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Abstract |

Abstract

Metal oxide semiconductor gas sensors are in general well suited for high volume gas
sensing applications, e.g. air quality monitoring, due to their low cost and high
sensitivity. However, in many applications, the gases to be detected can occur in very

low concentrations, which complicates selective measurement of specific components.

In this thesis, several methods are presented which improve the performance of such

sensors for the detection of gases at trace concentrations.

First, the design and characterization of a gas mixing system is described, which
allows generation of test gases in the ppb (parts per billion) concentration range.
Several well established techniques are then tested for their applicability at these low
concentration levels. Key elements are cyclic modulation of the sensor temperature
and signal processing based on methods for pattern recognition, for both single sensors
and combined sensor signals. A novel development is an integrated micro system in
which gas pre-concentration is realized in combination with the sensor. In addition to
the technical developments, the reproducibility of the results has been investigated in
an inter-laboratory comparison, where a measurement system for benzene has been

characterized in two different setups for test gas generation.

The presented methods provide a basis for using low-cost metal oxide semiconductor

gas sensors for potential applications in the field of trace gas analysis.
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Kurzfassung

Metalloxid-Halbleiter-Gassensoren (MOS) sind aufgrund ihrer hohen Sensitivitdt und
geringen Preises grundsatzlich gut geeignet fiir Gasdetektion in Anwendungen mit
hohen Stiickzahlen, zum Beispiel fiir die Uberwachung von Luftqualitit. In diesen
kdnnen die zu detektierenden Gase jedoch in sehr niedrigen Konzentrationen auftreten,

was eine gezielte Messung einzelner Komponenten erschwert.

In dieser Arbeit werden Verfahren vorgestellt, mit denen die Leistung solcher

Sensoren fir die Detektion von Gasen in Spuren-Konzentrationen verbessert wird.

Zunéchst werden das Design und die Charakterisierung einer Gasmischanlage
beschrieben, die eine zuverlassige Generierung von Testgasen im ppb-Bereich (parts
per billion) ermdglicht. Mehrere etablierte Verfahren werden dann auf ihre Eignung
fur diesen niedrigen Konzentrationsbereich getestet. Zentrale Elemente sind hierbei
eine zyklische Anderung der Sensortemperatur und Signalverarbeitung basierend auf
Methoden zu Mustererkennung, sowohl fiir einzelne Sensoren als auch fiir kombinierte
Signale. Eine neue Entwicklung ist ein integriertes Mikrosystem, in dem zusatzlich
zum Sensor eine Gas-Aufkonzentration realisiert ist. Neben den technischen
Entwicklungen wurde die Reproduzierbarkeit der Ergebnisse in einer
Vergleichsmessung in zwei Labors untersucht; hier wurde ein Messsystem fiir Benzol

in zwei unterschiedlichen Setups zur Gasaufgabe getestet.

Die vorgestellten Methoden bieten eine Grundlage zum Einsatz der gtinstigen MOS-

Gassensoren fur Anwendungen im Bereich von Spurengasen.
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1 Introduction and motivation

In recent years, in the fields of gas analysis and gas measurement technology a lot of
research and development effort has been put into systems for the detection,
identification and quantification of trace gases. Some of the most active fields of
applications for gas detection technologies are presented in the following segments,
and in all these domains the measurement of gas concentrations at levels of sub-ppm

(parts per million) or even ppb (parts per billion) is of high relevance.

Traditionally, analytical equipment is used for detection of low concentration of gases,
such as gas chromatography (GC) [1]-[3], mass spectrometry (MS) [4]-[6] or special
types of infrared spectroscopy (IR) [7]-[9], all of which are available in various
variations and optimizations for different application scenarios. These methods can
also be used in combination; especially the coupling of gas chromatography with mass
spectrometry (GC-MS) is utilized very widely [10]-[13]. The advantages of such
systems are their high performance in terms of selectivity, accuracy, and flexibility
regarding the range of the detectable compounds. As they are usually sophisticated
laboratory equipment, some disadvantages are high system and running costs, often

complex and time-consuming sample preparation, and very limited mobility.

