distance away from the exhaust
pipe [131]. Eventually, conversion to NO, will take place.

Nitrogen dioxide is an oxidising gas and a strong acceptor on SnO,, presumably with a
surface state energy below the state energy of adsorbed oxygen [132]. Therefore, it leads to an
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increase of the electron depletion layer and thus to a decrease in surface conductivity as
discussed in section 2.2.4. The adsorption can be described according to

NO,(g)+e™ +[S]— NO; (s) (2.27)

Next to an interaction with the metal oxide surface, an interaction with adsorbed oxygen, i.c.
abstractive adsorption, may occur. Sayago et al. [133] proposed the following reactions:

NO,(g)+0; (s)+2e” — NO; (s)+207(s) (2.28)
NO,(g)+0 (s) > NO* (s)+ 20" (s) (2.29)

Interaction of NO, with adsorbed oxygen is also reported by Leblanc et al. [134]. They
examined the adsorption of NO, onto dehydroxylated and hydroxylated tin dioxide surface.
For the dry samples three different structures of nitrato groups (NO;’) were observed:
unidentate, chelating bidentate and bridging bidentate. These groups showed different
stabilities. Unidentate species were rather weakly bonded to the tin dioxide surface. They
were mainly observed between room temperature and 100°C. At higher temperatures the
unidentate species desorbed as NO or NO, and or were reorganised to bidentate species. The
bidentate nitrato species, especially the bridging nitrato groups, were more stable.
Temperatures around 500°C were necessary to decompose them.

For the wet samples, i.e. in the presence of hydroxyl groups, an additional interaction was
observed. Hydrogeno nitrate complexes were formed that were more stable than unidentate
nitrato species. Furthermore, the presence of hydroxyl groups led to a reduction of NO, and
NO desorption compared to the dry surface.

These observations demonstrate that the nature and content of species formed by NO;
adsorption depends strongly on the chemical properties of the SnO, surface sites, i.e. the
surface coverage with oxygen species (O, O" and O) and hydroxyl groups, as well as the
activation energies for the different surface reactions. Additionally, the adsorption processes
depend on temperature. Adsorption processes are generally favoured at low temperatures.
However, the adsorption of electron acceptors like NO, requires an activation as it leads to an
increase of the band bending at the tin dioxide surface. This shifts the optimum value for NO,
detection to intermediate temperatures, between 150 and 300°C [92], [133], [135], [136]. At
such temperatures, adsorption is favoured over desorption. However, the sensor response time
to NO, exposure is still very high, amounting to several minutes [133], [135], [137] and the
sensor behaviour can be irresversible due to the formation of stable surface species
(hydrogeno nitrate and bidentate nitrato species are stable up to 500°C). Therefore it is useful
to apply operating temperatures above the optimum detection temperature.

2.4 Material Preparation and Sensor Fabrication

The sensor preparation methods can be divided into two classes: preparation by thick film
technology or by thin film technology. The first metal oxide sensors were thick film (ceramic)
sensors. They were fabricated by pressing powder pellets, to which electrodes and a heater
coil were added [138]. Thick film gas sensors can be characterised by being rather thick (a
few to several hundred micrometers) and having a very porous sensitive layer. Due to the high
porosity of the layer, a high active surface area is exposed to the gas interaction.

Thin film gas sensors on the other hand, are made by established preparation methods from
thin film technology (semiconductor technology). The sensitive layers of thin film sensors are
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rather compact, with a typical thickness in the range of a few to several hundred nanometres
and therefore thin in comparison. In this case, gas interaction is mainly restricted to the
surface layer. Typical pictures of thick and thin film layers are shown in figure 2.11.

Figure 2.11: SEM pictures of thin and thick film sensor sensitive layers. (Left) thin film
sensor, (right) small grain thick film sensor.

Comparisons of thick and thin film layers showed that the resistance changes of metal oxide
gas sensors are typically much more significant for thick film sensors than for thin film
sensors [7]. It is considered that the different morphology, especially layer porosity, accounts
for this fact. Typical preparation methods for thin film sensors are listed in table 2.3.

Chemical vapor Powder Physical vapor deposition (PVD)
deposition (CVD) preparation Sputtering Evaporation
Thermal CVD Sol-gel from Sputtering Molecular beam
Plasma activated CVD precursors Reactive sputtering epitaxy

Precipitation of Thermal evaporation

Laser induced CVD Cathode sputtering
. precursors with bias voltage Reactive evaporation
Electroless plating L lvsi
S . aser pyrolysis Ion beam deposition Ion plating
pray pyrolysis
Melt dipping Tonized clus'ter beam Reactive ion plating
L . (reactive) Arc evaporation
Liquid quenching P

Plasma decomposition .
.\ . Laser evaporation
Deposition of organic

polymers

Deposition of emulsions

Table 2.3:  Typical methods for the preparation of SnO;-based thin film sensors.

In this work thick film sensors based on SnO, were used. The reason for this choice is the
higher response of thick film sensors to changes in ambient atmosphere, which for
comparable noise levels, leads to a higher signal to noise ratio.

Ceramic, i.e. thick film, sensors are usually prepared starting with the base material
preparation as detailed in figure 2.12.
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Figure 2.12: Flow chart summarising the preparation of SnQO; thick film sensors based on a
modified sol-gel route.

Sensor Fabrication

First, the precursor - hydrated tin oxide - is gained by precipitation of ultra-pure, water-free
tin chloride. An aqueous, ice-cooled solution of SnCly is therefore added at a controlled speed
to an ice-cooled, aqueous solution of NHj;. The cooling of both aqueous solutions is applied in
order to reduce the reaction speed and to ensure a homogeneous precipitate with small grain
size. In order to remove the remaining chlorine and ammonia, the precipitate is afterwards
washed several times thoroughly with bi-distilled water (Millipore Milli-Q PF Plus; resulting
water resistance = 18.2MQ). Thereafter the suspension is centrifuged and dried at 80°C in a
drying oven. Hereby the precursor - hydrated SnO; - is gained. The next production step is the
calcination of the precursor in a furnace at elevated temperatures (250 to 1000°C) for 8h. This
removes the remaining water, enables the grain growth and forms the SnO, powder with a
well-defined grain size distribution. Using this method, ultra-pure SnO, with adjustable grain
sizes between 4 and 110nm can be prepared.

The resulting SnO, powders usually contain large agglomerates that complicate the
production of a homogeneous paste. An inhomogeneous paste tends to cause cracks in the
final sensitive layer. To eliminate such agglomerates, powders are usually ground before paste
fabrication. The final powders are then used to fabricate sensors.

The selection and application of preparation parameters (calcination, grinding, doping,
annealing) has a strong influence on the sensor properties. Detailed information is given in
literature [139], [140] and references therein.
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2.4.1 Effect of Dopants

Metal oxide gas sensors are usually not very selective. To increase their selectivity a
catalytically active material, such as Pt, Pd, Au or Ag, is often added in traces (0.1-3wt-%) as
dopant. Increased selectivity, sensitivity, signal stability, reaction time and reproducibility of
the sensor are among the possible changes [141][143]. From a chemical point of view, newly
reactive sites are added to the surface of the semiconductor. Per definition, a catalyst interacts
with educts while not changing itself. There are two ways in which a catalyst can influence a
reaction. First, it can increase the concentration of reaction partners at the reaction site.
Thereby the reaction probability is increased. And second, it can decrease the activation
energy of the chemical reaction and thereby open new reaction paths hitherto energetically
forbidden.

From a physical point of view, dopants change the amount of free charge carriers in the
conduction band by creating new donor (n-doped) or acceptor (p-doped) states. Metals of the
oxidation number 3+ are used as acceptor type doping to decrease the conductivity (e.g. Al,
B) [144], [145], whereas those with an oxidation number 5+ are used as donor doping to
increase the conductivity (e.g. In, Sb) [145][146]. For metals with both oxidation states (3+,
5+) the effect on the conductivity depends on the doping concentration.

catalysis on metal clusters
2R+Q

2RO

metal cluster

Spill-over effect

o metal cluster partly oxidized
2

/}/oz

= Fermi level control

Figure 2.13: Effect of catalysts. Up: catalysis by metal cluster. The reaction takes place
exclusively on the cluster; the conductance of the semiconductor remains
unchanged. (Left) Spill-over mechanism: dissociation of reactants and higher
coverage of the surface with interacting species. (Right) control of the Fermi-
level: An adsorption on or a redox-reaction by the metal clusters leads to a shift
in the Fermi-level and thus a band bending in the SnO, [23].

However, unlike in the case of “classical” doping the catalysts are usually added via the
impregnation of powders and therefore are mainly located at the surface of the individual
SnO, grains. Therefore the chemical effect has to be considered as dominant. Two theories for
the influence of catalysts on sensing properties of semiconductors are discussed in literature
[141][147]: the spill-over mechanism and the Fermi level control. Spill-over is attributed to
the presence of metallic clusters at the surface of tin oxide grains. The catalyst forces a
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dissociation of reactands and thereby increases the concentration of reactive particles at the
surface. Fermi level control is related to an electronic interaction in which oxygen adsorption
on the catalyst removes electrons from the catalyst. The catalyst, in turn, removes electrons
from the supporting semiconductor, thus controlling the energy of the Fermi level and
influencing the band bending in the SnO; grain.

2.4.2 Sensor Substrates

For sensor operation the sensitive layer has to be heated and its resistance measured. The
simplest way of obtaining a sensor is to press powder into a pellet and then add the necessary
wiring (see figure 1.4). More sophisticated methods rely on the deposition of a sensitive layer
onto heatable substrates provided with electrodes for resistance measurements. The deposition
of powders or solutions depends on the substrate. The two most important ones, also used in
this work, are conventional alumina substrates and micromachined substrates.

2.4.2.1 Alumina Substrates and Screen Printing

The planar substrates are based on alumina (Al,Os, purity 96%). Pt or Au electrodes on the
front side measure the sensor resistance and Pt heaters on the back side keep the sensors at
operating temperature. The measuring electrodes have the typical shape used for conductivity
sensors, the so-called interdigital structure. The width of the fingers of the electrodes is
0.2mm and the gap between the fingers is also 0.2mm. However, different geometries are
used depending on the resistance range to be measured.

Sensitive Layer (Sn0,)_/ MM

- [
Top View w\ [35mm  cross Section

Interdigitated Electrodes

25.4 mm ‘ 50 pm

Bottom View % l4.2 mm 2 m
IO.? mm

Platinum Heater

1 5um
Pt Electrodes Tin dioxide
Side View ‘ L -
Alumina
Pt Heater Substrate

Figure 2.14: Layout of the planar alumina substrate with Pt electrodes and Pt heater. The
SnQO; layer is printed on top of the interdigitated electrodes. The heater on the
back keeps the sensor at the operation temperature.

In order to deposit a continuous sensitive layer, the SnO, powder is transformed into a
homogeneous paste. This is done by adding an organic carrier (1,2-Propanediol) to the
powder and mixing by means of a magnetic stirrer until the desired consistency is achieved.
After thorough mixing at room temperature (20h) a homogeneous, printable paste is the result.
For the transfer of the paste onto ceramic substrates screen printing is used. Hereby, the paste
is pressed through the holes in a screen lattice onto the ceramic substrate. By this method the
layer thickness can be adjusted with a thickness of a few micrometers to around 100pm.

After screen printing the substrate stays for 1h at room temperature to allow the paste to settle.
Subsequently, the substrate is put into a drying oven to dry the paste at 80°C. Finally, the
substrate is inserted into a moving belt oven. During the final annealing, the organic binders
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of the film are removed, the layer gets mechanically stable and is firmly bonded to the
substrate.

2.4.2.2 Micromachined Substrates and Drop Coating

Screen printed ceramic sensors are, with respect to power consumption, mounting technology,
selectivity, sensor-to-sensor reproducibility and manufacturing cost, still in need of
improvement. To overcome these drawbacks there has been increasing interest and research
efforts over the last years in miniaturizing gas sensors and systems [148], [149]. This led to
the development of p-hotplates and micromachined gas sensors. As shown in figure 2.15, p-
hotplates consist of a thermally isolated area with a heater structure, a temperature sensor and
contact electrodes for the sensitive layer.

thick-film Si-island
Sh0, resistor temperature B

T-sensors PMOS ring-transistor

sensor  dielectric

PMOS ring- gate layers

transistor ) i {membrane)
heater

500 pm

p-diffusion n-well {Si-

-/ bulk silicon island)
{p-doped) electrodes

Membrane Contact
electrodes

Figure 2.15: Micrograph of a micromachined sensor with u-hotplate.

Micromachining offers a number of advantages over conventional screen-printed ceramic
sensors [150]. The sensitive layer of micromachined metal oxide gas sensors is deposited onto
a thin dielectric membrane of low thermal conductivity which provides good thermal
insulation between the substrate and the gas-sensitive heated area on the membrane. In this
way the power consumption can be kept very low (typical values obtained lie in the range of
30 to 150mW [151]-[153]) and the substrate itself stays nearly at ambient temperature. The
mounting of the sensor element becomes therefore much easier than for an overall hot
ceramic sensor element, and control and signal-processing electronics can be integrated on the
same substrate if desired. Using microtechnological processes to pattern electrode structures
results in a further advantage. The minimal structure sizes get much smaller, a minimal width
between electrodes lying in the um range can be achieved [154]. The gas sensitive area can in
this way be tremendously reduced and the use of interdigitated electrodes with a high length-
to-width ratio allows even the evaluation of sensing films with a high sheet resistivity. Sensor
arrays which are often needed to overcome the problematic selectivity of single sensor
elements can be implemented in this technology. Beyond that, the small thermal mass of each
micromachined element allows rapid thermal programming which can be used to study the
kinetics of surface processes and to achieve kinetically controlled selectivity [155].

Most micromachined gas sensors published so far still retain the separation of sensing element
(u-hotplate with sensitive material, electrodes, temperature sensor and heater) and sensor
electronics (temperature controller, sensor read-outs, data processing and interface). The next
development step, a monolithic system with both parts integrated on one chip, has been
reported recently [156]. The co-integration of transducers and circuits provides on-chip
amplification and conditioning of sensor signals, enables on-chip analog-digital conversion,
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and allows for using on-chip standard interfaces, which alleviates the packaging problem (less
pins and connectors).

The currently dominant and dwell-established technology for integrated circuits is CMOS
(Complementary Metal Oxide Semiconductor). Consequently, there are ongoing efforts in
using CMOS technology for fabricating chemical sensors, and several CMOS- based
monolithic systems have been successfully realised [157]. CMOS-based systems do not only
feature small size and low power consumption, but also offer batch fabrication at industrial
standards and low costs. Drawbacks of using CMOS technology include a limited selection of
materials and a predefined fabrication process for the CMOS part. The integration of p-
hotplates using CMOS technology is particularly challenging, since metal-oxide operation
temperatures are usually in the range of 200 to 400°C, much higher than the temperature
specifications of common integrated circuits (between -20 and 150°C).

To fabricate micromachined gas sensors, appropriate sensor substrate materials have to be
chosen and functional elements have to be designed. Well-controlled temperature
distributions over the sensing layer are desired as the sensing properties of semiconductor
sensors are strongly temperature dependent. Generally the goal is a uniform temperature
distribution. High mechanical strength is needed for all processing steps used to form the
micromachined substrate. Beyond that, the micromachined substrate should be stable during
the deposition of the sensing film and subsequent processing.

The microhotplate becomes a chemical gas sensor by deposition of a sensitive layer. In this
work, only micromachined metal oxide gas sensors based on thick film technology were used.
Through micromachining new sensor production steps are introduced [158]. The deposition of
the sensitive layer is challenging. Screen-printing is difficult, as micromachined substrates are
often too fragile to survive the involved material stress. By using a special drop deposition
technique [159] thick films can also be deposited on micromachined substrates [149], [160].
The deposition of the sensitive layer is the most crucial part in the preparation of gas sensors.
Normally the deposition is carried out as the last step in the fabrication of a micromachined
gas sensor. This way poisoning of standard equipment with tin oxide can be avoided and the
gas sensing film can be protected from uncontrollable modifications during later
manufacturing steps.
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3 Sensor System Development

The aim of the present work was the development of a chemical gas sensor system. Although
past research and publications have shown gas sensors to be promising for commercial use,
the nature of chemical sensors inhibits a “one-size-fits-all” solution for a broad range of
applications. The first step in any development process is a clear definition of the application
and its boundaries. Then, sensor and system architecture around it have to be carefully
selected and developed to enable a success. The targeted applications were defined as:

Outdoor

Qualitative and quantitative detection of carbon monoxide (CO) and nitrogen dioxide (NO,).
Both are relevant toxic gases and are considered as indicators for automotive pollution levels
[161]. The sensor system would be installed in areas with high traffic volume and industrial
activity, complementary to existing environmental monitoring stations. Apart from this
stationary use an operation on a mobile platform (such as a public transport unit) and as a
hand-held device (to find a local “hot-spot™) is envisioned.

Indoor

Qualitative and quantitative detection of carbon monoxide (CO) and methane (CHy). They are
indicators for smoke (fire alarms) and gas leaks (relevant for households with gas heating),
respectively. The sensor system would be installed in kitchens, residential buildings and
offices, essentially stationary with constant power supply.

3.1 Concept

As we have seen, the sensor system has to function in two different environments with
varying target gases and boundary conditions. The heart of any sensing system is the sensing
element. In this case it was decided to base the system on an array of metal oxide sensors,
more precisely tin dioxide (SnO;). The advantages of metal oxide sensors are their easily
adjustable sensitivity and selectivity, low production costs and a long history of use as gas
Sensors.

The next important factors are size and power consumption. The outdoor application requires
the system to be also operable as a hand-held device, i.e. it has to be portable and battery-
operated. The resulting requirements are small size and low power consumption, possibly
with sleep/wake modes. These two factors are also of great interest if we consider the market
which the sensor system has to convince. To be accepted as a complementary system at the
side of classical analytical instruments, it has to offered clear advantages next to the expected
lower performance in accuracy and reliability. Size, power consumption and cost are therefore
defining factors.

The last consideration concerns the integration of the different subsystems and packaging of
the whole. An intelligent gas flow architecture, which makes optimal use of the little space
available, a pump to supply fresh air samples and small electronics managing the system are
needed. A filtering system, possibly with heating for purging, and a pre-concentrator are
optional components. They would increase the systems selectivity and sensitivity,
respectively. The pre-concentrator is not essential as metal oxide sensors generally show a
good sensitivity. The filtering system is more important. As the sensor system will have to
perform in changing environments with background concentrations of other pollutants, there
is a strong risk of signal interferences or false alarm. Especially the indoor application is
delicate in this aspect, as short-term exposure to high concentrations of solvents, smoke or
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cooking related gases are to be expected. A data transmission interface, wired and wireless,
completes the system. However, not only the proper design and selection of the sensor system
elements but also the proper choice of packaging solutions for the sensor chip and sensor
system prototype is absolutely necessary to obtain finally a gas sensor system which can
withstand the harsh environment of practical applications, e.g. shock, vibration, ambient
temperature changes and so on.

The considerations on the sensor system performance requirements can be summarised as
follows:

Measurement range of 0-50ppm CO, 0-2ppm NO,, 0-8000ppm CHy4
Lower Detection Limit (LDL) of 0.5ppm CO, 20ppb NO,, 100ppm CH4
Cross-sensitivity to VOCs and ozone < 10%

Operation parameters 0 to 40°C, 10-90% relative humidity (r.h.)