Due to these restrictions, many attempts have been started to try to achieve similar
performance as the analytical systems with systems that use smaller, cheaper and more
robust gas sensing technologies. A wide variety of low cost gas sensor and gas sensor
system technologies is available, although not all of them can be used for ppb level gas
sensing; some of the most important, both for trace gases and higher concentrations,

are.

e Electrochemical cells [14][15]

e Lambda oxygen sensors [16][17]

e Catalytic sensors (pellistors) [18][19]

e Infrared sensor systems [20][21]

o Metal oxide semiconductor (MOS) gas sensors [22][23]
o Field effect devices [24][25]
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All of these technologies have been used for developing gas measurement systems for
specific applications in research and commercial usage, many of which require the

measurement of ppb level gas concentrations.

1.1 Applications for ppb level gas detection

Selected of fields of applications for trace level gas detection are presented in this

chapter.

1.1.1 Air quality monitoring

The monitoring of the air we breathe has gained high relevance, for both indoor and
outdoor scenarios [26]-[30]. As people spend more and more time in buildings, more
than 85% [35], the air quality especially in homes and workplaces can have a
significant influence on our health. In indoor air, a large number of gaseous
compounds can have negative effects on humans. In addition to some inorganic
permanent gases like carbon monoxide (CO), carbon dioxide (CO2) and nitrous oxides
(NOx), a large number of different volatile organic compounds (VOCs) can be present
indoors. They can cause a variety of symptoms ranging from skin irritations and short-
term respiratory problems [28][31] to chronic conditions [32][33] and, for some
VOCs, cancer [34]. For many of these substances, a single short time exposure is not
dangerous, but permanent exposure over long periods of time can cause the mentioned
health risks. Diseases caused by contaminated indoor air have been labeled “sick
building syndrome” [36][37].

As most important VOCs for indoor air quality (IAQ) monitoring, three compounds
have been identified by the World Health Organization (WHO): benzene,
formaldehyde, and naphthalene [38]. The recommended concentration thresholds for
human exposure for these compounds, as well as other relevant gases and particulate

matter are presented in Table 1.
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Table 1: Overview of the most relevant indoor air pollutants; based on [39], © 2014 IEEE.

Pollutant Exposure limit Country  Year Remarks Ref.

Benzene 2 ug/ms3 0.6 ppb  France 2016 long term exposure; [40]

no safe level for exposure [38]
(WHO)

Formaldehyde 100 pg/m3 80 ppb Germany 2006 30 min average [41]

30 ug/m3 24 ppb France 2015 short-term (for exposure [40]

of 2 h)

Naphthalene 10 pug/m3  19ppb  Germany 2010 annual average [38]

Carbon 10 mg/m3  8.7ppm WHO 2010 8 h average [38]

monoxide

Nitrogen 200 pg/m3  105ppb  WHO 2013 short-term (for exposure [42]

dioxide of 1 h)

Radon 167 Bg/m3 WHO 2010 annual average; excess [38]
lifetime risk 1 per 1000 [43]
for non-smokers

Styrene 70 ug/m3 16 ppb WHO 2000 30-min average [44]

Tetrachlor- 0.25 pg/m3 36 ppb WHO 2010 annual average [38]

ethylene

Toluene 3 mg/m3 783 ppb  Germany 2016 guide value 1l (RWII) [45]

Trichlor- 230 pug/m3 42 ppb WHO 2010 excess lifetime cancer risk  [44]

ethylene 1:10,000

PM10 50 pg/m3 WHO 2005 24-hour mean [42]

Table 1 shows that for many gases the recommended limit values are at a sub-ppm
levels, for some even in the single-digit or sub-ppb range (benzene, naphthalene).
Especially when long-term exposure is considered, 8 h per day or more, the relevant

gas concentrations are very low.
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The monitoring of specific gases in indoor air poses a number of particular challenges,
especially if gas sensors with limited selectivity are used. Indoors, complex gas
matrices can occur, and benign interferent gases can be present in comparatively high
concentrations, such as ethanol, solvents (e.g. from cleaning agents), or odorants (e.g.
from perfumes). Furthermore, some indoor scenarios have a very high baseline of
chemical compounds in the air, e.g. kitchens, which can make the detection of specific

substances very difficult.

In outdoor scenarios, some of the target gases are identical to IAQ, especially benzene
has a high relevance [46][47], and nitrogen oxides (NOx) occur in higher
concentrations [48]-[50]. Additional relevant compounds are Ozone (Os) [51][52] and
Sulfur dioxide (SO2) [53][54], all of which are associated with respiratory diseases and

asthma.

For indoor as well as outdoor applications, measurement systems are required to be
small, robust and low-cost compared to analytical laboratory equipment, as there is
usually a number of systems deployed to achieve a certain spatial resolution. For
example in a private home, the air quality can differ significantly in different rooms
(e.g. kitchen, bathroom, living room) and thus a high number of sensor nodes is
required to accurately measure the pollutants in different areas of the home. A number
of research activities have focused on small networked gas sensor systems for air
quality control [55]-[57].

For outdoor applications, mobility is another key aspect, as many approaches include
mobile systems that are installed on buses [58], trams [59], cars [60], bikes [61], or

pedestrians [62], to generate air quality maps of cities.

1.1.2 Breath analysis

Another emerging field of application for ppb level gas detection is the analysis of
exhaled breath [63]-[65]. A number of medical conditions cause the composition of

the exhaled breath gases to change in a specific way, e.g. diabetes [66], asthma [67],
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tuberculosis [68] or different types of cancer (e.g. lung cancer [69], gastric cancer [70]
or breast cancer [71]). In many cases, the relevant gas concentrations are in the ppm
range or lower, e.g. for asthma diagnosis, the measured concentrations for NO (nitric
oxide) are between 100 and 400 ppb [67], and one study on gastric cancer found the

relevant concentrations of VOCs below 100 ppb [72].

So far, breath analysis measurements are mostly performed by analytical methods like
different kinds of mass spectrometry [73][74], but as with air monitoring, development
of cheaper and smaller gas sensor systems is pursued. These sensor systems often use
some of the same sensor technologies as are used for air quality monitoring, such as
MOS gas sensors [75]-[77], but other methods or combinations of technologies are
used as well, such as infrared/electrochemical [78], colorimetric [79] or

potentiometric sensors [80].

1.1.3 Odor monitoring

Odor is also a parameter of gaseous substances which is interesting for some
applications [81]-[83]. In some cases, the occurring concentrations of specific gases
are not harmful, but generate unpleasant odors. Monitoring of such odors can be
desired in order to efficiently use countermeasures or just for monitoring of processes.
Many studies have been performed measuring the odors generated by chemical plants
[84][85], waste treatment facilities [86][87] or agricultural farms [88][89]. The goal of
such studies usually is the generation of objective data about the odor nuisance to the
surrounding population. The reported gas concentrations are mostly in the ppb range.
One study measuring a wide variety of analytes at a landfill detected all relevant VOCs

in the single or low double digit ppb range [90].

1.1.4 Food spoilage detection

Another interesting application of odor monitoring is the detection of spoilage of food

products via the emitted gases. Some investigations have attempted this, and found
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clear relations between the freshness of certain food items and the emitted matrix of
gases. These gases differ significantly for different groups of food, e.g. fish [91][92],
meat [93][94], fruit [95][96] or even water [97][98]. But, as in the other presented
applications, the emitted gas compositions can be monitored only if the sensor system

can detect ppb levels of the relevant compounds.

1.1.5 Safety applications

Safety and security applications are additional fields of use where gas concentrations
are often very low, e.g. detection of chemical warfare agents [99][100], explosives
[101][102] or drugs [103][104]. In these scenarios, the substances often have very low
vapor pressures [105] and thus the emitted gas concentrations are low as well. As in
the other presented examples, both analytical methods and gas sensors are used, with
low-cost sensor systems gaining more and more relevance to allow comprehensive

coverage of relevant areas.