Sensor system size < 11, weight < lkg

Energy consumption < 500mW for 1 analysis/min

These requirements were defined in accordance with IAQ guidelines [162] and international
standards for gas detection devices [163], [169].

In the following the development process as well as the experimental set-ups used to validate
the various prototypes will be discussed in detail.

3.2 Experimental

The experimental set-up, which has been used to evaluate the performance of the developed
sensor system and its various prototypes in laboratory is discussed in the following. It can be
divided into the gas mixing bench, which provides the desired gas atmosphere, the sensor
heating, the data acquisition, the reference instruments and the different test chambers for
filter and temperature modulation research.

3.2.1 Gas Mixing Bench

In order to test and calibrate gas sensors, they are exposed to gas mixtures, which mimic the
actual ambient gas atmospheres of the specific application. To ensure accurate gas mixtures,
gas mixing benches are employed. These gas mixing benches consist of computer controlled
mass flow controllers (MFCs) and valves, as depicted in figure 3.1. By means of the
illustrated multi-channel gas mixing station, several test gases can be supplied with a mixture
of dry and water vapour saturated synthetic air, which is usually used as the carrier gas.
During the laboratory evaluation of the sensor system prototypes several different gas mixing
stations have been in use, as some experiments (e.g. with highly reactive gases such as NO,)
could only be performed at dedicated stations. The gas mixing station attributes discussed
hereafter cover all specific modifications of the stations employed.
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Figure 3.1: Schematic picture of a six-channel gas mixing station. Test gases are introduced
from gas cylinders. Synthetic air (carrier gas) is introduced by gas cylinders or
a zero-air generator and humidified as desired through a vaporiser. Two rows of
electromagnetic valves prevent unintended diffusion of test gases.

The gas mixing bench is operated by a home-made software programme called POSEIDON.
The mass flow controllers and the electromagnetic valves are controlled via D/A card. An
A/D card is used to check the performance of the gas mixing bench by recording the actual
gas flows through the mass flow controllers. The tubing of the gas channels consists mainly of
electrically polished stainless steel pipes; the tubings of the channels which are dedicated to
highly reactive gases (e.g. nitrogen dioxide NO,) are made from teflone (PTFA).

The gas flows through individual channels are adjusted by means of computer controlled mass
flow controllers. The pairs of electromagnetic valves are interconnected via either stainless
steel tubes, glass tubes or U-shaped glass vessels, the so-called vaporisers. The vaporisers are
filled with an adsorbent with a highly specific surface (Chromosorb P-NAW, Macherey-
Nagel). It is filled with water to provide carrier gas saturated with water vapour (100% r.h.).
By means of pairs of computer controlled valves unintended diffusion of test gases is
prevented. The row of valves which is further away from the MFCs prevents the diffusion of
test gases into the gas flow and the back diffusion of gases from the gas flow into the
vaporisers; the other row of valves ensures that no pressure is built up in the liquid-filled
vaporiser due to an unintended gas flow through the MFCs.

The test gas concentrations are adjusted by controlling the ratio of test gas flow to total gas
flow. Certified gravimetrically produced gas mixtures are used as test gases (Praxair, Messer-
Griesheim). The carrier gas is synthetic air, either provided together with the test gases or
synthesised in the laboratory by means of a zero-air generator (TG 8000, TOC-Gas Generator,
WGA). The total accuracy of the system is in the range of 2%.
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3.2.2 Sensor Heating

Tin dioxide sensors are operated at elevated temperatures between 200 and 400°C. To keep
the sensor at the operation temperature a power supply is used to ensure a constant voltage
drop over the platinum electrodes. In order to calibrate the platinum heater, i.e to obtain the
relationship between the applied voltage and the thereby adjusted temperature, an infrared
pyrometer (Maurer KTR 2300-1) was used. The pyrometer detects the infrared emission from
a measurement spot of 3mm” and calculates, using the specific emission coefficient & of the
material (esy02 = 0.75), the temperature of the sensitive layer. The pyrometer is kept at room
temperature and can be used for detecting temperatures from 200 to 500°C.

The final ADA chip uses a different heating element than standard thick film sensors. As a
chip with sensitive elements on p-hotplates, it provides the necessary heating by a transistor
heater (see section 3.4). Three digital PID controllers provide independent closed-loop
temperature regulation for each of the hotplates. The PID parameters and the target
temperatures for each hotplate, as well as the system timing, can all be programmed by the
user by means of the standard serial interface (I)C). To calibrate the heater temperatures the
software LABVIEW [170] was used.

3.2.3 Data Acquisition

The typical measurement technique for metal oxide sensors is the measurement of resistance.
As several different semi-conducting sensors were used in this work, the different
measurement techniques and associated instruments will be discussed shortly.

The classical alumina-based thick film gas sensor (see section 3.1) was measured with a
digital multimeter (DMM; Keithley DMM 196, 199 and 2000). It allows measuring several
resistances simultaneously and over a broad range. The measurement principle is the
following: a reference voltage drops over a reference resistance and the sensor resistance. The
voltage drops over the two resistances are measured and based on the voltage ratio the sensor
resistance is determined. Due to limited resolution of the A/D converters, different reference
resistances are used for different measurement ranges. A computer was used to control the gas
composition and to record the resistance and humidity data via the DMM and IEEE card.

The AS-sensors (see section 3.3.2) were installed on the development platforms and read out
with a VOCVario (AppliedSensor GmbH). The instrument defines the sensor resistance as
frequency determining element in a digital RC-oscillator. Therefore the signal is supplied in
form of a frequency change.

The final ADA sensor chip signals are read out by the programme LABVIEW [170]. Part of
the innovative concept of the ADA sensor chip is a transfer of hardware and software from
normally external instruments to the on-chip electronics. This allows a digital read out of the
w-hotplates resistances through the standard I°C interface. The ADA sensor chip is therefore
also operable as a stand-alone unit, requiring only a standard computer equipped with
LABVIEW software and an USB port.
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Figure 3.2: ADA sensor chip. Optional operation as a standalone sensor unit. All references
onboard. External connections: 5V power supply and IC interface. Usable on
an USB port via a microcontroller [21].

3.2.4 Reference Instruments

To verify the exact concentrations of the test gases in mixtures and the ambient parameters
(temperature and humidity) reference instruments were installed downstream of the
measurement set-ups. These were:

The Testo hygrotest 625 was used to reference the temperature and humidity. It employs a
capacitive humidity sensor and a Pt100/NTC temperature sensor.

The Innova multi-gas monitor PC1312 was used to reference carbon monoxide and
methane. In Photoacoustic Spectroscopy (PAS) the gas to be measured is irradiated by
modulated light of a pre-selected wavelength. The gas molecules absorb some of the light
energy and convert it into an acoustic signal which is detected by a microphone. An
advantage of PAS compared to conventional IR-based gas analyzers is the direct
measurement of the adsorption - not relative to a background - for an increased accuracy and
stability.

The Monitor Labs ML 9841A NOx Analyzer was used to reference nitrogen dioxide. It is a
chemiluminescence based nitrogen oxides analyzer designed to measure ambient levels of
NO, NO,, and NOy. The principle of measurement is based upon the reaction of the NO
molecule with an internal source of ozone in an evacuated reaction cell which results in the
emission of light. The ML®9841A is a single channel instrument that measures the NO in a
sample gas which is alternately passed through or around a catalytic converter to convert the
NO, to NO. The measurement of the untreated sample provides a NO value and the
measurement of the converted sample provides the NOy measurement with NO, calculated as
the difference between the two measurements.
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The Alltech Digital Flow Check was used to reference the gas flow and calibrate the MFCs.
It relies on solid-state sensors that measure the mass flow independent of ambient
temperature, humidity and pressure changes.

3.3 Development Stages and System Prototypes

During the system development, several experiments were performed with conventional thick
film sensors, AS sensors (provided by AppliedSensor) and the ADA sensor chip to evaluate
the different system approaches. Two sensor system prototypes were developed and tested in
cooperation with AppliedSensor [22]: the ADA toolbox and the ADA prototype. The ADA
sensor chip was developed and manufactured by ETH Zurich [21] and the sensor system
prototypes were manufactured by AppliedSensor. The sensors and system prototypes
employed will be detailed in the following. The final sensor system, consisting of the ADA
prototype equipped with an ADA sensor chip was thoroughly investigated as will be
discussed in section 4.

3.3.1 Conventional Thick Film Sensor

These thick film sensors are the basic sensor units developed at the Institute of Physical and
Theoretical Chemistry, University of Tiibingen, and were used for preliminary research until
the availability of the first ADA sensor prototype. The sensor is based on a planar alumina
substrate with Pt electrodes on the front side for measuring the sensor resistance and Pt
heaters on the back for keeping the sensors at the operating temperature. The sensitive layer
was SnO, with and without dopants. It was synthesised according to a sol-gel route and
deposited through screen printing, as discussed in detail in section 2.4.2.1.

Sensitive Layer (Sn0,)_/ MM

. ‘ =
Top View — I [35mm  cross Section

Interdigitated Electrodes

25.4 mm ‘ 50 pm

Bottom View | e e [ 42
[0.7 mm

Platinum Heater
¥ 5pum
Pt Electrodes Tin dioxide

Side View = ’ ]

[ 1\ ]
Alumina
Substrate

Pt Heater

Figure 3.3: Layout of the planar alumina substrate with Pt electrodes and Pt heater. The
SnQO; layer is printed on top of the interdigitated electrodes. The heater on the
back keeps the sensor at the operation temperature.

3.3.2 AS-Sensor

The AS-sensor is based on an interdigitated structure with 20um finger width and finger
distance on an area of 320x300um2. A 1x1mm? Si0; / Si3N4 membrane supports the Platinum
electrodes. The temperature of the sensitive layer was adjusted through a meander-type
heater.
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Figure 3.4: Cross-section of the hotplate used during the development process and for test
measurements.

These hotplate structures from AppliedSensor were introduced during the first phase of the
sensor system development. Unlike the later ADA sensor chip, they did not integrate
electronics on the silicon die and the manufacturing process included non-standard CMOS
processes (LPCVD, etc.). Those substrates enabled tests on and improvements of the sensitive
layers on a stable reference hotplate, which allowed temperature ramping and pulsing without
the limitations of the first ADA sensor chip prototypes and test structures made in CMOS.
The development of the coating material for a micromachined and temperature-ramped
substrate could thereby be decoupled from the development of the ADA sensor chip substrate.

The AS-sensors required a data read-out through a digital RC-oscillator; supplying the sensor
signal in form of a frequency. Therefore several results discussed in this work are based on a
frequency signal and not the usual conductance (resistance) signal.

3.3.3 ADA Sensor Chip

The ADA sensor chip was developed and manufactured by ETH Zurich [21]. It is a
monolithic gas sensor array fabricated in industrial 0.8um CMOS-technology combined with
post-CMOS micromachining. The CMOS microsystem comprised an array of three metal-
oxide-coated micro-hotplates with integrated MOS-transistor heaters and the needed driving
and signal-conditioning circuitry. First versions of such monolithic micro-hotplate-based gas
sensor systems were demonstrated recently [171]-[174]. As presented in figure 3.5, the ADA
chip [156] features three micro-hotplates monolithically integrated with digital PID
temperature controllers, digital readout, and a serial I°C interface. The membranes were
covered with tin dioxide (SnO;) as sensitive layer. The SnO; sensing layers were doped with
different concentrations of palladium (Pd) and thus rendered sensitive and selective to the
gases of interest:

e Methane: 3wt%-Pd doped SnO,
e (Carbon monoxide: 0.2wt%-Pd doped SnO,
e Nitrogen dioxide: undoped SnO,

The resistance of the SnO, material, that varies over a wide range from a few 100Q to 10MQ,

can be measured with sufficient accuracy of about £0.05% (>10Q) of the actual resistance.
All sensor values can be set and read via the digital interface.
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Figure 3.5: Micrograph of the ADA chip and schematic of the transistor based u-hotplates
[156].

The p-hotplates feature operation temperatures of up to 350°C. Three digital PID controllers
provide independent temperature regulation for each hotplate. In contrast to most existing
devices, which are based on resistive heating elements, a transistor heater is used [175], [176].
A key advantage of transistor-based heaters is the reduction of the overall power
consumption, since no additional transistor is needed on chip for driving the heating current.
Moreover, new temperature control modes are feasible, because the micro-hotplate
temperature is directly adjustable through the gate voltage of the transistor heater, the
correlation between temperature and gate voltage being almost linear.

The PID parameters and the target temperatures for each hotplate, as well as the system
timing, can all be programmed by the user by means of the standard serial interface (I*C),
which also enables digital readout of the sensor values.

The two plots below show that the temperature control works in dynamic mode (e.g., a
sinusoidal) or static mode (e.g. ramp) without interference from one hotplate to the others.
The chip provides all means to apply any arbitrary temperature modulation to the heater.
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Figure 3.6: Temperature modulation and control examples for the ADA sensor chip: (A)
two hotplates at constant temperatures and one sinusoidally modulated, (B) two
hotplates at constant temperatures and one linearly modulated (ramp).

44



3.3.4 First Steps: the Development Platform

In order to have a versatile platform during all stages of the system development, a modular
toolbox set-up was developed. This toolbox consisted of all components the final sensor
system was planned to have installed. All system components were tested separately and as
part of the toolbox system towards their performance and reliability. Figure 3.7 gives an
overview of the test set-up. System control and data collection was performed by a Personal
Computer at this early stage; in the final system an on-board microcontroller performed this
task. All gas flow components (chambers, flow restrictors, tubing, etc.) are easily accessible
and interchangeable. The selected modular approach allowed to freely change parameters and
components during the development.
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Figure 3.7: Schematic and picture of the toolbox platform manufactured by AppliedSensor.
All components are integrated in a modular set-up. Up to four metal oxide
sensors included.

In this first approach, the sensor system consisted of the following components:

e Air intake unit (particle filter membrane)

e  Metal housing with cavities and connectors for filter material, pump, valve, sensor and
pre-concentrator unit electronics

e  Purge-and-trap-unit (pre-concentrator)

e  Miniaturised pump

e Miniaturised switching valve

e Sensor (sockets for up to 4 AS sensor)

e Electronic platform (sensor system controller)
e Data transmission controller

The single components of the miniaturized sensor system underwent tests according to the
overall specifications in terms of low power consumptions, small size, low gas adsorption (to
reach low detection levels), high reliability and commercial availability.

3.3.4.1 Valves

Micro machined valves and miniaturized conventional valves were compared. Important
specific parameters are the flow resistance, the kind of wetted materials, switching speed and
the need for driver electronics. As the micro machined valves were unable to match the
desired flow rates (10-50ml/min) and had a low commercial availability paired with high
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pricing, miniaturised valves in conventional solenoid technology were employed. The
selected valves performed perfectly during the integrated system testing.

3.34.2 Pump

The ADA sensor system requires high efficiency and low power consumption of the pump.
Different pump principles were tested: conventional membrane pumps, rotary pumps and
advanced microsystem pumps. The best performance in power consumption and efficiency
was provided by the rotary pump. Early tests revealed some problems due to the small
diameter of the tubings (d = 0.2mm).However, the final ADA prototype forewent the tubing
system in favour of premilled channels in the plastic housing, solving the problem.

3.3.4.3 Purge-and-Trap-Unit

This pre-concentrator unit was planned as an indicator for the amount of organic material
present during the measurements. In regular time intervals, the adsorber phase would be
heated shortly, forcing the adsorbed organic materials into the gas phase and towards the
measurement chamber. This would allow to measure the concentration of Volatile Organic
Compounds (VOCs) and compensate for their interference during the detection of the target
pollutants. It was decided during the development phase to drop the pre-concentrator
approach, as discussed in section 4.6.

3.3.4.4 Sensor System Controller

The sensor system controller manages all system components and provides the driver
electronics for pump, valve, sensor, pre-concentrator and microprocessor. Its initial functions
were:

control of valves and pump

system timing and cycling

temperature control of purge and trap system

interface to sensor for control and data transmission

calculation of concentration information and reliabilities for the different target gases
buffering the data of the actual measurement and several previous measurements
control of power-down modes and battery management

store information about the system (status bits, calibration data, serial number etc...)

The timing protocol allowed adjusting the measurement protocol as desired.

3.3.4.5 Data Transmission Controller

The sensor data stored by the sensor system controller is transmitted to external systems via
wired (RS232) connections. Wireless (Bluetooth) data transmission was planned for the later
ADA prototype system. All communication follows principal terms and structures as defined
by the IEEE standard 1451 [177].

3.3.5 ADA Prototype

After a thorough laboratory investigation of all system components the ADA prototype was

constructed. The components with the best performance were selected as detailed above and

unsuccessful strategies discarded. The ADA prototype is able to support either the final ADA

sensor chip or three separate individual AS sensors. Figure 3.8 presents the ADA prototype
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separated into electronic board (microcontroller) and gas flow architecture. This system
configuration was used during the development phase (with AS sensors) and the final
laboratory characterisation and field trials (with the ADA sensor chip).

Figure 3.8: ADA prototype: a) microcontroller, sensor interface and data transmission
interface b) gas flow architecture, measurement chamber, valve, pump and
filtering system. 100mm x 100mm x 80mm, RS232 / Bluetooth plug-n-play,
power consumption 240mW for one measurement per minute [22].

The gas filter unit can be switched on and off as part of the measurement program. The micro-
controller allows for operating all three micro-hotplates of the ADA sensor chip individually
at fixed or modulated temperatures. A separate humidity and temperature sensor is installed
next to the ADA sensor chip inside the measurement chamber.

3.3.5.1 Sensor System Controller

The experience gained during development led to the design of the final electronic platform
handling the following tasks:

Generation of supply voltages from battery pack or from external power supply
Hardware communication interface via Bluetooth adapter or serial interface line
Optional direct display of measurement results

System control: Management of valve, pump and the respective time sequences
Interface to the ADA sensor chip (I°C interface, clock generation, reset)

Sensor temperature adjustment

Sensor data read-out (raw data): analog for AS sensors, digital for ADA sensor chip
Interface to optional sensors (humidity, gas temperature)

Generation of system time

Storage of measurement data and system parameters

Data evaluation: calculation of qualitative (pollutant identity) and quantitative
(concentration) data out of the sensor raw data

e Provision of stored sensor measurement results to accessing external systems (via
RS232 or Bluetooth)

The input voltage range is from 6 to 18V. The battery pack for the prototype (array of
standard NiMH AA cells, rechargeable) feeds the system for several days.
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3.3.6 Sensor chip packaging

The limited number of pins renders the mounting on TO8 packages a good solution for the
first-level packaging of the sensor chip (see figure 3.9). The array of membranes is lined up in
a row at the upper end of the chip. The readout and control circuitry is integrated on the same
chip in some distance from the hot plates (> 500um) to enable reliable packaging. The
bonding pads are placed on the opposite end with regard to the hotplates, and are connected to
the socket pins via wire bonds. The chip is attached to a metal TO-socket using a die-attach
with a high thermal conductivity. This combination keeps the temperature of the chip low as
compared to the operating temperature of the hotplates. The glob top (epoxy) encapsulant
covers the bond wires and the chip except the membrane area. This ensures free access of the
gas phase to the sensitive area. The chip passivation and the epoxy encapsulant together
represent a good protection against humidity.
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Figure 3.9: Epoxy-based TOS8-socket packaging of the sensor chip [21].