1.2 Electronic noses

As the presented fields of applications and the literature show, for most of these fields
of use analytical measurement systems are the first step in analyzing the measurement
task. However, after identification of the target analytes and target concentrations, in
all of the examples low-cost gas sensor systems have been and are being investigated
and developed. A term that is often used to describe such sensor systems is “electronic
nose” [106]-[108]. This term usually refers to the whole system, including sensors,
electronics, signal processing and communication. Such devices have been explored
for the presented fields of air quality monitoring [109]-[112], breath analysis [113]-
[116], odor monitoring (outdoor [117]-[120] and food items [121]-[124]) and safety
applications [125]-[128]. Often, they do not use single sensors but an array of different
types of sensors for increasing the range of detected gases and for suppression of the

effects of interfering gases. To enhance the performance of the systems, a great
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number of methods are used for combining the signals of the different sensors and to
compute the desired output values. A significant drawback of such systems is the
limited stability of the sensors and thus the whole system, depending on the chosen

sensors and operating modes.

The large number of publications on the topic of electronic noses shows the relevance
of low-cost gas sensor systems trimmed for performing specific measurement tasks,

many of which focus on low gas concentrations.

1.3 Test gas generation

For development, testing, characterization and calibration of gas sensor systems, test
gas mixtures have to be provided. Besides the respective target gases for the
application, there are usually variations in interferent gases and other environmental
parameters (e.g. gas humidity) which might affect the performance of the sensor
system. Therefore, a highly dynamic and versatile generation of gas mixtures is

necessary.

Generating low concentrations of VOCs is a special challenge, for several reasons:
Many VOCs have a low vapor pressure and are not available in standard gas cylinders,
so different methods for generating these species have to be employed, which makes
the overall test gas generation system more complex [129]. Another problem is the
required low concentration range. While gas cylinders with low concentrations of the
desired compounds can be produced quite accurately, there is always a residual
contamination in the produced gas. Usually, test gases are produced at purity 5.0,
which means a purity of 99.999 %. In such a gas mixture, the contaminations can still
be up to 10 ppm, so the concentration of the contamination could be higher than that of
the test gas if it is mixed with a share in the low ppm range. Several methods can be
used to overcome these problems, e.g. generating test gases from high purity liquids
(e.g. using evaporation or injection) [130], using permeation devices [131][132] or
diluting the high concentration cylinder gas in a very high ratio with a pure carrier gas

(usually air or nitrogen) [129][133]. In the last mentioned method, the background
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carrier gas should have a high temporal consistency and low contamination levels.
This keeps the total level of contaminations steady at the sensor or system to be tested.
If the test gas is present in the background, the gas concentration from the cylinder is
added to this existing concentration, so the total level can be higher than intended.
However, in any application there is also a ubiquitous background of a large number
of gases, and in most cases multiples of these background concentrations are to be
detected. From this perspective, a (very) low level of impurities in the carrier gas is
acceptable - if it is stable at the sensor - as it is closer to applications than a completely

clean background would be.

Other properties of the gas mixing system that can have significant effects for ppb
level gas concentrations are adsorption and desorption effects of the installed
components (e.g. tubing or seals) and effects of unwanted dead volumes which can

cause tailing effects when gases or gas concentrations are switched.

1.4 Scope of this thesis

This thesis focuses on one of the presented types of gas sensors — MOS sensors — and
one of the presented fields of application — air quality monitoring. The goal is to
increase the sensing performance of MOS gas sensors with regard to the most relevant
gases for air quality, especially indoor air, in order to increase the usability and
reliability of such sensors for use in versatile gas sensor systems or electronic noses.

In a first step, the issue of test gas generation is addressed and the design, testing and
evaluation of a new gas mixing system are presented. This is the basis for being able to
reliably test several methods intended to maximize the abilities of MOS based low-
cost gas sensor systems.

One of the biggest challenges when using MOS gas sensors is their very limited
selectivity, as they are essentially broadband sensing devices. Several previous
research activities have reported successes regarding increased selectivity and
sensitivity when the sensor is not operated at a constant temperature but if the

temperature is changed dynamically. This temperature cycled operation (TCO) is used
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for all gas sensor measurements in this thesis. As a MOS gas sensor shows different
responses to different gases at different temperatures, this has been called a virtual
multisensor. Analyzing the generated signals from a sensor operated in such a way
requires more complex data processing techniques, basically pattern recognition
algorithms. Several such computational methods are used in this work.

The virtual multisensor approach has also been combined with a real multisensor
approach, with a set of several different MOS gas sensors all being run in TCO and
combining the dynamic signals of all sensors in the data processing.

An important aspect for assessing the performance of measurement systems or devices
Is testing them in varying conditions. A sensor system for ppb level benzene detection
was subjected to an inter-laboratory measurement campaign and tested for the target
gas at two different labs using two very different test setups.

Another option for improving sensing performance which has been explored is the use
of gas pre-concentration. In general, pre-concentration describes the accumulation of
the target gas in a suitable material, usually a solid, followed by a sudden release of the
gas, often thermally induced, which generates a short gas pulse with a higher
concentration compared to the initial value.

In a nutshell, this thesis explores the method of dynamic gas dilution for ppb level test
gas generation and presents several methods for increasing the performance of MOS
gas sensors, such as temperature-cycled operation, combined data processing of multi-
sensor systems, gas pre-concentration and advanced pattern recognition data analysis.
For verification of the obtained results, a gas sensor system was also tested in a second

laboratory.
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2 Fundamentals

2.1 Metal oxide semiconductor gas sensors

In this thesis, gases are detected using metal oxide semiconductor (MOS) gas sensors.
These devices are used widely in many applications and research projects, as they are
inexpensive, can be operated very easily and offer great sensitivity to a large number
of gases. However, using these sensors is still challenging, as selectivity and stability
of the signals are not as good as for other sensing principles. Both the strengths and the
weaknesses of these devices result from their operating principle, which is presented in
this chapter, along with the basics of an operation mode which can reduce these issues

while also boosting sensing performance.

2.1.1 Basic Operating principle

The transducing element of MOS gas sensors is, as the name suggests, a layer of a
semiconducting metal oxide material. A number of different materials is used in such
sensors, including tin dioxide (SnO.), tungsten trioxide (WOs3), zinc oxide (ZnO),
magnesium oxide (MgO), indium(lll) oxide (In203), titanium dioxide (TiO2), and
many more [134][135].

The transducing effect is a change of the electrical conductivity of this layer caused by
changes of the surrounding gas atmosphere. It can be explained well for the example
of SnO2, which is an n-type semiconductor and one of the most used materials for gas
sensors. The electrical conductivity of the material is depending on the interaction of
the material with oxygen (O2) and other gases, which adsorb and desorb at the surface
of the sensing layer. As the oxygen adsorbs at the material, it binds electrons from the
semiconductor material and thus leads to the formation of a depletion layer [136]. If
molecules of oxidizing or reducing gases are also present in the surrounding
atmosphere, they can react with the adsorbed oxygen ions, and the formerly bound

electrons are available again as charge carriers in the sensor material, which results in
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an increase in conductivity. The electrical current which is used to measure the
conductivity of the layer has to pass through this area, which represents an energy

barrier in the electronic band structure of the semiconductor, as shown in Figure 1.
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Figure 1. Simplified operating principle of a MOS gas sensor. The polycrystalline structure and the
band structure of the semiconductor are visualized for two states: the MOS structure in air without
reactive gas (A) and with CO in the surrounding atmosphere (B); adapted from [137] (modeled after
[136],[138],[139)).

In the shown example, on the left side (A) no reactive gas is present in addition to
oxygen. The oxygen binds electrons from the MOS material and the depletion zones at
the edges of the grains increase in width. The junctions between the grains pose
significant potential barriers for the conducting electrons to overcome, which means
the electrical conductivity is reduced. If a gas is added, carbon monoxide in this
example (Figure 1B), a chemical reaction takes place. The CO reacts with the
adsorbed oxygen, the formerly bound electrons are released into the MOS material, the
width of the depletion zones is reduced and the height of the energy barrier at the
junction of the grains is decreased. As a result, the electrical conductivity of the

structure is increased.
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The effect is boosted by a large number of grain boundaries that have to be passed.
Therefore, usually highly granular materials are produced and used as gas sensitive
layers. Investigations on variations of the grain size show higher responses to gases

(i.e. changes in conductivity) for smaller grain sizes [140][141].