3.3.7 Sensor System Packaging

The layout of the sensor system as conceived for the field trial in Madrid is presented in figure
3.10. A powerful pump and a protective casing have been added to the core system. The pump
is continuously pumping air and generating a constant air flow through its tube system. In
periodic intervals (20s) the pump of the core ADA sensor system is activated and pumps air
from the tube system into the measurement chamber. This configuration is required by the
outdoor field trial situation in Spain, where a long tube is necessary to get air from the air inlet
of the reference analytic systems in the air pollution measurement stations. The small pump
integrated into the ADA prototype cannot provide the necessary pressure difference.

The plastic housing of the field tests set-up allows the use of a Bluetooth data transmission
system and can be hermetically sealed. This is especially of use in a configuration without
additional pump and with battery supply for the ADA prototype.
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Figure 3.10: ADA sensor system packaging as configured for field trials.

3.4 Solving the Selectivity Problem

The developed sensor system has to be able to qualitatively and quantitatively detect carbon
monoxide, methane and nitrogen dioxide. As all gas sensors, tin dioxide sensors face the
problem of sensor selectivity: the sensitive material recognises not only the targeted gases but
also, to some degree, other volatiles and changes in ambient parameters. This can lead to false
negative or false positive alarms. In the following the selectivity problems encountered are
shortly discussed.

Simultaneous detection of two target gases, CO/NO, outdoor and CO/CHy4 indoor
are the targeted applications for the developed sensor system. In the first case, a gas
which decreases sensor resistance (CO) and one that increases the resistance (NO;)
have to be quantitatively detected. This can lead to false negative alarms if both are
present at the same time. In the second case, both gases decrease sensor resistance,
possibly resulting in false positive alarms if both are present at the same time.

Presence of interfering gases, such as VOCs, alcohols, sulfoxides, particles and
others are a major problem. All these substances influence the sensor signal to some
degree, some even irreversibly (poisoning). Their concentration is strongly fluctuating
depending on time and location. Their influence on the validation of a given sensor
result is partly unpredictable as not all possible interfering substances are known to
date.

The drastic variations in ambient humidity a sensor system is exposed to in real
world conditions (e.g. rain) have to be taken into consideration. Sensors signals are, to
differing degrees, dependant on the ambient humidity. A strong change in humidity
can devaluate previous calibrations and result in false negative or false positive
alarms.
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e The concentration of NO; is in a delicate equilibrium with NO (see section 2.3.5).
Depending on ambient conditions this equilibrium can shift to one side or the other,
thereby increasing or decreasing the concentration of the targeted gas.

e The air flow generated by the gas flow system (pump, valves) influences the local
pressure and temperature above the sensing layer, thereby changing its resistance and
corresponding signal.

To solve the problem of selectivity one can target several points in the process of sensor
signal generation [139]. Starting with the ambient gas composition itself, gas filters can be
used to eliminate unwanted compounds from the atmosphere surrounding the sensor. By
changing the gas composition between ambient air and sensor surface the signal to a desired
compound will be strengthened compared to an untreated mixture.

Another possibility is to change the sensor, adjusting its performance attributes as needed.
This can be achieved by varying the sensitive material, doping or sensor operation
temperature among others. These measures increase the sensors sensitivity to certain wanted
gases and reduce it to others, thereby improving its selectivity.

Finally, sophisticated data filtering tools are available to use characteristic traits of a sensor
signal to identify a specific gas. Pattern recognition algorithms, such as PCA, PCR, MLR and
others allow combining all the information provided by a sensor array such as the one
developed in this work. Thereby it is possible to qualitatively and quantitatively measure the
gases the system was calibrated to detect.

In the following the various approaches to solve the selectivity problems are discussed in
detail and a measure of their success is given.

3.4.1 Sensitive Materials and Dopants

As discussed in detail in section 2 the signal created by a gas interacting with the surface of a
semiconductor depends strongly on the chemical, physical and electronic properties of this
semiconductor. A change in surface atom distribution, dipoles, occupied or unoccupied
atomic orbitals, rifts and ridges and the fullness of the conduction band determine the
availability and character of surface states offered to gaseous molecules. Changing these
characteristics changes the attractivity of adsorption sites to the molecules: another gas will be
preferred in place of the previous favourite. Thereby the selectivity and sensitivity of the
sensor is changed. But how to tailor the sensing properties of a sensor to a specific
application?

The simplest sensor variation is a change of the sensing material itself [178]. A host of
different semiconductors with selectivity to one or more gases are available nowadays (see
table 2.1). However, it is not necessary to change the whole sensing material. Dopants have a
strong influence on the sensing properties of semiconductors [179]. By adding small
quantities of noble metals the electrical and especially chemical properties of the
semiconductor are changed (see section 2.4.1).

During development of the present sensor system it has been decided to use only one metal
oxide, changing its properties by doping. This approach carries a clear advantage for future
efforts to produce the sensor system: instead of optimising the powder synthesis and sensitive
layer deposition for several different materials it is possible to focus on just one, tin dioxide.
The small variations introduced by doping are trivial compared to the difficult task of
optimising the synthesis of one or more additional base metal oxide powders.

50



As detailed earlier the final ADA sensor chip will consist of three separate, but integrated,
sensors on one chip, forming a sensor array. Each of them has a different sensitive layer
which favours one of the targeted gases carbon monoxide, nitrogen dioxide or methane:

e Nitrogen dioxide: undoped SnO,
e Carbon monoxide: 0.2wt%-Pd doped SnO,
e Methane: 3wt%-Pd doped SnO,

In the next figure, the performance of these three materials is presented. The measurements
were conducted with conventional gas sensors to test the performance of the selected
materials before implementing them into the final ADA sensor chip. All the sensors were
operated at 300°C in order to evaluate the selectivity of the materials only. A change of the
temperature, as shown in the following section, would also influence the selectivity. The
humidity of the test gas mixture was 50% r.h. and the temperature was 25°C.
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Figure 3.11: The sensor signal of various conventional thick film sensors to the separate
exposure to carbon monoxide and nitrogen dioxide. The sensor signal is defined
as the ratio between the sensor conductance in air and in the presence of the
target gas. For carbon monoxide the conductance increases so the results are all
exceeding 1, the opposite happens for nitrogen dioxide.

The CO sensor is tuned towards the detection of very low concentrations of carbon monoxide;
it responds also to nitrogen dioxide but in mixtures follows the carbon monoxide
concentration. The HC sensor is using a sensing material that allows detection of
hydrocarbons (such as methane) at concentrations lower than 5% of the Lower Explosion
Limit (LEL); it is, even at a relatively low temperature un-sensitive to nitrogen dioxide. The
NO, sensor is very sensitive to its target gas and shows little cross-sensitivity to carbon
monoxide in the investigated concentration range; it practically shows no sensitivity to
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saturated hydrocarbons and in mixtures between nitrogen dioxide and reducing gases it
follows the concentration of NO,.

3.4.2 Sensor Operation Temperatures

A possible additional way for improving the sensors selectivity is a variation of the sensor
operation temperature [180]. This is especially interesting as the final ADA chip allows
operating three sensors with independent settings, i.e. individual temperature programmes.
The gas sensing mechanism of semiconductors makes their performance susceptible to
temperature changes. Different pollutants have characteristic optimum oxidation and
reduction temperatures and therefore give rise to characteristic resistance-temperature
profiles. By varying the operation temperature of the sensor it is possible to increase or
decrease its sensitivity and selectivity towards specific gases. This special attribute of
semiconductor gas sensors was exploited to maximise the sensor signal to each target gas, (i.e.
increase the sensors sensitivity) and discern between two targeted gases (i.e. increase the
selectivity) [181]. The adsorption, reaction and desorption of gases on the sensor surface
depend on the temperature. Therefore also the sensor signal kinetics are influenced; in this
case the response time tog and the recovery time of the sensor. A higher temperature will
improve both [182], and is therefore preferable.

The targeted applications for the sensor system require a selective detection of one pollutant
in a binary mixture. As demonstrated in figure 3.12, it is possible to detect carbon monoxide
and methane qualitatively and quantitatively in a mixture of both gases. Two conventional
thick film sensors with the same sensitive material operated at different temperatures show a
completely different reaction to carbon monoxide and methane. This behaviour allows
establishing a calibration for the complete sensor system that discriminates between these two
gases in mixtures.

350000
100000 4 | —F— MOX1 2 —O— MOX1 I
—0O— MOX4 /@ —O— MOX4 - 300000
. L
80000 + / L 250000
-1 @ -
) - 200000 O
3 60000 | / 3,
Y d Y—
> ® L 150000 =
T 40000 | i o
= o
= L 100000
D n
20000 I
- 50000
0+ H—E—O-8& Lo
1000 10000 1 10 100 1000
Methane [ppm] Carbon monoxide [ppm]

Figure 3.12: Exposure of two AS sensors coated with the same sensitive material and heated
at 250°C (MOX1) and 350°C (MOX4) to 0.2-1% methane respectively 5-500ppm
carbon monoxide. Measurements at 50% r.h. and RT.

To determine the optimal operation temperatures for the p-hotplates the ADA sensor chip was

exposed to low concentrations of carbon monoxide, methane and nitrogen dioxide at different
temperatures. Thereby the sensor signal strength towards each pollutant could be established
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as a function of its operation temperature at constant concentration. The conditions tested
were:

e 250,275,300, 325, 350°C
e (CO lppm, CH4 500ppm

The p-hotplates temperatures were controlled individually and each of them was coated with a
gas-specific sensitive layer. The aim was to find the maximum in the above function, i.e. the
operation temperature with the highest sensitivity and selectivity for the targeted gas for each
hotplate. The resulting values were:

e 350°C for the detection of methane CH,y
e 275°C for the detection of carbon monoxide CO
e 275°C for the detection of nitrogen dioxide NO,

3.4.3 Temperature Modulation

As we have seen, operating sensors at different constant temperatures already improves their
selectivity considerably. The next step for increasing the sensor selectivity is naturally to
move from constant to dynamically modulate temperatures [160], [181], [183]. The simplest
way to observe a temperature dependent dynamic sensor response is literally to switch the
sensor power supply on or off, with and without analyte gas being present. The transient
response of the sensor is characteristic of the gas to which the sensor was exposed. This
behaviour indicates the potential for qualitative and quantitative analysis of gaseous mixtures
[184]. More promising seems the application of a periodic heating voltage to the
semiconductor gas sensor [160]. Several advantages can arise from an oscillating heater
voltage [185], [186]. Firstly, because of the different reaction rates of various analyte gases at
different temperatures, a cyclic temperature variation can give a unique signature for each gas.
These “fingerprints” allow for detecting the presence of a specific gas in a mixture of gases
and to some degree reveal quantitative information. Furthermore, if the response of one sensor
is measured at n temperatures, the sensor becomes analogous to an array of n “sensors”. Thus
if m different actual sensors are used, m*n dimensional information is available for analysis
[187] (assuming all n “sensors” are linearly independent). Secondly, because low temperature
operation can lead to the accumulation of incompletely oxidised contaminants, periodic shifts
to higher temperatures may help to clean the sensor surface, increasing the desorption rate and
reducing the sensor recovery time. Thirdly, thermal cycling leads to improvements in
sensitivity, as discussed earlier.

3.4.3.1 Pattern Recognition Methods

As we introduce more sophisticated temperature modulation modes, the increased number of
virtual sensors create a huge data output. To analyse the complex sensor signal matrix
generated, pattern recognition methods are usually utilised [188], [189]. They allow
establishing calibrations based on recurring signal patterns and identify the important linear
independent sensors for each application.

The Principal Component Analysis (PCA) is widely used in signal processing, statistics,
and neural computing [190], [191]. It is a method to reduce a high-dimensional data-space
while minimising the loss of information. To enable a graphical presentation, the data-space is
projected onto a two-dimensional coordinate system. The axes of this new data-space are the
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principal components; the first principal component is the projection of the original data-
space on the direction in which the variance of the projection is maximized, the second
principal component is established accordingly. Each subsequent principal component
describes the maximum of variance that was not included in its predecessor. Apart from
allowing to visualise the data in a low-dimensional space, irrelevant information such as noise
is reduced and signals from linearly inter-dependent sensors is eliminated.

The Principal Component Regression (PCR) [192][193] is a simple extension of multiple
linear regression (MLR) and PCA. In the first step, the principal components are calculated.
The scores of the most important principal components are used as the basis for the multiple
linear regression with the target data. Thereby a common problem in conventional multiple
regression (correlations between the predictor variables) is avoided, as the principal
components are not correlated. An important point during PCR is the proper selection of the
eigenvectors to be included. They are normally selected from the first few principal
components. The eigenvectors of a PCA decomposition represent the variations that are
common to all of the sensor calibration data. Therefore, using that information to calculate a
regression equation (in place of the straight sensor responses) will produce a robust model for
predicting concentrations of the desired constituents even in very complex samples.

Artificial Neural Networks (ANN) [194][195] attempt to imitate the operation of neurons in
the brain. Such networks have a number of linked layers of artificial neurons, including an
input and output layer. The network is trained by various methods using a large training set.
Through the training it learns to recognise hidden patterns in the calibration data set,
weighting the input data accordingly. The advantage of neural networks lies in their ability to
represent both linear and non-linear relationships and in their ability to learn these
relationships directly from the data being modelled.

3.4.3.2 Selectivity Improvements

The target of the first experiment with temperature modulation was to eliminate humidity
influences during a carbon monoxide measurement using just one single sensor. In constant
operation mode there is just one measurement result, which is the resistance of the sensitive
layer at the given temperature. Here it is impossible to determine if a change of the signal
originates from a concentration change of the target pollutants or of other pollutants.

Figure 3.13 shows a measurement on a single temperature cycled sensor in humid air. The X-
axis shows the time in ticks of each around 200ms, depicted are 10s. The red dotted curve
represents the temperature of the sensor heater, the blue curve gives the respective resistance
of the sensitive layer. In this measurement the temperature of the heater was changed between
180 to 400°C, according to typical operating conditions. The sensor was measured five times
at each temperature.

The depicted overshooting in the resistance (typically within the first measurement after
adjusting a new temperature) is caused by chemical reactions and desorption / adsorption
processes which are partly pollutant-specific. Thus the information content of a measurement
with one single sensor can be dramatically increased, in the given case there are up to 50
“virtual” sensors (which means one sensor at different operating temperature each) with a
partially different behaviour.
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Figure 3.13: Temperature profile and response of the AS sensor. Exposure to 20-80% r.h. and
100-300ppm carbon monoxide at RT. Sensor operation temperature cycled from
180-400°C.

In the following measurement this temperature modulated sensor was exposed to different
concentrations of carbon monoxide (100, 200 and 300ppm) in different humidities (20-80%
r.h.). The 50 measurements performed within the measurement cycle of 10s (with one single
sensor, as described above) were taken as individual sensors and the data was processed using
a pattern recognition method (PCR). The following graphic shows the result of the predicted
concentrations for 0, 100, 200 and 300ppm carbon monoxide in different humidities (20-80%
r.h.) (X-axis: true CO concentration, Y-axis: predicted concentration).
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Figure 3.14: PCR-plot, predicted vs. true concentrations for a binary mixture of 100-300ppm
carbon monoxide and 20-80% r.h.
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Thus it was possible to separate the contribution of carbon monoxide and humidity to the
sensor signal and to almost completely suppress the signal from the change of humidity in the
concentration prediction.

The next experiment used another temperature profiling to distinguish between different
pollutant gases. The temperature modulation was done with very slow temperature changes
over a very broad temperature range (RT-450°C), the gas concentration was kept constant.
The X-axis in the figure 3.15 gives the time in units of 200ms, the Y-axis shows the resistance
in arbitrary units (proportional to 1/R). The overall depicted scan time was 70s, the
temperature was increased in 50 steps within 35s, and decreased within another 35s.
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Figure 3.15: Slow temperature ramping measurement. Modulation from RT to 450°C to RT
(black dotted line).

It is clearly visible that specific patterns for the different pollutants appear. This holds
especially true for carbon monoxide, which showed a large response already in quite small
concentrations.

Several temperature modulation experiments have also been performed with the final ADA
sensor chip to prove we can transfer the results gained from the experiments discussed above.
Different temperature modulations were tested as demonstrated in figure 3.16; in dynamic
(sinusoidal) as well as static mode (steps and ramps).
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Figure 3.16: Temperature modulation modes investigated with and w/o gases. Each mode was
tested in various lengths between 50s and 20min.

An example of the sensors behaviour during these tests is given in figure 3.17. As can be
seen, the three hotplates each react differently: HP1 (CHs-sensitive) and HP3 (CO-sensitive)
both show a strong resistance change while HP2 (NO;-sensitive) shows only a short signal
overshooting without any visible reaction to the changed temperature itself. These results
prove the temperature modulation is working for the ADA sensor chip.
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Figure 3.17: ADA sensor chip signals during temperature modulation. All three u-hotplates
active at 250-350°C and 50% r.h.. Long temperature cycle length of 20min.

3.4.4 Gas Filters

The methods discussed so far influence the sensor selectivity by directly changing an integral
part of the sensor itself, such as the sensitive material or the operation temperature. Gas
filters, on the other hand, offer a solution to cross-sensitivity problems without requiring any
change of the sensor itself. By forcing the gas samples to pass a filter, the composition of the
gaseous mixture is altered, either by adsorption or catalytic burning of gases. Instead of
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changing the sensor reaction to certain gases, the relative concentration of unwanted
interfering gases in the gas sample is decreased until their contribution to the sensor signal is
reduced to insignificance. By allowing only selected gases to reach the sensor, possible false
positive signals and thereby false alarms are eliminated. As most gas filters affect a range of
pollutants, they eliminate also unknown interfering gases as a positive side effect. An ideal
gas filter is characterised by

a high selectivity to interfering pollutants
no influence on the target gas concentration
a high permeability for humidity

a weak pollutant desorption

a high breakthrough threshold

To find the best gas filter a range of materials was investigated, all of them using different
filtration techniques. They can be classified according to their filtering technique: adsorbants,
catalysts and molecular sieves. Another important issue for the design of the sensor system is
the filter operation mode and integration into the gas flow architecture. So far, two different
strategies have been pursued by previous authors [196]-[198].

In the diffusion mode a small filter volume is placed above the sensor, forcing potential
analytes to reach the sensor surface through diffusion only. The filter material is located either
in a separate segment above the sensor or deposited directly on the sensor surface, with and
without additional heating. In the direct flow mode the filter is located upstream of the sensor.
Here, the complete gas sample has to pass the filter and is subject to its effects, contrary to the
diffusion mode.

Volatile organic components (VOCs) are a common nuisance for gas sensor systems in real
world applications. Differing vastly in size and polarity, they are a heterogeneous class of
gases and a source of cross-sensitivity problems. They have therefore been selected as main
targets of the filter system. To facilitate the evaluation of potential filter materials two VOCs
have been selected in accordance with international standards [163][169] as representative
interferents: ethanol and heptane. The first is a short-chain and highly polar alcohol while the
latter is a much longer and non-polar alkane. Together they cover the chemical characteristics
of the most frequently encountered VOCs and offer a good representation of the high number
of different hydrocarbons present in ambient air. Figure 3.18 illustrates the strong cross-
sensitivity of the sensor towards both ethanol and heptane.
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Figure 3.18: Four different conventional thick film sensors exposed to 5ppm carbon monoxide
and 500ppm heptane at 50% r.h. and RT.

In the following, the different filter materials investigated will be shortly presented and their
performance, according to the criteria defined above, discussed.

3.4.4.1 Adsorbants

By definition, adsorption is the process by which one substance is attracted to and held on the
surface of another. The removal capacity of an adsorbant is directly related to its total surface
area, and in a porous solid adsorbent, the surface extends well into the interior of the solid.
Because of the relatively weak forces involved, adsorption is essentially reversible.
Adsorbants are effective versus non-polar organic molecules with a high boiling point while
ignoring smaller ones such as methane [199]. The materials investigated were commercially
available activated charcoals [200], [201]. They differ in their absolute surface area, grain size
and form as well as preparation procedures.

3.4.4.2 Catalysts

Catalysts are materials inducing a chemical reaction on their surface while suffering no
chemical property change themselves. The gases arriving are adsorbed at the surface and react
to form stable chemical compounds. These are bound to the media as organic or inorganic
salts or released into the air as carbon dioxide CO, and water vapour. The nature of these
reactions makes the process irreversible, contrary to simple physical adsorption. By
impregnating catalysts on adsorbants, weakly adsorbed gaseous contaminants can therefore be
eliminated from the atmosphere. Similar to adsorbants, impregnated catalysts are more or less
specific for a certain contaminant or group of contaminants. The materials investigated were
KMnO4 impregnated activated alumina [201] and perfluorinated sulfonic acid (Nafion) [202].
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3.4.4.3 Molecular sieves

Molecular sieves are synthetic or natural zeolites with strong adsorption capacities for gases
vapours and solved substances [203]. They are aluminasilicates containing alkaline and
alkaline earth metals and often employed for ion exchange, catalysis and separation of
different solvents or gases [204]. Their anions form a grid-like structure on a molecular level
with channels and pores of a defined size. Different molecules will be allowed through these
channels or retained depending on their chemical and physical attributes, e.g. straight chain
alkanes can enter the pores and will be adsorbed in contrast to cyclic and branched alkanes.
This adsorption is reversible given time, temperature or a cleansing gas flow [205]. The
material investigated was a commercial molecular sieve (pore size 4A).

3.4.4.4 Filter performance

Conventional thick film sensors and AS sensors protected by various filter materials were
exposed to up to 500ppm ethanol and heptane. The investigated concentration range is at the
upper limit of legal requirements [163], [169]. The filter materials were processed to offer a
wide range in grain size and morphology, from fine powder to rods and spheres of up to
several millimetre diameter. One of the first observations was the high similarity of results
between exposures to ethanol and heptane. The strong difference in polarity did not affect
their interaction with the selected filter materials: filters were either effective versus both
pollutants or versus none. This allows focusing on the results for heptane in the following
discussion; the results for ethanol are accordingly, with the sensor signal being approximately
20% stronger during all measurements. Table 3.1 illustrates the elimination strength of the
tested materials if exposed to typical concentrations encountered in real world applications.

Filter Evaluation: Sensor Signal [Ro/R]
Filter material Heptane Carbon monoxide
[100ppm] [Sppm]
Ideal 1.00 high
Active charcoal® I 4.29 3.45
CPBlend™’ I 17.4 3.43
Active charcoal® II 1.16 2.87
Active charcoal® III 1.18 3.34
CPSelect” II 62.7 3.91
Molecular sieve® II 73.2 4.22
Active charcoal® V 1.41 3.29
Active charcoal® VI 1.12 3.17
Molecular sieve® III 65.6 3.54
Active charcoal® VII 1.77 3.02
Nafion® I 65.3 3.64
Active charcoal® VIII 1.04 2.87

Table 3.1:  Sensor signal to 100ppm Heptane and 5ppm carbon monoxide. Measurements in
diffusion mode. Filter category a=adsorbant, b=catalyst, c=molecular sieve.
Measurements at 50% r.h. and RT.
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The results clearly point to activated charcoal as the best filter material. Independent of grain
size, morphology and manufacturer all active charcoal samples tested were very effective at
filtering heptane and ethanol. The low filtering effect of the KMnO,4 impregnated activated
alumina pure (CPSelect) and mixed with activated charcoal (CPBlend) is as expected from
literature [206]. It is more effective at removing nitric oxides NOy than VOCs. Contrary to
literature [202], Nafion did eliminate neither ethanol nor heptane. The catalyst filters can
therefore be considered as unsuited to the task of eliminating VOCs from a contaminated
atmosphere. The molecular sieves tested not only failed at filtering the pollutants but also
disrupted the sensor signal for several hours. The low pore size of the tested zeolites (around
4A) resulted in a humidity filtration. As the sensors are susceptible to ambient humidity no
measurements were possible until complete filter saturation. Of course, this prevented also
any filtration effect of the pollutants. The selected zeolites were inadequate for the task of
filtering VOCs. However, literature suggests more promising results if the right pore size for
the selection process can be determined [207].

Another important aspect is the filter selectivity. In our case, an ideal filter material will not
affect the signal to carbon monoxide or methane significantly. The results presented in table
3.1 suggest a very small interaction between pollutant and filter. For molecular sieves this can
be explained by lingering effects of the ambient humidity filtration. For catalysts and
adsorbants the reduction in signal strength for different filter materials is up to 20%. The
effect is strongest for materials processed to fine powder, suggesting diffusion problems
between gas stream and filter as the source. A similar problem occurred during measurements
in direct flow mode: fine powder filters reduced the gas flow significantly (down to 10% in
one case). Therefore, larger grains should be preferred over fine powders to assure a constant
flow or diffusion through the filter.

Earlier misgivings on the filter affecting the sensor signal response and recovery time were
not confirmed. All measurements with filters displayed response and recovery times equal to
measurements without filter. However the filter operation mode did affect the response and
recovery times. In diffusion mode, toy was significantly increased compared to direct flow
mode.

The last aspect to be considered is the filter breakthrough capacity. Naturally, the filter
volume in direct flow mode needs to be much larger than in diffusion mode, where an
increase in volume directly affects the sensor response and recovery time. The filter volumes
tested range from 0.1 to 6ml. For low volumes (0.1-0.2ml, diffusion mode) a breakthrough
appeared after exposure to 500ppm heptane with a flow of 500ml/min for 3-6h (depending on
the material). Larger filter volumes (5-6ml, direct flow mode) survived exposure to heptane
without breakthrough. The test conditions were 100ppm heptane with a flow of 400ml/min for
30h. The system was also exposed to very high concentrations of > 1% ethanol, resulting in
an immediate breakthrough and recovery after 1 day. Without purging of the filter at higher
temperatures, small residues of ethanol could still be found downstream of the filter after
several days. It can therefore be concluded that the operation in diffusion mode did neither
extend the filter lifetime nor improve the response and recovery times significantly. It was
therefore decided to install an active charcoal filter (small grains, no powder) in direct flow
mode with a filter module size of 20ml in the final sensor system. This equals to a proven
filter lifetime of 10days at continuous operation and exposure to 100ppm heptane, a high
pollutant concentration not encountered for more than a few minutes at a time. The filter
lifetime is even extended if the sensor system measures with a frequency < 1/30s (laboratory
standard), but more in the direction of 1/min to 1/5min (envisioned for real world
application).
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3.4.5 Air Flow and Pressure Fluctuations

The gas flow system of the ADA sensor unit prototype depends on active pumping. However,
the constant activation and deactivation of the pump and corresponding change in pressure
and flow rate in the system has an undesired effect on the sensor signal. An oscillation is
superimposed over the signal itself with a phase identical to a complete pumping cycle. This
oscillation has an amplitude of 2-10% of the signal strength (depending on pollutant
concentration and signal calculation). This effect lowers the sensor resolution and increases
the limit of detection; both are worsening the sensor overall performance.
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Figure 3.19: Sensor signal oscillation. Exposure to 50-5000ppb NO; at 50% r.h. and RT.

Two answers to this problem have been tried: filter membrane and data treatment. To prevent
the sensors from experiencing a variation in the gas flow rate, thin particle filter membranes
were fixed to the sensor casing, sealing its air inlet off. However, this did not help reducing
the oscillation. As no further interference with the sensor itself was desired, data treatment
was tried. Fast Fourier Transformation (high-pass and low-pass), Savitzky-Golay and
averaging filters were applied to the oscillating signal. The averaging signal proved to be most
successful, reducing the oscillation to negligible levels. As trade-off, the time resolution was
decreased to several seconds. Another option to reduce the sensor signal oscillation is offered
by the system operation mode, as discussed in section 3.6.

3.4.6 Strategies Discarded

During the development process, a few strategies that initially seemed promising were
revealed to be impractical and were disregarded for the final sensor system.

3.4.6.1 Pre-concentrator

The pre-concentrator unit was to be used as an indicator for the amount of organic material
present during the measurements. It consists of a small chamber filled with adsorber material
and equipped with heating structures. At regular time intervals the gas flow would be
redirected to the pre-concentrator unit where VOCs would be adsorbed over 1-2min and
subsequently desorbed by a controlled heating of the adsorber phase (150-200°C). The
resulting gas sample could then be measured by the sensor and indicate the level of VOCs in
the ambient atmosphere. The components were tested in respect of gas adsorption,
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performance and life-time. However, it became evident that the pre-concentrator would
require a significant increase in system volume and power consumption. Due to the
restrictions in size and targeted battery operability of the system it was decided to incorporate
only a passive gas filter and no pre-concentrator.

3.4.6.2 Controlled Humidification

The cross-sensitivity of tin dioxide sensors to humidity fluctuations is a known problem. It
therefore seemed a plausible strategy to incorporate a humidity reservoir to allow a controlled
humidification. This should fix the relative humidity at a constant level and thereby eliminate
an important cross-sensitivity source, easing future calibration efforts. The gas flow would be
redirected through the humidity reservoir prior to the measurement chamber. Tubings with
high humidity permeability are commercially available as are liquid or solid humidity sources.
However, the implementation of the humidity reservoir proved problematic. First, a drying
phase would be required to reduce even gas samples saturated with humidity (e.g. sampling
during rain) to a basic level. Then the humidity reservoir would raise the humidity level to
standard. A valve would be necessary to separate these two phases and prevent unintended
diffusion. Due to the significant increase in system complexity and size it was decided to rely
on calibration algorithms to compensate the sensors cross-sensitivity to humidity.

3.5 Calibration Strategies

So far, the development of sensor hardware and different strategies pursued to increase the
system performance has been discussed in detail. Yet, the ADA prototype needs further
laboratory activities to be able to operate as a gas detection device: the calibration. The
calibration converts the raw sensor data into intelligible qualitative (pollutant) and
quantitative (concentration) information. The calibration algorithm has to be selected for a
maximum of simplicity and accuracy. The simplicity determines the effort in time and
personnel to establish an initial calibration, implement it into the system firmware and adjust
it in regular intervals (re-calibration). The accuracy is a measure of how close the algorithm
fits the experimental sensor values. Each pollutant gas to be detected needs its own, individual
calibration. For semiconductor sensors, a range of algorithms has been proposed in literature
derived from theoretical calculations and empirical validations [7], [139].

A simple calibration algorithm has been selected for the sensor system. Two ADA prototype
systems equipped with AS sensors were calibrated for two test gases each, carbon monoxide
and methane. The process of calibration, prediction and evaluation is discussed in the
following example through the calibration of carbon monoxide. No pattern recognition
methods were used at this stage.

3.5.1 First Calibration

The first calibration algorithm tested was based on the approximation of the resistance-
concentration relationship through a set of three linear functions, each one valid in a defined
concentration range. This procedure would be easily implemented into the sensor system
controller; it had the advantage of high simplicity, while lacking somewhat in accuracy. The
following figure 3.20 gives an overview of the laboratory measurement protocol used for
calibration. These measurements were repeated several times to have a calibration data set
based on at least three measurements.
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Figure 3.20: Concentrations of 1-50ppm carbon monoxide (filled columns) and 200-8000ppm
methane (empty columns) used for generation of the data sets for calibration and
prediction in the case of single pollutants.

Previous measurements at different ambient humidities suggested a small cross-sensitivity to
humidity variations in the range between 10 to 90% r.h. This led to ignore the humidity
influence on the sensor signals for the first calibration. The measured sensor resistance values
at 30 and 70% r.h. were averaged for a single calibration data set. Besides the small initial
cross-sensitivity of the sensors, the filter material is reducing humidity variations in the
measurement chamber to an average value with small deviations even for extended time
periods. The parameters tested for calibration and prediction measurements were:

1,2.1,5.3,10.9, 30.9, 50.3ppm CO

175,476,971, 1945, 4801, 7597ppm CH4

binary mixtures of CO and CH4

all at 30% and 70% relative humidity and at room temperature

3.5.2 Single Pollutant Prediction

After establishing the calibration as detailed above, it was tested with independent prediction
data sets. The prediction measurements were conducted at the same gas mixing station and
with the same measurement parameters as the calibration measurements. The concentration
values predicted by the calibration algorithm were compared with the true values supplied by
reference instruments. Results of the prediction of single pollutants are given in figure 3.21
and table 3.2.
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Figure 3.21: Typical prediction measurement. Predicted concentration of carbon monoxide
during exposure to 50.3 to Ippm carbon monoxide and then 7597 to 175ppm
methane; measurement conducted 30% and 70% r.h. and RT. Independent data
sets for calibration and prediction.

Carbon monoxide - True vs. Predicted Concentration
True [ppmCO] Er;;:?tﬁﬁ Error, rel. [%] Ege(;:?.tﬁﬁ Error, rel. [%]
50.3 47.1 6.36 41.1 18.3
30.9 37.4 21.0 39.9 29.1
10.9 10.5 3.67 9.0 17.4
53 7.2 35.8 5.7 7.55
2.1 23 9.52 1.7 19.0
1.0 1.4 40.0 1.2 20.0
Table 3.2:  True and predicted concentrations of carbon monoxide and respective relative

deviation values for 30% and 70% r.h.

The average relative error between real concentration and predicted concentration is
approximately 20%, with strong variations over the measured concentration range. However,
the absolute deviation for low concentrations is good. The cross sensitivity of the calibration
of the carbon monoxide signal towards methane is very small. The signal towards methane
concentrations of up to 8000ppm is in the range of 1ppm carbon monoxide. The difference
between predicted concentrations for 30% and 70% r.h. is much stronger than expected.

3.5.3 Binary Mixture Prediction

In a next step the calibration model, which was established using just single gas pollutants,
was tested for the prediction of concentrations in binary gas mixtures at different levels of
relative humidity. This was done to test the robustness of the calibration model for the single
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gases for real life situations, where several pollutants will be present simultaneously. Figure
3.22 details the measurement protocol used to establish a prediction data set for binary
mixtures of carbon monoxide and methane.
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Figure 3.22: Concentrations of carbon monoxide, methane and humidity during prediction
measurements. Exposure to variable concentrations of one gas with a constant
background level of another. Measurements at 30% and 70% r.h. and RT.

The following figure 3.23 and table 3.3 show the results of the prediction of carbon monoxide
in the presence of methane with a calibration established on single pollutant measurements.
Despite of a background of 971ppm methane the average prediction error for carbon
monoxide is unchanged in the case of 70% r.h.; however, it is doubled in the case of 30% r.h..
The signal of the carbon monoxide sensor to a constant concentration of 5.3ppm carbon
monoxide with a background variation of methane is stable (methane variation over two
orders of magnitude). Even low concentrations of carbon monoxide are identified with only a
small increase in prediction error compared to single gas measurements, proving the
selectivity of the calibration to be acceptable.
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Figure 3.23: Results of the prediction of carbon monoxide in binary mixtures. Variation of
carbon monoxide concentration with a background of 97Ippm methane and
variation of methane concentration with a constant background of 5.3ppm
carbon monoxide. Measurement at 30% and 70% r.h. and RT.

Carbon monoxide — True vs. Predicted Concentration
True [ppmCO] E’r(;a(;:g[ﬁ.c]l Error, rel. [%0] E‘:&':Fﬁﬂ Error, rel. [%0]
50.3 474 5.77 40.6 19.3
30.9 37.9 22.7 30 291
10.9 14.6 33.9 9.6 11.9
53 7.6 43.4 6.2 17.0
2.1 3.6 71.4 2.0 4.76
1.0 1.7 70.0 1.6 60.0

Table 3.3: True and predicted concentrations of carbon monoxide with a background
concentration of 97 Ippm methane. Measurement as detailed in table 3.3 and
figure 3.25.

3.5.4 Evaluation

The prediction experiments have revealed a high relative error of up to 40% for single gases
and 70% for binary mixtures. Also, the cross-sensitivity to humidity has been underestimated.
To analyse the situation, it is necessary to take a look at the raw sensor values: the resistance
change upon exposure to pollutants. The calculated values are detailed in table 3.5.

The value “relative deviation” (standard deviation divided by mean value) gives the deviation
of the resistance of the relevant sensor from the mean value of its signals during four
independent measurement runs. A small signal deviation means a small difference between
sensor responses under the same conditions and therefore a high repeatability. The deviation
error is introduced into the final prediction through error propagation. However, it is in the
low percentage range for the raw sensor data and therefore much smaller than the prediction
errors after calibration. This indicates that the potential of the sensors is better than the results
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of the prediction would suggest, i.e. the calibration is the error source. Another possibility is a
systematic error introduced between measurements used for the calibration and measurements
used for prediction. As both calibration and prediction data sets were drawn from the same
pool of measurements without discriminating between the timepoint of the actual experiment
this possibility can be discarded. Also, a comparison of the sensor values of the data sets did
not reveal such a systematic error. It can therefore be concluded that the reason for the low
accuracy of the calibration is the algorithm used.

Gas Humidity Concentration  Deviation,
[% r.h.] [ppm] rel. [%]
Synthetic air 30 0 1.61
CO 30 50.3 1.17
CO 30 30.9 1.34
(00) 30 10.9 1.40
CO 30 5.3 0.84
CO 30 2.1 1.23
CO 30 1 1.08
Synthetic air 70 0 1.10
CO 70 50.3 2.15
CO 70 30.9 1.33
CO 70 10.9 2.10
CO 70 53 2.09
CO 70 2.1 2.34
CO 70 1 2.80

Table 3.5: Individual sensors reproducibility and protocol of laboratory measurements
used for single gas calibration; the relative deviation of relevant individual
sensors was calculated on the basis of four independent measurements runs.

Concerning the cross-sensitivity to humidity, it is clear this has to be taken into consideration
for an improved calibration. Possibilities include the introduction of a weighted humidity
factor into the algorithm and several humidity dependent calibrations valid for defined
humidity ranges. All approaches require the knowledge of the exact humidity, i.e. necessitate
a separate humidity sensor installed in the sensor system.

3.5.5 Improved Calibration

After analysing the failure of the first calibration, several different calibration models were
investigated, all depending on a power law function based on the change in conductance.
Among them the following algorithm proved to be most successful in terms of accuracy for
single gas measurements.

Pco =a-AG’ (3.1)

with pco as partial pressure of carbon monoxide, AG =G — G, (conductance) and a, b as

variables.
Figure 3.24 shows the established improved calibration based on the above algorithm. As can

be seen, the calibration gives a good representation of the measurement results for both
humidities.
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Figure 3.24: Calibration for carbon monoxide at 30% and 70% r.h. with improved
calibration algorithm.

The calibration was validated with five independent sets of prediction measurements for 30%
and 70% r.h. each. Typical results are presented in table 3.6.

Carbon monoxide - True vs. Predicted concentrations

True [ppm] 305233'& t([egp_m] Error, rel. [%)] 705/:-)83:'it?gp_m] Error, rel. [%)]

50.3 50.4 0.24 50.5 0.38
30.9 31.8 2.80 31.5 1.81
10.9 11.3 3.64 11.5 5.47
53 5.53 4.40 5.36 1.13
2.1 1.99 5.30 1.94 7.67

1 0.88 11.9 0.86 14.0

Table 3.6:  Prediction of carbon monoxide based on the improved calibration for 30% and

70% r.h.. Measurements conducted as detailed in figure 3.23. Independent data
sets for calibration and prediction.

The average relative error of the prediction is below 5% with a maximum of 6% among the
other prediction data sets. As for the first calibration, there is a strong variation of the
prediction quality. Lower concentrations tend to produce higher errors with the improved
calibration. As this appeared for all prediction measurements with this calibration, it can be
assumed to be a systematic deviation between the algorithm and the sensor signal evolution.
The good prediction results with an absolute error always lower than 1ppm proves the high
quality of the improved calibration algorithm.

As the calibration includes no humidity compensation, it is only valid in a narrow humidity

range. Efforts have been made to include a humidity factor into the calibration algorithm, to
no avail. The tested algorithm modifications are based on (1) and include
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(b+c)

y=(a+c)-x", y=a-x", y=a-x"+c-x, y=a-x" +x° (3.2)

with ¢ = constant and ¢ = f(pg20).
None of these algorithms was suited to compensate the sensors cross-sensitivity to humidity.

The final ADA sensor system will utilise the improved calibration algorithm. Its
establishment and validation for the gases of interest is discussed in section 4.

3.6 System Operation

After selecting the components of the sensor system and investigating the various operation
strategies destined to increase the selectivity a final issue remained: the system operation
mode. The sensor system controller allowed to address all active components (valves and
pump) individually, to apply a sophisticated temperature program to the sensor heater and to
customise the measurement program. The important system functions to be managed are:

e Sensor measurement: to avoid signal oscillations as discussed in section 3.4.5 the
sensor resistance has to be measured under constant atmospheric conditions (pressure,
flow), i.e. while the pump is inactive.

e Sensor heater: to reduce the power consumption, the sensor heater has to be activated
only shortly before an actual measurement. A constant temperature modulation also
decreases the required heater power.

e Pump: to reduce power consumption and avoid sensor signal oscillations it will be
activated only shortly between long inactive phases. However, a complete exchange of
the gas volume in the measurement chamber has to be ensured.

e Filter: the gas filter has to be active to allow a quantitative measurement of the target
pollutants carbon monoxide and methane under real world conditions. The filter has to
be deactivated regularly to allow to measure nitrogen dioxide, as it also eliminates this
target pollutant next to VOCs.

Examples of system operation modi are detailed in figures 3.25 and 3.26. The timing protocol
can be varied from a “standard” measurement cycle of around 5 to 10s time (no temperature
modulation) up to an extended cycle of 60 to 120s (with temperature modulation). A stand-by
mode to reduce the power consumption especially for applications requiring battery operation
is available as well.
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Figure 3.25: System operation mode for indoor applications. The filter is permanently active

to eliminate VOCs and nitrogen dioxide. Sensor measurement directly after the

active pump phase. No temperature modulation applied.
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Figure 3.26: System operation mode for outdoor applications. Two measurement cycles are
programmed in a loop. First a measurement of carbon monoxide (with filter
active) and then of nitrogen dioxide (without filter active). Temperature
modulation active to compensate the filter loss with increased input variables.
Extended sensor measurement directly after the active pump phase.

3.7 Summary

A smart gas sensor system with high versatility has been developed. The development process
started with a concept, a clear definition of the targeted applications and resulting system
requirements, and went to a series of prototypes, tests, redesigns and new prototypes. This
development feedback loop ended in a final prototype ready to undergo a thorough laboratory
assessment of its capabilities and limitations and a final test in a real world application, the
field trial. The development process can be divided roughly into three parts.

First is the selection and manufacturing of all hardware components. The heart piece of the
sensor system is the ADA sensor chip, developed and manufactured by Hierlemann et al [21].
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The sensitive material deposition onto the p-hotplates was performed by Krauss et al [22].
Next to the sensor chip is the supporting system platform, the sensor system prototype. Over
the course of the development process, several system prototypes were designed, tested and
redesigned, starting with the ADA toolbox and ending with the final ADA system prototype.
This work was performed in close cooperation with A. Krauss and included the selection and
evaluation of an appropriate hardware platform, gas flow architecture (pumps, valves, etc.),
packaging and electronic board as well as the programming of a sophisticated system
controller managing all functions.

The second part, conducted in parallel to the first, is the evaluation and selection of strategies
and operation modes to ensure an optimal system performance in the targeted application.
Semiconductor sensors are characterised by a problematic selectivity. The problem to be
solved was therefore an analytical one: the qualitative and quantitative detection of two target
pollutants in a mixture of two or more pollutants. The first strategies tried to improve the
sensors selectivity were the selection of optimal sensitive materials and operation
temperatures. As the ADA sensor chip allows operating all three p-hotplates independently, it
was possible to design a sensor system able to discriminate between two pollutants. However,
the targeted applications, especially outdoors, are in uncontrolled environments where
moderate background concentrations and/or short-term heights of unknown other pollutants
are likely to be encountered. Therefore, additional strategies were added to ensure a high
quality and reliability of the sensor data: a gas filter unit and sensor temperature modulations.
The interfering pollutants are of unknown nature and strength. The most commonly
encountered are, however, VOCs and inorganic gases such as ozone. A wide range of filter
materials were therefore tested towards their ability to eliminate these gases. Among them,
active charcoal was best suited to the task, completely eliminating ozone and moderate
concentrations of ethanol and heptane, the representative polar and non-polar test VOCs. With
the semiconductor sensors temperature dependent sensitivity and selectivity, modulating the
sensor operation temperature effectively transforms each of the three p-hotplates from one
sensor to a multitude of “virtual sensors”. Together with a sophisticated data evaluation based
on pattern recognition techniques even complex gas mixtures can be analysed qualitatively
and, to some extent, quantitatively.

The third and final part of the development process was the calibration of the sensor system.
Several calibration algorithms have been analysed towards their accuracy and simplicity. A
suitable algorithm with high correlation to experimental values and moderate simplicity was
selected. To conclude, the necessary steps to produce a working gas sensor system are:

Manufacturing of the sensor

Manufacturing of the board

Implementation of pump, filter and gas flow architecture

Implementation of a firmware (microcontroller) to manage the sensor, pump, valve
and data transmission

Characterization of the sensor system: exposure to the pollutant gases under laboratory
conditions

Elaboration of individual calibration parameters for each sensor system
Implementation of this calibration into the firmware for each sensor system

Validation of the calibration

Correction of the calibration in a feedback loop

Several sensor systems have been manufactured and calibrated. They were then examined
thoroughly in laboratory and real world conditions, as discussed in the following section.
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4 Laboratory Validation and Field Trials
4.1 ADA Sensor System

The final ADA sensor system was investigated thoroughly under laboratory and real world
conditions. The ADA prototype system was used as sensor platform. For the laboratory
validation and outdoor field trials the ADA sensor chip was installed; for the indoor field
trials the AS sensors were installed. The final system uses all strategies discussed in section 3
to ensure an optimal sensor performance under all conditions.

4.1.1 Sensor Operation Temperature

As discussed in section 3.4.2, the optimal operation temperatures for all gas-specific p-
hotplates were determined by establishing the sensor signal strength as a function of its
operation temperature. The resulting values were

e 350°C for the detection of methane CH,4
e 275°C for the detection of carbon monoxide CO
e 275°C for the detection of nitrogen dioxide NO,

Over the course of the laboratory characterisation of the ADA sensor chip, these initial
temperatures had to be adjusted:

e 300°C for the detection of methane: the temperature control unit of the hotplate was
starting to drift after continuous operation over several weeks at this high temperature
(350°C). To avoid a continued sensor signal drift the operation temperature was
reduced.

e 300°C for the detection of nitrogen dioxide: the sensor response time after exposure
to the pollutant was too low. A higher operation temperature ensured a faster surface
chemistry.

The new temperatures were retained for all consecutive measurements as well as the field
trials.

4.2 Laboratory Validation

The final ADA sensor system was thoroughly examined to assess its ability to detect each
target pollutant individually and in mixtures. A range of performance characteristics was
investigated similar to commercial gas detection devices: calibration quality, Lower Detection
Limit, sensitivity and analytical sensitivity, accuracy, long-term stability and humidity
influence. All measurements were conducted at fixed temperature and humidity, except where
noted otherwise. Each assessment is based on a substantial number of measurements,
minimum three, to allow a statistical evaluation and ascertain reproducibility of results.
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4.2.1 Carbon Monoxide (CO)

4.2.1.1 Calibration Quality

The measurement range of the carbon monoxide sensor is from 0 to 50ppm. A good
calibration matches the experimental values perfectly over the whole concentration range.
Ideally, it is a single, monotonous function, allowing to calculate the pollutant concentration
directly from the sensor signal. For the ADA sensor chip the signal of interest is the change of
conductance AG between exposure to clean air (Gy) and mixtures with pollutant (G). As
discussed in section 3.5.5, the power law function

G=Gy+a*(pe,) 4.1

proved to be most successful during the calibration investigation. Formula (1) resulted in a
good calibration when applied to the sensor data. However, the calibration prediction was
deteriorating towards the edges of the concentration range, for high and low values. The
reason for this model deterioration is probably the large measurement range of 2 magnitudes
(0.5-50ppm). Therefore it was decided to implement a separate calibration function for low
(0.5-5ppm) and high (5-50ppm) concentrations. The increased effort in implementing the
calibration into the sensor system is justified by the improved calibration quality. To test the
calibration a set of measurements were performed under the same conditions as the calibration
measurements. The resulting sensor signals were subjected to the calibration function to
predict concentrations of carbon monoxide. Figure 4.1 and table 4.1 present the results of the
prediction with the section-defined calibration curve for carbon monoxide. As can be seen, the
correlation between experimental data and calibration function is very good.
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Figure 4.1: Calibration quality: true and predicted concentrations for 0 to 52ppm carbon
monoxide. Based on several measurements with CO-sensor at 50% r.h. and RT.

The deviation of the measured signals from the ideal behaviour represented by the above
formula leads to an inherent calibration error detailed in table 4.1. The prediction is very good
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over the whole concentration range with very low absolute and relative errors. The remaining
prediction error introduced here is calibration inherent.

Calibration quality - carbon monoxide

Predicted - M1 | Predicted - M2 | Predicted - M3 A\_/erage
True [ppm] relative Error

[ppm] [ppm] [ppm] [9%]
52.1 53.1 54.7 47.1 5.5
32.1 34.8 33.0 30.2 5.7
11.4 12.5 12.0 10.8 6.7
5.37 5.19 5.45 5.44 2.1
2.09 2.00 2.11 2.12 2.2
1.02 1.03 1.08 1.11 5.1
0.58 0.52 0.54 0.57 6.0

Table 4.1:  True and predicted concentrations of carbon monoxide. Calibration tested with
several independent measurements.

4.2.1.2 Lower Detection Limit (LDL)

The LDL is the lowest concentration value at which a sensor signal can still be distinguished
from the noise. The noise is defined as changes and fluctuations within the resistance of the
sensor without changing conditions during a limited time specified for each measurement. It
is calculated as detailed in section 6.1.5.

Table 4.2 presents the LDL for carbon monoxide. The value for dependent measurements is
determined by evaluating several consecutive measurements. The value for independent
measurements is determined by evaluating several measurements with a 10-day time
difference. During that time the chip has been uninstalled and reinstalled several times and the
sensor system switched on and off and been subject to different pollutants. It gives a measure
of the LDL under unfavorable conditions and includes the sensor drift over time. Both values
are well below those typically encountered in outdoor environmental monitoring (0.3-5ppm)
[209] and prove the sensors ability to perform as a carbon monoxide monitor in outdoor and
indoor applications.

Lower Detection Limit

Gas Dependent measurements Independent measurements

Carbon monoxide 0.05ppm 0.2ppm

Table 4.2:  Lower Detection Limit of the CO-sensor at 50% r.h. and RT. Results for
dependent and independent measurements.

4.2.1.3 Sensitivity and Analytical Sensitivity

The sensitivity m is a measure of the sensors ability to detect even smallest concentrations. It
is defined as the slope of the calibration curve at the concentration of interest. The sensitivity
is a good value to compare similar sensor types. However, it is not dimensionless and as such
dependent on the measurement principle. Also, there is a need for including the accuracy in a
comparison of sensors. This is provided by the analytical sensitivity y, as defined in section
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6.1.3. The analytical sensitivity y is a measure for the sensors ability to discriminate or detect
small changes in concentration at the examined concentration.
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Figure 4.2: Analytical sensitivity of the CO-sensor for 0 to 50ppm carbon monoxide. Several
measurements at 50% r.h. and RT.

As demonstrated in figure 4.2, the sensor exhibits the highest sensitivity at low pollutant
concentrations. At higher concentrations the sensitivity reaches saturation. The exponential
behaviour is due to the non-linear change in conductance characteristic of semiconductor
sensors. The sensor will perform best at the detection of small quantities of carbon monoxide
or small changes at low concentrations. At higher concentrations the sensor accuracy will
decrease fast.

4.2.1.4 Accuracy

The sensor accuracy is a measure of how closely the result of an experiment approximates the
true value; it is a measure of the concentration uncertainty during a measurement. A sensor
signal never corresponds to an exact concentration but a concentration span. It is defined as
the standard deviation of the concentration at a certain concentration. As defined in section
6.1.3, it is the reciprocal of the analytical sensitivity. A good calibration and a stable sensor
system will provide a low accuracy value and allow to measure concentrations with a narrow
uncertainty span.

In accordance with International Standards [163][169] an accuracy of 10% of the measured
concentration was set as target for the developed sensor system. As detailed in table 4.3, the
sensor system stays well below the target margin for all measured concentrations. The relative
accuracy is best for 0.5 to S5ppm carbon monoxide, worsening slightly for higher and very low
concentrations. These accuracy values are very good for semiconductor sensors and indicate a
high signal reproducibility and stability of the sensor system.
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Sensor accuracy - carbon monoxide

Concentr. [ppm] Criterion [ppm] Accuracy [ppm] Accuracy [%]
52 5.0 23 4.3
32 3.2 1.3 4.1
11 1.1 0.51 4.5
5.4 0.54 0.054 1.0
2.1 2.1 0.037 1.8
1.0 1.0 0.027 2.6
0.58 0.058 0.021 3.6
0.23 0.023 0.011 4.8
Table 4.3:  Sensor accuracy for 0.2 to 52ppm carbon monoxide. Several measurements with

CO-sensor at 50% r.h. and RT.

4.2.1.5 Stability

A common problem of semiconductor sensors is their drift. This effect slowly changes the
sensor signal. Due to ageing of the sensitive layer its chemical properties change and therefore
also the parameters of reactions at its surface. This effect decreases the quality of calibration
with time and makes regular recalibration necessary. A long operation time before
recalibration reduces the maintenance efforts and proves high reliability of the system.
Ideally, a sensor system needs recalibration only after several months.

To evaluate the stability of the developed sensor system, a calibration curve has been
established and tested with a set of measurements. These measurements were repeated under
the same conditions after 10 days and after 6 weeks. During this time the system was
reassembled several times and used to measure different pollutants. The sensor signals were
subjected to the same calibration algorithm and the true and predicted concentrations
compared. As demonstrated in figure 4.3 and table 4.4, the sensor signal remains relatively
stable and reproducible for a period of at least 10 days. The prediction error is still very low,
except for 0.23ppm carbon monoxide. After 6 weeks, a serious drift occurs. The change in
sensor resistance is very strong, rendering the initial calibration completely ineffective. The
sensor stability and signal drift is discussed in detail in section 4.2.4.
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Figure 4.3: Three different concentration predictions for carbon monoxide with the same
original calibration. Measurements at RT and 50% r.h..

Sensor system stability - carbon monoxide

10 days - Average 6 weeks - Average
True [ppm] prediction relative Error prediction relative Error

[ppm] [%0] [ppm] [%0]
52.1 59.2 13 1.69 97.
32.1 34.5 7.3 1.38 96
11.4 12.6 10.3 1.15 90
5.37 5.65 5.1 0.94 82
2.09 2.06 1.4 0.70 67
1.02 0.93 9.1 0.51 50
0.58 0.27 54 0.35 39

Table 4.4: Long-term stability of carbon monoxide prediction. Predicted concentrations
with initial calibration after 10 days and after 6 weeks.

4.2.1.6 Humidity Influence

Semiconductor sensors are influenced in their signal to pollutants by the ambient humidity.
Changes in relative humidity will decrease or increase the sensor signal, thereby producing
wrong concentration readouts and false negative or false positive alarms. To compensate for
the humidity influence, the ADA sensor system has a humidity sensor located directly next to
the sensor chip. As demonstrated in figure 4.4, calibration curves can be established for every
level of ambient humidity. This allows selecting the appropriate calibration for every level of
humidity during data evaluation. Errors induced by changes in ambient humidity can thereby
be avoided.
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Figure 4.4: Calibration curves for 0.2 — 12ppm carbon monoxide for 30, 50 and 70% r.h..
Each curve based on 9 measurements at RT.

4.2.2 Methane (CH,)

4.2.2.1 Calibration Curve

The main application of the methane sensor is as an alarm for the explosive concentration
threshold (LEL 5-15% [210]). To be able to detect gas leaks at an early stage and to monitor
the evolution of the explosive gas concentration, a calibration was also established for lower
concentrations. As for carbon monoxide, a power law function (1) proved to be the most
successful algorithm. A monotonous calibration curve with good correlation to the
experimental data was established. To test the calibration, a set of measurements were
performed under the same conditions as the calibration measurements and subjected to the
calibration function. Figure 4.5 and table 4.5 present the results of the prediction.
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Figure 4.5: Calibration quality: true and predicted concentrations for 0 to 2000ppm
methane. Based on several measurements with CH,-sensor at 50% r.h. and RT.

The prediction error is very good over the whole concentration range with low absolute and
relative errors. Unlike for carbon monoxide, there is no model deterioration towards high or
low concentrations. The remaining prediction error introduced here is calibration inherent.

Calibration quality - methane

Predicted - M1 | Predicted - M2 | Predicted - M3 A\_/erage
True [ppm] relative Error

[Ppm] [Ppm] [Ppm] (%]
1987 2100 2033 1938 3.5
993 1004 915 913 5.7
488 509 485 446 4.5
179 209 184 183 7.0
73.8 82.1 78.9 75.1 6.7

Table 4.5:  True and predicted concentrations of carbon monoxide. Calibration tested with
several measurements.

4.2.2.2 Lower Detection Limit

Table 4.6 presents the LDL for methane. The values for dependent measurements and
independent measurements are determined as discussed for carbon monoxide. The value for
independent measurements gives a measure of the LDL under unfavorable conditions and
includes the sensor drift over time. The very low value for dependent measurements proves
the high reproducibility of the sensor signal under identical conditions. The much higher
value for independent measurements illustrates the effect of varying ambient conditions on
the sensor performance. However, both values are well below the measurement range and
confirm the sensors systems ability to perform as a gas leakage early warning device.
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Lower Detection Limit

Gas Dependent measurements Independent measurements

Methane 0.01ppm 21.7ppm

Table 4.6:  Lower Detection Limit of the CHy-sensor at 50% r.h. and RT. Results for
dependent and independent measurements.

4.2.2.3 Sensitivity and Analytical Sensitivity

As discussed for carbon monoxide and defined in section 6.1.3, the sensitivity and analytical
sensitivity are good values to compare the quality of different sensors and sensor types. The
analytical sensitivity in particular is a measure for the sensors ability to discriminate or detect
small changes in concentration at the examined concentration, and will be examined in more
detail here.
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Figure 4.6: Analytical sensitivity of the CHy-sensor for 0 to 2000ppm methane. Several
measurements at 50% r.h. and RT.

As demonstrated in figure 4.6, the sensor exhibits the highest sensitivity at low pollutant
concentrations. At higher concentrations the sensitivity decreases continuously. The sensor
will perform best at the detection of small quantities of methane or small changes at low
concentrations. At higher concentrations the sensor accuracy will decrease continuously.

4.2.2.4 Accuracy

The accuracy is a measure of the concentration uncertainty during a measurement. It is
calculated as discussed for carbon monoxide and defined in section 6.1.3. In accordance with
International Standards [163][169] an accuracy of 10% of the measured concentration was set
as target for the developed sensor system. As detailed in table 4.7, the sensor system stays
well below the target margin for all measured concentrations. The relative accuracy is best for
low concentrations, worsening for higher values. These accuracy values are very good for
semiconductor sensors and indicate a high signal reproducibility and stability of the sensor
system.
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Sensor accuracy - methane

Concentr. [ppm] Criterion - 10% Accuracy [ppm] Accuracy [%]

7800 780 393 5.1
4900 490 128 2.6
2000 200 43 2.2

1000 100 28 2.8

490 49 15 3.1

180 18 5.5 3.1

74 7.4 1 1.5

Table 4.7:  Sensor accuracy for 74 to 7800ppm methane. Several measurements with CHy-
sensor at 50% r.h. and RT.

4.2.2.5 Stability

To evaluate the stability of the developed sensor system, a calibration curve has been
established and tested with a set of measurements. These measurements were repeated under
the same conditions after 10 days and after 6 weeks. During this time the system was
reassembled several times and used to measure different pollutants. The sensor signals were
subjected to the same calibration algorithm and the true and predicted concentrations
compared.
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Figure 4.7: Three different concentration predictions for methane with the same original
calibration. Measurements at RT and 50% r.h..

As demonstrated in figure 4.7 and table 4.78, the sensor signal remains stable and
reproducible for a period of at least 10 days. After 6 weeks, a signal deviation is detected.
During all that time the sensor has been in use continuously. As mentioned in section 4.1.1,
the operation temperature of the CH4 p-hotplate had to be reduced from 350 to 300°C. This
change in sensor operation temperature is the reason for the inaccurate concentration
prediction after 6 weeks with the original calibration. Leaving this external influence on the
sensor signal aside, the very good 10-day-prediction can be recognised as the normal sensor
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stability. The issue of the sensors long-term stability and signal drift is discussed in further

detail in section 4.2.4.

Long-term stability - methane

10 days - Average 6 weeks - Average
True [ppm] prediction relative Error prediction relative Error
[PPmM] [%0] [PPmM] [%0]
1987 2141 7.8 883 56
993.6 1005 1.2 370 63
488.4 479 1.8 166 66
179.2 175 2.4 534 70
73.8 72.4 1.9 20.6 72

Table 4.7:  Long-term stability of methane prediction. Predicted concentrations with initial
calibration after 10 days and after 6 weeks.

4.2.2.6 Humidity Influence

Humidity-dependent calibration curves allow compensating the sensors cross-sensitivity to
changes in ambient humidity. The same procedure as detailed for carbon monoxide can be
applied to the detection of methane to avoid humidity interference.

4.2.3 Nitrogen Dioxide (NO,)

4.2.3.1 Calibration Quality

The main application of the nitrogen dioxide sensor is the outdoor monitoring where typical
concentrations between 20 and 100ppb [209] of nitrogen dioxide are encountered. Therefore a
concentration range of 10 to 2000ppb nitrogen dioxide was selected for the calibration
function. As nitrogen dioxide is an oxidising gas (carbon monoxide and methane are reducing
gases) the calibration algorithm was based on the sensor resistance instead of the
conductance. The power law function resulting in the best match with the experimental data
was

R=R,+a*(pg, ) (4.2)

To test the calibration a set of measurements were performed under the same conditions as the
calibration measurements and subjected to the calibration function. As detailed in figure 4.8
and table 4.8 the calibration offers a good concentration prediction over the whole
concentration range of more than 2 magnitudes.
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Figure 4.8: Calibration quality: true and predicted concentrations for 0 to 1.6ppm nitrogen
dioxide. Based on several measurements with NO-sensor at 50% r.h. and RT.

The prediction error is equally good over the whole concentration range with sometimes
strong variations in quality between the different measurements. The remaining prediction
error introduced here is calibration inherent.

Calibration quality - nitrogen dioxide
True [ppb] Predicted - M1 | Predicted - M2 relg\i/\(/agalgfror

[Ppb] [PpD] (%]
1605 1384 1688 9.5
896.1 801.7 800.1 10.6
491.4 460.9 544.3 8.5
230.6 168.6 196.9 20.8
50.4 43.8 49.9 7.2
33.0 28.5 34.5 9.0
13.9 18.8 20.9 43.0

Table 4.8:  True and predicted concentrations of nitrogen dioxide. Calibration tested with

several measurements.

4.2.3.2 Lower Detection Limit

Table 4.9 presents the LDL for nitrogen dioxide. The values for dependent measurements and

independent measurements are determined as discussed for carbon monoxide. The value for

independent measurements is determined here by evaluating measurements with a 3-day time

difference. It gives a measure of the LDL under unfavorable conditions and includes the

sensor drift over time. The low value for dependent measurements proves the high

reproducibility of the sensor signal under identical conditions. The higher value for
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independent measurements illustrates the effect of varying ambient conditions on the sensor
performance. However, both values are below the measurement range and confirm the sensors
systems ability to perform as an outdoor pollutant monitoring device.

Lower Detection Limit

Gas Dependent measurements Independent measurements

Nitrogen dioxide 0.31ppb 7.6ppb

Table 4.9:  Lower Detection Limit of the NOj-sensor at 50% r.h. and RT. Results for
dependent and independent measurements.

4.2.3.3 Analytical Sensitivity

As discussed for carbon monoxide and defined in section 6.1.3, the sensitivity and analytical
sensitivity are good values to compare the quality of different sensors and sensor types. The
analytical sensitivity in particular is a measure for the sensors ability to discriminate or detect
small changes in concentration at the examined concentration, and will be examined in more
detail here.
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Figure 4.9: Analytical sensitivity of the NO,-sensor for 0 to 2ppm nitrogen dioxide. Several
measurements at 50% r.h. and RT.

As demonstrated in figure 4.9, the sensor exhibits the highest sensitivity at low pollutant
concentrations. At higher concentrations the sensitivity decreases continuously. The sensor
will perform best at the detection of small quantities of nitrogen dioxide or small changes at
low concentrations. At higher concentrations the sensor accuracy will decrease continuously.
The high analytical sensitivity at 900ppb NO; can be considered as a measurement error.
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4.2.3.4 Accuracy

The accuracy is a measure of the concentration uncertainty during a measurement. It is
calculated as discussed for carbon monoxide and defined in section 6.1.3. In accordance with
International Standards [163][169] an accuracy of 10% of the measured concentration was set
as target for the developed sensor system. As detailed in table 4.10, the sensor system stays
below the target margin for all measured concentrations. The relative accuracy is of similar
quality for all concentrations. These accuracy values are good for semiconductor sensors and
indicate a good signal reproducibility and stability of the sensor system.

Sensor accuracy - nitrogen dioxide

Concentr. [ppb] Criterion - 10% Accuracy [ppb] Accuracy [%0]
13.9 1.39 0.61 4.4
33.0 3.30 2.58 7.8
504 5.04 2.68 53
231 23.1 14.8 6.4
491 49.1 33.7 6.9
896 89.6 0.76 0.1
1605 160.5 131.4 8.2

Table 4.10: Sensor accuracy for 14 to 1600ppb nitrogen dioxide. Several measurements with
NO;-sensor at 50% r.h. and RT.

4.2.3.5 Humidity Influence

Humidity-dependent calibration curves allow compensating the sensors cross-sensitivity to
changes in ambient humidity. The same procedure as detailed for carbon monoxide can be
applied to the detection of nitrogen dioxide to avoid humidity interference.

4.2.4 Sensor Stability

It has been discussed earlier (see sections 4.2.1.5 and 4.2.2.5) that a sensor signal drift occurs
after 6 weeks of operation. To analyse this phenomenon the sensor baselines have been
recorded during all measurements performed as presented in figure 4.10. The signal evolution
over time shows a different behaviour for the three p-hotplates.

The methane sensor is staying relatively stable over time. The variations are due to a
systematic temperature error and variations of ambient conditions. The temperature error has
already been mentioned in section 4.1.1. During the first weeks of measurements the sensor
operation temperature continuously decreased due to a deterioration of the poly-Si heater.
Finally, the temperature could be stabilised at 300°C. The difference to the original operation
temperature (350°C) is responsible for the errors in the concentration prediction after 6 weeks.
Variations of ambient conditions such as changing humidity and different measurement
stations employed account for the singular small variations.
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Figure 4.10: Baseline evolution of all 3 ADA sensor chip u-hotplates during the laboratory
examinations. Ambient conditions such as humidity and gas mixing station have
been changed repeatedly. Recorded measurement period of two months.

The NO,-sensor is stabilising during the first week of operation. Afterwards, it exhibits a
small drift over time, suggesting a stability of four weeks. Longer measurements are required
to determine whether this drift is continuous or is only an extended stabilisation time of
several weeks.

The CO-sensor is showing a very erratic behaviour. Apart from a short period of stability,
huge signal leaps appear without clear connection to changes in laboratory conditions. The
source of this serious instability is most probably the contact electrodes-sensitive layer, i.e.
the layer is slowly peeling off. A deterioration of the sensitive layer itself is unlikely as the
ratio signal to baseline stays stable and good calibration curves can be established during all
stages. An examination of the layer by optical microscope shows no apparent defect, as
demonstrated in figure 4.11.

Figure 4.11: CO-sensitive u-hotplate. 428 x 342 um.
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Previous work with this material (same sensitive material as used in the AS sensor) has shown
no such problems. However, that sensor system was based on a classical transducer and not
the ADA sensor chip. Therefore, the error has to lie in the sensor fabrication. The deposition
and adhesion of the sensitive layer are some of the new manufacturing problems introduced
with the sensor microchip. In the past, a peeling of the carbon monoxide-sensitive layer has
caused several sensor chips to fail the final production tests. This adhesion problem could not
be detected optically, similar to the present problem. This leads to the conclusion that the
discussed resistance change is due to a slow peeling of the sensitive layer, increasing with
time during the laboratory measurements.

4.2.5 Binary Mixtures

Apart from the detection of single gases the ADA sensor chip has to be able to qualitatively
and quantitatively detect the target gases in binary mixtures. As demonstrated in figures 4.12
and 4.13, the three p-sensors have a different sensitivity and selectivity to the gases of
interest. The CHy-p-sensor is sensitive to all gases of interest, the CO-p-sensor is sensitive to
carbon monoxide and nitrogen dioxide and the NO,-p-sensor is sensitive to only nitrogen
dioxide. With the use of appropriate data evaluation techniques the binary mixtures carbon
monoxide and nitrogen dioxide as well as carbon monoxide and methane can be analysed
qualitatively and quantitatively [211]. The sensors good selectivity even suggests the
possibility of analysing ternary mixtures.
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Figure 4.12: Sensor signals to 0.2-50ppm carbon monoxide and 100-8000ppm methane at RT
and 50% r.h..
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Figure 4.13: Sensor signals to 11-2000ppb nitrogen dioxide at RT and 50% r.h..

4.2.6 Carbon Monoxide and Methane

Single gas measurements of 0.5-50ppm carbon monoxide and 100-2000ppm methane and
binary mixtures of both were submitted to pattern recognition methods (PCR, Unscrambler
7.6) to establish a valid calibration. An independent data set based upon measurements of
binary mixtures (0.5-50ppm carbon monoxide with a background of 1000ppm methane and
100-2000ppm methane with a background of Sppm carbon monoxide) were used for
prediction. The results of the prediction are presented in the figures 4.14 and 4.15 as well as
the tables 4.11 and 4.12.

The prediction quality for carbon monoxide is satisfactory for high concentrations, but
decreases strongly towards lower concentrations. For methane the concentration predictions
are problematic over the whole concentration range. In both situations a systematic prediction
error is apparent, causing a shift of the slope to values < 1. However, the standard deviation o
(M1 — M2) of the sensors signals between the different prediction data sets is quite low,
indicating a change in sensor behaviour between measurement of the calibration and of the
prediction data sets. The source of the systematic prediction error is therefore most probably
the same as discussed in section 4.2.4 on sensor stability problems: layer peeling of the CO-
sensor and heater drift of the CH4-sensor. For carbon monoxide this reason suffices to explain
the difficult prediction results in binary mixtures. Methane however, shows a decidedly worse
performance in mixtures than carbon monoxide while having less baseline fluctuations over
the measurement time (see figure 4.10). Even though the effect of temperature drift on the
signal to methane could be stronger than on the sensor baseline discussed in figure 4.10,
another factor has to be considered. As presented in figure 4.12 the CHy-sensor exhibits a
strong cross-sensitivity to carbon monoxide. This lack of selectivity may be too profound to
be countered by the selected pattern recognition method employed (PCR).
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Figure 4.14: Prediction of carbon monoxide concentrations in binary mixtures with methane.
Sensor exposure to 0.5-50ppm carbon monoxide with a background of 1000ppm
methane. Two data sets with binary mixtures were used for prediction and five
independent data sets with single gases were used to establish the calibration
model. Measurements at RT and 30% r.h..

Carbon monoxide prediction in binary mixtures

Predicted - M1 | Predicted - M2 o (M1 -M2) Pl
True [ppm] relative Error

[Ppm] [Ppm] [Ppm] (%]
0.58 2.79 2.29 0.35 338
1.02 3.24 3.46 0.16 228
2.09 5.33 5.31 0.01 155
5.37 9.06 8.77 0.21 66
11.4 19 16.9 1.48 57
32.1 40.2 38.3 1.3435 22
52.1 58.7 53.1 3.9598 7.3

Table 4.11: Prediction of carbon monoxide concentrations in binary mixtures with a
background of 1000ppm methane.
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Figure 4.15: Prediction of methane concentrations in binary mixtures with carbon monoxide.
Sensor exposure to 100-2000ppm methane with a background of 5ppm carbon
monoxide. Two data sets with binary mixtures were used for prediction and five
independent data sets with single gases were used to establish the calibration
model. Measurements at RT and 30% r.h..

Methane prediction in binary mixtures

Predicted - M1 | Predicted - M2 c (M1 - M2) A\_/erage
True [ppm] relative Error

[ppm] [ppm] [ppm] [9%]
73.8 317 304 9.19 321
179 344 343 0.71 91
488 450 438 8.49 9.0
993 754 751 2.12 24
1987 828 870 29.7 57

Table 4.12: Prediction of methane concentrations in binary mixtures with a background of
Sppm carbon monoxide.

4.2.7 Carbon Monoxide and Nitrogen Dioxide

As demonstrated in figure 4.16 carbon monoxide can be detected in the presence of nitrogen
dioxide without any change to the signal. The active charcoal gas filter completely adsorbs all
nitrogen dioxide, allowing an accurate quantitative detection of carbon monoxide.
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Figure 4.16: Binary mixture of carbon monoxide and nitrogen dioxide. Gas filter active.

The quantitative prediction of nitrogen dioxide in the presence of carbon monoxide is less
good. The sensor system was exposed to 50-1000ppb nitrogen dioxide and a calibration
established. Then the measurement was repeated with a constant background of 0.5ppm
carbon monoxide. The sensor signals were evaluated with the previously established
calibration based on single gas measurements. Although figure 4.12 suggests no direct
interaction between carbon monoxide and the NO, p-sensor, the prediction deteriorates, with
a high relative error for medium concentrations. The observed error could be due to a
sensitive layer peeling as experienced for the CO-sensitive p-sensor.

Nitrogen dioxide: true and predicted concentrations
True [ppb] Predicted [ppb] Relative error [%0]
1000 895.65 10.44
500 300.15 39.97
200 116.04 41.98
100 73.44 26.56
50 44.18 11.65

Table 4.13: True and predicted concentrations of nitrogen dioxide upon exposure to 50-
100ppb with a background of 0.5ppm carbon monoxide. Measurements at RT
and fixed level of humidity. Calibration based on independent single gas
measurements.

4.2.8 Volatile Organic Compounds (VOCs)

Preliminary investigations of the CO-sensors cross-sensitivity to ethanol and heptane were

very encouraging. This led to an adaptation of the tests to lower concentrations of carbon

monoxide. The results are demonstrated in figure 4.17 and table 4.14. To facilitate the

comparison between the sensors response to the target pollutants and VOCs, the signals are
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normalised: the sensor signals corresponding to Sppm carbon monoxide and 1000ppm
methane are the normalisation basis. The CO-sensor signal to 100ppm ethanol and 100ppm
heptane is normalised to its signal to Sppm carbon monoxide. The CHy-sensor signal to
100ppm ethanol and 100ppm heptane is normalised to its signal to 1000ppm methane.
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Figure 4.17: Signals normalised to target pollutant. Green - signal of CO-sensor to Sppm
carbon monoxide, 100ppm ethanol, 100ppm heptane and mixtures of Sppm
carbon monoxide and 100ppm VOC. Red - signal of CH4-sensor to 1000ppm
methane, 100ppm ethanol, 100ppm heptane and mixtures of 1000ppm methane
and 100ppm VOC. Measurements at RT and 50% r.h.. Filter active charcoal.

Sensor signal to CO, CH,4 and VOCs
Gas CHg-sensor signal [%] | CO-sensor signal [%0]
Sppm CO X 100
1000ppm CHy 100 X
100ppm Ethanol 15.3 4.93
100ppm Heptane 10.4 1.21
CH4 + Ethanol 109.0 X
CH4 + Heptane 122.5 X
CO+Ethanol X 104.2
CO-+Heptane X 100.6

Table 4.14:

CO-sensor signals to carbon monoxide, ethanol, heptane and mixtures of Sppm
pollutant and 100ppm interferent. CHy-sensor signals to methane, ethanol,
heptane and mixtures of 1000ppm pollutant and 100ppm interferent. Filter

active charcoal.

The CO-sensor has a very low cross-sensitivity to ethanol and heptane. Even at Sppm carbon
monoxide, the signal ratio to the VOCs is higher than 10. In mixtures, a background
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concentration of 100ppm ethanol results in an error of 4.2%, a background concentration of
100ppm heptane is not noticed by the sensor.

The CH4 sensor has a higher cross-sensitivity. The signal to 100ppm heptane is around the
target value of 10%, the signal to ethanol exceeds it. In mixtures, the results are reversed. A
background concentration of 100ppm ethanol leads to an error < 10%. A background
concentration of 100ppm heptane exceeds the target value.

Figure 4.18 and table 4.15 demonstrates the sensor systems ability to quantitatively detect
nitrogen dioxide in the presence of interfering pollutants such as ethanol and heptane. As the
gases of interest have a diametrically opposed effect on the sensor signal, unprocessed
measurement data are presented to illustrate their effect. In this case the gas filter is inactive
as it would also eliminate nitrogen dioxide. The NO,-sensitive p-sensor reacts strongly to
ethanol, completely eliminating any signal to nitrogen dioxide in mixtures. For heptane the
situation is better: even high concentrations of up to 100ppm result in only a small signal and
mixtures with nitrogen dioxide are affected only weakly.
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Figure 4.18: Resistance values of the NO,-sensitive u-hotplate during exposure to nitrogen
dioxide, ethanol, heptane and a mixture of gases. No Filter active.

Sensor signal to NO, and VOCs
Gas NO,-sensor signal [%0]
100ppb NO, 100
100ppm Heptane -1.75
100ppm Ethanol -76.4
NO, + Heptane 97.4
NO, + Ethanol -75.3

Table 4.15: Resistance values of the NO;-sensitive u-hotplate during exposure to nitrogen
dioxide, ethanol, heptane and a mixture of gases. No Filter active.
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The detection of nitrogen dioxide is of interest only in outdoor applications where the
concentration of VOCs can be assumed as stable compared to indoor applications. The
influence of ethanol could therefore be seen as a systematic error and accordingly be
compensated. This has been achieved with some success during the field trials (see section
4.3) where an in-field calibration has been used to predict the pollutants, thereby
compensating background gases with constant concentrations.

429 Ozone

The sensor system has been exposed repeatedly to 50-500ppb ozone with and without gas
filter active. No signal to ozone was detected with the gas filter active. Without the gas filter,
even small concentrations of 50ppb ozone produce a strong signal and are recognised as about
10 times that high a concentration of nitrogen dioxide. The measurement of nitrogen dioxide
requires the deactivation of the gas filter and is therefore always influenced by ambient ozone.
Temperature modulation of the sensor p-hotplates may offer a solution to this problem. Until
then, the measured nitrogen concentration has to be recognised as an indicator of the total
amount of oxidising gases, both nitrogen dioxide and ozone.

4.2.10 Summary

One ADA sensor chip has been intensively investigated under laboratory conditions to
ascertain its functionalities and performance according to the project requirements. The
parameters tested include sensitivity, selectivity, Lower Detection Limit, accuracy, signal
stability, long-term stability, humidity influence, cross-sensitivity to polar and non-polar
VOC:s and to other pollutants (binary mixtures).

The results are very good for single gas measurements. All performance criteria discussed at
the start of the system development are exceeded. The very good sensitivity, LDL, accuracy,
reaction time and signal stability during exposure to pollutants prove the ADA sensor chip
performs at least as well as conventional thick film semiconductor gas sensors. Here, the
technology transfer to a smaller, less power consuming sensor platform with CMOS
compatibility has succeeded.

An exception is the sensors long-term stability. After continuous operation for approximately
one month, the carbon monoxide- and methane-sensitive p-hotplates started to exhibit a drift.
This drift increased in strength with time, rendering the original calibrations invalid (see
sections 4.2.1.5 and 4.2.2.5). The drift of the methane-sensitive p-hotplates can be traced to
the instability of the on-chip poly-Si temperature control unit [212]. Its deterioration made it
necessary to constantly adapt the operation temperature of the methane-sensitive p-hotplate
during the laboratory investigations. As a consequence, it is difficult to compare sensor results
over extended periods of time. Especially the long-term stability measurements were affected.
The drift of the carbon monoxide p-hotplate is most probably due to a slow peeling of the
sensitive layer [213].

The investigation of the sensors selectivity has produced ambivalent results. It was possible to
compensate the cross-sensitivity to humidity and reduce the cross-sensitivity to VOCs to very
low levels, even for complex mixtures. However, the following measurements of binary gas
mixtures stayed below expectations. First measurements over a wide concentration range had
shown very promising results (see figures 4.12 and 4.13). The good base selectivity of the
system implicated that even ternary mixtures could be analysed with the right calibration or
pattern recognition algorithm. The reason for the unexpected poor to satisfactory predictions
for mixtures of carbon monoxide and methane is the sensor drift discussed above. As the
measurements to establish the calibration data base and the test data base were performed
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over the course of one month, the sensor drift introduces a considerable exogenous error.
Consequently, these problems are not to be found for mixtures of nitrogen dioxide and carbon
monoxide. Another problem is the sensors cross-sensitivity to ozone. Ozone is normally
completely adsorbed by the gas filter inside the sensor system. However, for measurements of
nitrogen dioxide, this filter is deactivated as it also eliminates this pollutant. As the sensor
system exhibits a higher sensitivity to ozone than to nitrogen dioxide, quantitative and even
qualitative predictions are severely restricted. The cross-sensitivity problems may be solved
by modulating the operation temperatures of the sensor p-hotplates, further discussed in
section 4.3.

The laboratory investigations reported on were conducted on one ADA sensor chip. Two
other chips were in use for several months in the field trials and system demonstrations at
international fairs. They both performed as expected and were stable, requiring no
maintenance during all their operation time. Also, no sensor signal drift appeared at either of
them. This confirms the assumption of a technical problem, as discussed above and in section
4.2.4, as source of the drift instead of a systematic error.

To summarise, the sensors good performance qualifies them for qualitative detection,
monitoring of concentration changes and alarm function for the pollutants carbon monoxide,
methane and nitrogen dioxide. However, the sensitive layer manufacture and deposition has to
be reworked to enable a reliable quantitative analysis of gas mixtures.

4.3 Field Trials

While the ADA sensor system has been successfully validated under controlled conditions it
also has to function reliably in an uncontrolled environment. The selectivity strategies
discussed earlier (e.g. gas filter, optimal operation temperature) are in part designed to ensure
a good performance even during unforeseen problems such as unknown interfering pollutants
or sudden atmospheric changes. Can the laboratory results and insights be transferred to real
world situations? The field trials aim to answer this question.

4.3.1 Outdoor

4.3.1.1 System Configuration and Site Description

Two ADA sensor systems were installed for 3 months inside an Air Quality Monitoring
Station (AQMS), measuring the same air samples as the standard analytical instruments used
for air quality monitoring:

e One ADA sensor system equipped with AS sensors
e One ADA sensor system equipped with the ADA chip

The AQMS was located at a traffic hot spot, the Plaza del Marqués des Salamanca in Madrid,
Spain, and is compliant with existing Spanish regulations [214]. The sensor system was
installed with an open source configuration, sending raw data through the data transmission
chain. As no calibration was implemented in the system it was possible to analyse the initial
sensor data and adapt the calibration accordingly. All system operation modes were
individually accessible. These allowed switching the filtering system on and off, run
individual temperature modulation programs on the sensor p-hotplates and fine-tune the
duration of the measurement cycles. All measurements were cross-referenced with classical
analytical instrumentation.
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Figure 4.19: Air Quality Monitoring Station at the Plaza del Marqués des Salamanca in
Madrid, Spain.

4.3.1.2 Air Quality Monitoring Station (AQMS)

The analytical instruments of the AQMS supply the concentrations of our pollutants of
interest (carbon monoxide, methane, nitrogen dioxide) as well as other pollutants (ozone,
nitrogen oxide, sulphur dioxide and total hydrocarbon concentration) and meteorological data
(humidity, pressure, etc.). Typical results for one week are presented in figure 4.20. Even
without further investigation of the ADA sensor system data, some important conclusions can
be drawn from these results.
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Figure 4.20: Signals recorded by Plaza de Salamanca AQMS during one week.

The concentrations of nitrogen dioxide and carbon monoxide follow a similar pattern. Both
gases are clearly correlated with road traffic; daily cycles can be observed. The lowest
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pollutant concentrations are recorded in the small hours of the night, from 03:00 to 07:00
o’clock. Peaks appear around morning to midday (people driving to work or lunch) and again
late afternoon to night (people driving home from work or nightlife). The high pollutant
concentrations are due to cold catalysts and/or increased traffic volume.

The methane concentrations observed (1-2ppm) are far below the targeted measurement range
of the sensor systems (100-8.000ppm). Even though methane monitoring was only foreseen
for the indoor application in the initial sensor system concept, the low LDL determined for
methane (see section 4.2.2.2) seemed to allow including methane in the outdoor field trial.
The very low methane concentration and lack of high alarm concentrations during the months
of the field trial, led to a dismissal of that prospect.

The observed nitrogen dioxide concentrations range from 20 to 160ppb with singular maxima
up to 300ppb, all well inside the operation and calibration range. The sensor system is
therefore well suited to monitor and analyse the evolution of nitrogen dioxide.

The measured concentrations of carbon monoxide are very close to the LDL (0.2ppm), mostly
between 0.3 and 1.5ppm and changing only slightly. Concentrations higher than 3ppm or an
alarm were never observed. A low concentration by itself is not a serious problem as the
sensor system can detect these values. However, the tight concentration span has a strong
impact on the analytical situation. The sensor system was devised and optimised with a
measurement range of 0.5-50ppm carbon monoxide as operational range. The small
concentration span requires a very different calibration approach for optimal accuracy. If 99%
of all measurements yield concentration values in the range of 1-5% of the maximum
calibrated concentration then the calibration cannot be ideal, even if it provides good
predictions.

The situation observed confirms the initial decision to install the ADA sensor system with an
open source configuration. The access to the raw sensor data allowed adapting the calibration
on-field to the changed situation.

4.3.1.3 Laboratory Calibration

The calibrations (without temperature modulation) established during the laboratory
evaluation were tested with the sensor system data gathered at the AQMS. The laboratory
calibrations were first tested with the ADA sensor system equipped with AS sensors, as it was
available several weeks earlier than the sensors system with the ADA chip.

The ADA sensor system predicted reliably a methane concentration of Oppm or below 1ppm
CH,4 for the complete period; this corresponds to the actual very small and almost constant
concentration of Hydrocarbons of between 0.9 and 1.3mg/m’. Unfortunately not a single
event of higher Methane concentration of at least a few ppm could be observed in the real-life
test.

Figure 4.21 shows a direct comparison between real carbon monoxide concentrations (the
measurement values from the AQMS) and the values predicted by the sensor system. The
time interval between the laboratory calibration and field tests was 7 weeks. There was a
significant systematic error between real and predicted carbon monoxide concentrations, due
to the different conditions during the laboratory measurements and real-life tests. This
systematic error appeared to be almost completely independent from time and allowed to
introduce a correction function (see below).
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Concentration CO predicted from Lab Calibration of March 15th [ppm]

Figure 4.21: Real CO concentration and laboratory calibration prediction

Figure 4.22 shows the predicted carbon monoxide concentrations after application of a
correction function. This linear function (parameter slope and offset) was introduced to
correct the systematic error between lab calibration results and real-life results. The
parameters of this correction function were calculated from an independent real-life
measurement, the time interval between establishing the correction function and the
measurement shown in the following figure is one week with continuous operation of the
system in the field tests. The systematic prediction error with the laboratory calibration could
be drastically reduced by the correction function (based purely on independent field test

results.
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Figure 4.22: Real CO concentrations and corrected calibration prediction. Systematic error
compensated by independent correction function.

Even though the correction function could be applied with some success to several field trail
predictions, there still remains a high random error in the predictions based on laboratory
calibrations.

For the sensor system equipped with the ADA chip the systematic error proved to be
considerably lower. However, the random error was still considerable. These results for the
two sensor systems discourage from using the laboratory calibration for the field trial. The
further analysis of the field trial results was therefore conducted using an in-field calibration,
which will be discussed in the following.

4.3.1.4 In-Field Calibration

The sensor system was installed with an open source configuration, allowing direct access to
the raw sensor data. As the laboratory calibrations proved ineffective to predict the target
pollutants in real world situations, new calibrations were established online with pattern
recognition methods (PCR). In addition to the values from the three sensors, the actual
humidity was taken into account. The sensor data was divided into two groups. One was
referenced with the concentration values determined by the analytical instruments of the
AQMS and used to establish a calibration system. This calibration was then applied to the
second sensor data group to predict concentrations from raw sensor values. Several different
system operation modes were investigated in the field as detailed in figures 3.28 and 3.29.:
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e Slow temperature modulation: 250-350°C in 150s. Total cycle in 6min

e Fast temperature modulation: 250-350°C in 150s. Total cycle in 2min

e Constant temperature: each hotplate heated differently and constantly. Total cycle in
2min

The following discussion will focus on the results of the sensor system equipped with the
ADA chip, as the early sensors system (equipped with AS sensors) does not allow
temperature modulation and its predictions were constantly worse.

The temperature modulation allows increasing the number of sensors from three to 360, as the
sensitive materials react differently to pollutants depending on their operation temperature.
Temperature modulation seemed therefore the most promising strategy to cope with
multidimensional analytical problems. Due to the open source configuration of the system,
calibrations for all gases referenced by the AQMS could be established (carbon monoxide,
nitrogen dioxide, nitrogen oxide, sulphur dioxide, ozone, methane and total hydrocarbon
concentration).

The slow temperature modulation was tested first. Several calibrations based on different
weeks and time spans of varying length were calculated and tested. However, the results
always showed a high systematic and random error; no correlation could be established
between signals from the sensor and reference instruments.

The fast temperature modulation proved to be more successful. Figure 4.23 shows a
prediction of sensor data measured the same day as the calibration. The low random error is
an improvement; the systematic error stays considerable with an offset in the range of the
measured concentrations. Applying the calibrations to sensor data generated later reveal a
rapid deterioration of the model after a few days. After several weeks all correlation between
predicted sensor concentration and concentration changes measured by reference instruments
are lost.
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Figure 4.23: Same day prediction of carbon monoxide and nitrogen dioxide based on fast
temperature modulation.

Operation of the sensors in constant temperature mode proved much more successful than the
original favourites with temperature modulation. Initial calibration tests with same day
predictions showed a low systematic error (offset of 0.2ppm for carbon monoxide) and a very
low random error. Applying the established calibration model to sensor data up to several
weeks older resulted in unchanging good predictions. Figure 4.24 shows results for a
prediction of carbon monoxide and nitrogen dioxide with a calibration model two weeks old.
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The prediction quality starts to deteriorate after four weeks, resulting again in a loss of
correlation between sensor and reference instruments.
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Figure 4.24: Prediction after two weeks of carbon monoxide and nitrogen dioxide with
sensors at constant temperature.

The open source configuration of the sensor system allowed to try to establish calibrations for
other pollutants than those originally targeted. Surprisingly this resulted in good prediction
results especially for ozone and sulphur dioxide. During temperature modulation the
prediction quality was of a similar quality as the predictions of carbon monoxide and nitrogen
dioxide. With the sensors operated at constant temperature the predictions were slightly less
good than those for carbon monoxide and nitrogen dioxide.

4.3.2 Indoor

4.3.2.1 System Configuration and Site Description

One complete ADA system equipped with AS sensors, pump and filtering system was tested
for a period of two months. The system was calibrated in laboratory one week before the field
trail started. The monitoring station was installed in the parking garage of Telecom Italia
Laboratory (TILAB) office buildings in Turin, via Reiss Romoli, 274 (see figure 4.25). The
Indoor car parking is placed on the ground floor and can accommodate a maximum of 250
cars with an area of 100 x 80m. Most of TILAB staff enter this car parking during the
morning and leave at mid afternoon, so there are at least two periods during the day in which
gas concentrations (related to car emissions) can have peaks. No ventilation is present except
for the main gate which opens from 7:00am to 7:00pm.

The aim was to monitor the daily changes of the carbon monoxide concentration and to
compare the ADA sensor system results with commercial sensors. The reference instrument
was the portable TSI multi-gas monitor 8570. It was chosen on purpose as it is based on
electrochemical cells and is in the same price category as a projected commercial ADA sensor
system. It therefore allows to compare the ADA sensor system results with a commercial
sensor system, contrary to the outdoor field trials discussed earlier which are referenced with
analytical instruments of higher accuracy, reliability and price.
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Figure 4.25: Field test site Italy. Location inside the parking garage.

4.3.2.2 Results

Figure 4.26 details the daily evolution of the carbon monoxide concentration during an
exemplary week. No significant drift of the prediction was recorded over the measurement
time of 2 months. The general evolution of the pollutant concentration follows the expected
daily cycle. During the night the background level of 1-2ppm is reached, the concentration
increases in the morning and reaches a maximum of approximately 10ppm every afternoon
from 4 to 8pm, due to cars leaving the parking area with cold engines. This effect is less
strong in the mornings as the car engines are already hot when they reach the parking garage.
Singular strong peak of 20-30ppm appear sometimes in the afternoon and are probably due to
motorcycles parked directly beneath sensors. As expected, on Saturdays and Sundays these
effects are not present.
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Figure 4.26: Evolution of carbon monoxide concentration as measured by ADA sensor system
and TSI 8570. Results for one week and one afternoon.

Figure 4.26 also allows to compare the results of the ADA sensor system with the commercial
sensor system TSI 8570. As can be seen, both sensor systems register a concentration
increase, maximum and decrease at the same time. The absolute concentration values are very
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similar, with the electrochemical cell showing more extreme read-outs (values below zero and
short-term highs) while the ADA sensor system is prone to data loss. This failing of the
system electronics was corrected after the field trials. After end of the exposition to pollutants
from car exhausts, the ADA sensor system returns fast to concentration read-outs at the initial
background level. The measurement values are less resolved than for the TSI, omitting the
short peaks and fine structure. This is probably due to the much thinner filter of the TSI which
allows a faster response to concentration changes. The high filter volume of the ADA sensor
system results in a more moderate sensor reaction to concentration changes, possibly
preventing false alarms due to very short concentration peaks.

4.3.3 Summary

The field trials illustrated the abilities and failings of laboratory calibrations in real world
situations. Despite a filtering system able to eliminate a wide range of pollutants, the gas
composition in the field was complex enough to produce a defined systematic error and
occasional random errors. During the indoor field trials the correlation between ADA sensor
system and commercial sensor system was still quite good. Apart from a constant
concentration difference of factor two, both systems detected the same trends and
concentration changes. A simple correction to the calibration function would eliminate this
discrepancy. However, the ADA sensor system is compared to another (commercial) sensor
system in this case, not a standard analytical instrument. There may be further systematic
and/or random errors included in the measurements of both systems that are not revealed by
the test configuration employed. During the outdoor field trials in Madrid the situation is
different. Here, standard analytical instruments were used to reference the sensor read-outs.
As a result, the correlation between sensor system and reference instruments was worse than
during the indoor trials. A strong systematic and random error prevented the use of the
laboratory calibration, even though the deviations were less intensive for the sensor system
once equipped with the ADA chip. The field trials could be continued by directly evaluating
the raw sensor data and establishing appropriate calibrations in field. Here, the individual
temperature modulation of the chips sensor hotplates proved problematic. The high
expectations of solving the analytical problem of multi-dimensional gas mixtures, based on
previous investigations under laboratory conditions and literature [160], [184], could not be
sustained. The classical approach with sensors heated at constant temperatures yielded results
with a higher correlation to the reference instrument read-outs. However, the analytical
instruments used as reference provided averaged pollutant concentrations for periods of
10min. While during the indoor field trials both tested system and reference system measured
pollutants within similar time intervals (30s to Imin), the difference was much higher at the
outdoor field trial: 1s for the tested sensor system to 10min for the reference instruments. This
high difference in time resolution resulted in difficulties during the in-field calibrations:
correlating concentration values with fine structures and peaks to averaged values. This effect
is even amplified for the temperature modulation configuration, as the oscillating temperature
prevents the sensitive layers from reaching a chemical equilibrium; effectively forcing an
operation in a non-steady-state mode. These two factors are responsible for decreasing the
quality and life-time of the sensor calibrations established in field. Regretfully, it was not
possible to convince the involved local authorities to change the time interval of the reference
instruments from 10min to 1min or lower; a feat technically possible. However, it was
possible to create sensor calibrations with a lifetime of two weeks and good prediction
qualities both for carbon monoxide and nitrogen dioxide. The range of monitored gases could
even be extended to other pollutants such as sulphur dioxide and ozone (based on
measurement cycles with deactivated filtering system).
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5 Summary

The main achievement of this work was the development of a chemical gas sensor system for
two relevant environmental applications: indoor (carbon monoxide and methane) and outdoor
(carbon monoxide and nitrogen dioxide) monitoring of pollutants. Towards this end, three
subsequent tasks were accomplished: Firstly, the planning, design and testing of the sensor
system supporting the sensing element. Secondly, the laboratory evaluation of the system
performance and limitations. Thirdly, the transfer to real world applications.

The development process started with a concept and went to a series of prototypes, tests and
redesigns. As sensing element a monolithic micro-machined metal oxide sensor was chosen,
the ADA sensor chip. It consists of a sensor array: three independent micro-hotplates with
different sensing layers based on tin dioxide (SnO2). Around this heart-piece, the supporting
sensor system was constructed. To achieve mobility and low power consumption, the
components were reduced to the necessary basics - small tubings, pump, gas filter, battery and
system control electronics - and combined with a robust packaging. The targeted applications,
i.e. qualitative and quantitative detection of binary gas mixtures in the presence of
intereferents required a high sensor selectivity. Metal oxide sensors, such as utilised in this
work, are known for their high sensitivity and low selectivity. Therefore a range of strategies
towards improving the selectivity were investigated. The most effective were optimisation of
sensor materials, sensor operation temperature and gas filters. The chemical properties of
metal oxides such as grain size, annealing temperature and doping define their sensitivity and
selectivity to gases. The same holds true for the sensor operation temperature, as the chemical
reactions resulting in a sensor signal are temperature-dependent. Gas filters, on the other
hand, are very effective at adsorbing whole substance categories depending on their chemical
properties; here they were used to eliminate VOCs in the gas sample. The development
process concluded in the ADA sensor system prototype, which was then characterised in the
laboratory.

The laboratory investigations resulted in an extensive assessment of the sensor system
functionalities. The parameters tested include sensitivity, selectivity, LDL, accuracy, long-
term stability, humidity influence and cross-sensitivity to polar and non-polar VOCS. The
results are very good for the detection of single gas mixtures and acceptable to good for
binary mixtures. However, the sensitive layers on the chip deteriorate after several weeks due
to layer peeling and heater degeneration, resulting in a strong drift over time. The problem has
been analysed and remedial actions have been formulated.

As a final system evaluation, several ADA sensor systems were submitted to a 3-month field
trial, where they were investigated in both outdoor (traffic hot-spot in Madrid, Spain) and
indoor (offices and car parking in Turin, Italy) applications. The field trials illustrated the
abilities and failings of laboratory calibrations in real world situations. For the indoor field
trials the correlation between ADA sensor system and a commercial sensor system was quite
good. Apart from a systematic concentration offset, both systems detected the same trends and
concentration changes. During the outdoor field trial the appearance of both systematic and
random errors prevented an effective use of the laboratory calibration. The situation could be
resolved to some extent by directly evaluating the raw sensor data and establishing
appropriate calibrations in the field: it was possible to create sensor calibrations with a
lifetime of two weeks and good prediction qualities both for carbon monoxide and nitrogen
dioxide. The range of monitored gases could even be extended to other pollutants such as
sulphur dioxide and ozone.
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To conclude, the developed sensor system constitutes a successful transfer of metal oxide
sensor technology to micro system technology with all advantages a monolithic
micromachined sensor system offers: reduced size, packaging and power consumption,
integration of electronics, sensor array and on-chip data-evaluation. The integration of metal
oxide sensor technology into CMOS-compatible structures allows for a sensor mass
production with established microelectronic and microtechnological processes and facilitates
cost-effective commercialisation. The ADA chip is currently the most advanced
mircomachined gas sensor. As ADA sensor system, together with the supporting sensor
system, it equals or exceeds conventional metal oxide sensor technology in all performance
criteria relevant for environmental monitoring.

Sensor systems are often seen as cheap alternative to analytical instruments by their
supporters and as inaccurate low-reliability-devices by their opponents. However, the author
sees their potential as a supplement of classical analytical instruments. Owing to the potential
high mobility and their increased temporal and spatial resolution gas sensor systems can
complement classical analytical instruments and improve their effectiveness.
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6 Annex

6.1 Definitions

The performance of sensors can be discussed and compared through features which allow a
quantitative comparison of sensing properties. However, no generally accepted, uniform set of
definitions exists. In the following, typically used definitions are detailed which are helpful to
quantify a given sensors performance.

6.1.1 Sensor Signal

The sensor signal is used to create a relation between the sensors response and the zero
response (baseline) in the absence of stimulus. In most applications the sensor resistance R or
conductance G is measured. Literature suggests definitions as in equations (6.1) — (6.3).

R R
S =—0% and § =-= (6.1)
Rred RO
Sred = ARred = RO - Rred and Sox = ARnx = R()x - RO (62)
R R AR R —R
S == 4 and §, =—2=—2 0 (6.3)
ARred Ro - Rred Ro Ro

6.1.2  Sensitivity

The sensitivity of a sensor, m;, to detect a certain gas species i is defined as the slope of the
calibration curve, which is the best interpolation of the experimental results at the gas
concentration of interest.

_ oS
api X
S is the sensor signal as defined above or any other sensor response parameter, p;, is the
partial pressure of the gas species i and X denotes the parameters kept constant during the
experiment, such as the humidity, temperature and partial pressure of O,. In the case of linear
sensors, i.e. sensors with a linear dependency of the signal upon the partial pressure of a gas,
the sensitivity m is constant. In the case of non-linear sensors, such as the metal oxide sensors
used in this work, the sensitivity depends on the absolute value of the partial pressure of a gas.

(6.4)

i

6.1.3  Analytical Sensitivity and Accuracy

The response sensor signal of a sensor cannot be measured with absolute accuracy and
therefore the derived value of the partial pressure (and thereby concentration) is to some
extent inaccurate. The origin of the inaccuracy might be e.g. the noise of the measurement or
the limited reproducibility of the measurement due to insufficient stability of the sensors.
Consequently, high sensor sensitivity does not imply per se a good sensor performance. To
rate the quality of the of the sensor performance not only the sensitivity but also the accuracy
with which the sensor signal can be measured plays a large role. A meaningful way to include
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the accuracy in the definition of the sensitivity is to divide the sensor sensitivity by the
standard deviation of the sensor signal s, resulting in the analytical sensitivity y [215]:

y=— (6.5)
O

N

Taking into account the total differential of the sensor response x

dx = (@Jdp (6.6)
op
one can derive
o= (gja » (6.7)
op

with o0, the standard deviation of the concentration, i.e. the accuracy with which a
concentration can be determined. Consequently, the analytical sensitivity can be written as the
reciprocal of the standard deviation of the determined concentration.

y=— (6.8)
O-P

This formula helps to interpret the analytical sensitivity. The analytical sensitivity is the
reciprocal of the standard deviation of the concentration, i.e. the accuracy with which the
concentration of a gas can be determined. It gives a measure of the ability of the sensor to
discriminate or detect small changes in concentration at the concentration of interest.
According to equation (6.8), 10ppm™ equals a standard deviation of the concentration of
0.1ppm.

In contrast to e.g. the sensitivity of a sensor, the analytical sensitivity of a sensor is
independent of the concentration. Therefore it is possible to compare quantitatively the
performance of sensors with sensor response which are different in nature by means of
analytical sensitivity.

6.1.4 Selectivity

Sensors are normally sensitive to more than one gas and usually show cross-sensitivities. The
selectivity is a measurand for evaluating the specificy of a sensor by comparing the effects of
different gases on a sensor. The selectivity m; of a sensor compares sensor signal or the
sensitivity to be monitored to the sensor signal (sensitivity) of the interfering gas. One
possibility for comparison is to build the ratio of signals (sensitivities) according to

S, m,
m,j(piapj)z_ or mzj(pi)pj)=_ (6.9)
S, m,
Another possibility is to calculate the corresponding concentration, i.e. the concentration of
gas a for which the sensor supplies a signal of the same strength as for a fixed concentration
of gas b.
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6.1.5 Lower Detection Limit (LDL)

The Lower Detection Limit is the minimum concentration which can be detected by a given
sensor. It relates the sensors response to the statistical fluctuations in the zero response Ry
(baseline). The minimum sensor response which is certainly detected is usually chosen as
three times the standard deviation of the zero response oy, which is considered to be the noise
of the measurement.

R :Eo +3-0,

with the average zero response R, .

6.1.6 Response and Recovery Time

Two measurands are usually used to measure the speed of a sensor. The first is the so-called
response time t.; which refers to the time needed to reach a stable sensor response after
stepwise increase in the concentration. Hence it measures the minimum time needed to
measure a concentration. Usually the response time is defined as ¢y, i.e. the time it takes for
90% of the sensor response change after an increase in the concentration is accomplished. The
second is the recovery time f#... It refers to the time the sensor needs to recover from a
concentration exposure. The recovery time is defined similar to the response time. It is the
time needed for 90% of the sensor response change after concentration exposure removal is
accomplished.

6.2 Airborne Pollutants

6.2.1 Carbon monoxide CO

Molecular weight: 48 g/mol

Melting point: -205°C

Boiling point: -192°C

Relative density in air: 1

Solubility in water: 30mg/1

Auto ignition temperature: 620°C
Flammability range 12.5 - 74vol% in air
Hazards: F+, T

R12, R23, R48, R61

CO is a lethal poison that is produced when fuels such as gasoline are burned. It is one of
many chemicals found in engine exhaust and can rapidly accumulate even in areas that might
appear to be well ventilated. Because CO is colourless, tasteless, odourless, and non-irritating,
it can overcome the exposed person without warning. It produces weakness and confusion,
depriving the person of the ability to seek safety.

CO poisons primarily by tightly binding to haemoglobin in the blood (forming
carboxyhaemoglobin), replacing oxygen, and reducing the oxygen-carrying capacity of the
blood. CO may also poison by binding to tissues and cells of the human body and interfering
with their normal function. Recognizing early warning signs of CO poisoning is sometimes
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difficult because early symptoms of CO exposure (headache, dizziness, and nausea) are non-
specific and may be mistaken for symptoms of other illnesses such as colds, flu, or food
poisoning. Confusion and weakness can inhibit a person's ability to escape the hazardous
environment.

6.2.2 Methane CH,

Molecular weigth: 16.043 g/mol
Melting point: -182.5C

Boiling point: -161.6°C

Relative density, gas (in air): 0.6
Solubility in water: 26 mg/1

Auto ignition temperature: 595°C
LEL: 5-15vol%

Hazards: F+

R12

Methane is a natural gas widely used for domestic heating and cooking. The main danger for
the populace is not, contrarily to NO; and CO, its toxicity. CHy is a highly explosive gas. It is
colourless, has no odour and is therefore difficult to detect without an appropriate sensing
device. In the case of a gas leak, the extremely flammable methane will accumulate and ignite
at the smallest spark.

As methane is lighter than air, even underground leaks from pipelines pose a threat to human
health as the gas will rise up through the ground and accumulate in buildings. The threat of
methane is therefore a well known problem at mining sites.

6.2.3 Nitrogen dioxide NO,

Molecular weight: 46.05 g/mol
Melting point: -11.2°C

Bp: 21.1°C

Relative density in air: 2.8
Hazards: T+, C

R26, R34

Nitrogen dioxide is a typical air pollutant released into the atmosphere from very localised
sources, primarily by combustion in factories and automobiles. It is known to cause global
environmental problems such as acid rain, photochemical smog and corrosion of metals.
Acute exposure to NO, concentrations of less than 1 ppm rarely produces observable effects
in normal healthy humans. At NO, levels around 2.5 ppm over 2 hours the first effects are
experienced by exposed subjects, meaning decreases in pulmonary function. Asthmatics and
more generally people with pulmonary dysfunctions may react to concentrations as low as
0.3ppm. In the case of long-term exposure over several weeks, concentrations as low as
0.5ppm produce an increased susceptibility to lung diseases and dysfunctions. Nevertheless,
the conducted studies on the health effects of NO, exposure have found no evidence for a
clearly defined concentration-response relationship. The health guidelines given by different
organisations are therefore chosen with the lowest possible risk for the general populace in
mind.
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6.2.4 Environmental monitoring

Area Type Station Type Pollutants of greater interest
Traffic NOQ, PMlo, PM2'5, CO and VOCs
NO,, PMyy, PM,5, SO, and VOCs, heavy metals
Urban Industrial and specific pollutants of the emissions of the said
industries.
Background NOQ, PM]O, PM2.5, SOQ, CO, VOCs and 03
Traffic NO,, PM,,, PM, 5, CO and VOCs
NO,, PM;y, PM, s, SO, and VOCs, heavy metals
Suburban Industrial and specific pollutants of the emissions of the said
industries.
Background NO,, VOCs, O3 and also PM,, and PM, 5
Traffic NO,, NOx and VOCs
NO,, PMy;, PM,5, SO, and VOCs, heavy metals
Industrial and specific pollutants of the emissions of the said
industries.
Next to .
Rural cities Not specified
. NO,, SO,, O3, NH3, acid deposition, SO4, NO3 and
Background Regional PM, 5
0;, CFCs and also S and N compounds related to
Remote acid deposition, and also background levels of PM
and VOCs
Table 6.1:  Pollutants of interest according to the type of fixed measuring station [2].

Main pollutants

Main pollutant sources due to human activity

SO2

Installations de combustion (soufre de combustible)

(NO, NO2)

Vehicles — Heating systems

Particulate Matter (PM)

Combustion - Vehicles — incineration

Volatile organic compounds (VOCs)

Chemist and Oil Industry, solvents, Cars

Cco

Incomplete combustions — Vehicles

HCI

Waste incineration

Metallic compounds (Pb, Mn, Cd, Hg, Ni,...)

Heavy industry- Combustion — waste incineration

Aromatic compounds (HAM, HAP)

Incineration- Combustion - Vehicles

Table 6.2:
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NO2-Guideline (Outdoor)

Averaging Period

Limit Value
1 hour 105 ppb
Directive 99/30/EC (2010) 24 hours 20 peb
Vegetation 15 ppb
Alert threshold 209 ppb
DEFR (UK) 1 hour 150 ppb
OSHA (USA) 15-min-TWA 1000 ppb
NIOSH (USA) Immediately dangerous 20 ppm
WHO 1 hour 100 ppb
CO-Guidelines (Outdoor) Averaging Period Limit Value
ot oo ShouTwA
DEFR (UK) 8-hour-TWA 10 ppm
EPA (USA) 8-hour-TWA 9 ppm
Short-term-exposure 25 ppm
(Indoor/\/(\:/?rlg;ljgfj:gylg:sidential): FIETER g PEriE Lt ez
OSHA (USA) 8-hour-TWA 50 ppm
8-hour-TWA 35 ppm
NIOSH (USA) Ceiling limit 200 ppm
Immediately dangerous 1,200 ppm
ACGIH (USA) 25 ppm
WHO 8-hour-TWA 50 ppm
15-min-TWA 86 ppm
CPSC (USA) 8-hour-TWA 15 ppm
Short-term-exposure 25 ppm

CHA4-Guidelines

LEL

Auto ignition Temperature

ILO

5-15 vol% in air

537°C

Table 6.3:  International Air Quality Guidelines [216].
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List of Abbreviations

Symbol Description

ADA Advanced Distributed Architecture for telemonitoring
services; EU- project IST-2000-28452

ANN artificial neural networks

AQMS air quality monitoring station

BAW bulk acoustic wave

e.g. exempli gratia

RT room temperature

RIFS Reflectometric Interference Spectroscopy

FET Field effect transistor

CH,4 methane

CMOS Complementary Metal Oxide Semiconductor

CcoO carbon monoxide

CO, carbon dioxide

CVD chemical vapour deposition

EPR electron programmed resonance

EtOH Ethanol

FTIR Fourier transform infrared analysis

GCMS Gas chromatography - mass spectrometry

HC hydrocarbons

H,O water

HP1,2,3 sensor hotplate 1, 2, 3

TIAQ international air quality

1.e. id est

IR infrared spectrometry

LDL Lower Detection Limit

LEL Lower Explosion Limit

MEFC mass flow controller

MLR Multiple linear regression

MOS metal oxide semiconductor

MOX metal oxide sensor

NO, nitrogen dioxide

0)) oxygen

PCA principal component analysis

PCR principal component regression

PM particulate matter

ppb parts per billion

ppm parts per million

PVD physical vapour deposition

QMB quartz crystal microbalance

r.h. [%] relative humidity

SAW surface acoustic wave

SnO, tin dioxide

TPD temperature programmed desoption

TSM thickness-shear mode resonator

VOC(s) volatile organic compound(s)



List of VVariables

Symbol Description
Y analytical sensitivity
€R dielectric constant
0 surface coverage
v (electron) mobility
0 electron affinity
c conductivity
c standard deviation
® work function
X electron affinity
A cross-section
a,b,c lattice parameters
E, activation energy
Edes desorption energy
Ediss dissociation energy
Ephys physisorption energy
Echem chemisorption energy
Evac vacuum energy
Ey bulk band energy
E. E, conduction (valence) band energy
Er Fermi-level
D(E) density of states
f(E) Fermi-Dirac distribution
G conductance
I current
k (Kads, Kges) rate constant (adsorption, desorption)
1 length
Lp Debye-Length
m sensitivity
N¢, Ny effective density of states of the conduction (valence) band
Nw) concentration of free charge carriers (valence band)
New) concentration of free electrons (valence band)
n (ny, ng) density of free electrons (in the bulk, at the surface)
n, p charge carrier concentration
pi pressure of gas i
Qss surface state
qVs surface potential barrier
R resistance
r distance
r grain radius
S sensor signal
too time to accomplish 90% of sensor response change
U voltage
Zo depletion region



List of Constants

Symbol Description
€0 permittivity
T pi
e elementary charge
k Boltzmann constant
me mass of electron

mass of proton
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