The dynamics of the adsorption and desorption processes as well as the gas reactions
and the conductivity of the semiconductor material are all significantly dependent on
temperature [142]. Therefore, gas sensing materials are usually deposited on a
substrate which can be temperature controlled via an integrated heater structure
[140][143]. Often, temperatures of 400 °C or more can be achieved by the heater
[144][145].

There are two basic technologies for MOS sensor substrates: ceramic based substrates
[146][147] and micromachined membranes [148][149]. Ceramic substrates are usually
produced in sizes of several millimeters. They offer high robustness and can be used
for high temperature applications. Various designs have been published; these
substrates can be tube shaped, with the heater being placed inside the tube, and the
sensing material at the outer wall of the tube (Figure 2 A), which offers a very large
sensing area; or they can be planar substrates (Figure 2 B). Planar substrates allow for
a wide range of sensing layer deposition techniques. In his case, the heater structure is
placed either on the backside of the substrate or between the substrate and the sensing
layer. A disadvantage of ceramic substrates is their comparably large thermal capacity,
which results in large time constants of at least several seconds when the sensor

temperature is changed.

Micromachined sensor substrates, on the other hand, consist of a thin membrane, with
a thickness in the range of several um, which allows for very fast changes of the
sensor temperature (time constants of several tens of milliseconds). These structures
are generally much smaller than the ceramic substrates, sometimes the dimensions of
the heated areas are in the sub-mm range. Two examples are shown in Figure 2 C and
D. Gas sensor platforms produced in microtechnology require advanced equipment for
manufacturing, but are easily fabricated in large numbers. They require much less

electrical power for heating the sensing layer, as the thermal mass and thermal
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conductivity of the membrane, which is usually surrounded by a cavity for improved
insulation, are very low. The disadvantages, compared to ceramic substrates, are a

higher vulnerability to high temperatures and lower durability in harsh conditions.

Gold wire
A _ o~/ B Comb-like \
Sensing film __~ gold electrodes

Sensing materials
Heating layer

“— Heating wire

Figure 2: Examples of designs of MOS gas sensors; ceramic substrates can have tube shapes as shown
in A [146], but are today usually planar as in B [147]; micro machined devices can be prepared as
single sensors, shown in C [148], or as multi sensor platforms as in example D [149].

Figures A, C, D reprinted with permission from Elsevier; B licensed under CC BY-NC-SA 3.0.

The heater structure which is integrated into the sensor substrate is essential for the
operation of MOS gas sensors. The sensitivity of the sensor to certain gases as well as
the selectivity of the device can be influenced drastically by changing the temperature

of the heater and thus the sensing layer; this is discussed further in the next chapter.
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2.1.2 Temperature cycled operation

As already mentioned, for most MOS gas sensors the temperature of the gas sensing
layer material can be increased using an integrated heater structure. MOS gas sensors
are usually heated to temperatures above 100 °C, as their conductivities can be too low
to be measured properly at lower temperatures and because the gas reactions at the
surface are dependent on an elevated temperature. The temperature of the sensor has a
direct effect on the amount of ionosorbed oxygen, which contributes significantly to
the operation of the gas sensing material by reacting with the surrounding gases. At
high temperatures, more oxygen is ionosorbed at the surface compared to lower
temperatures. The transitions from a low to a high temperature and vice versa are non-
equilibrium states for the sensors and are particularly interesting, as additional effects
gain importance compared to the steady-state operation at a constant temperature. The
transitions and the corresponding effects on the conductance of a sensing material,
especially for temperature changes with time constants in the millisecond range, have

been described in detail in [150] and are illustrated in Figure 3.
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Figure 3: Schematic visualization of the states of a MOS gas sensor during high temperature / low
temperature TCO cycle, shown as an Arrhenius plot; the red and blue illustrations represent the states
of the grain boundaries and depletion zones at the different temperatures; the right part shows the
corresponding signal over time; adapted from [150],[151].
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Starting point in this example is a stationary low temperature (state 1), which results in
low oxygen coverage. A fast temperature step is assumed to achieve state 2, which
represents a high temperature and low oxygen coverage immediately after the
temperature step, as the oxygen reaction process is much slower than the temperature
change. Given sufficient time, more oxygen ionosorbs on the surface and the
conductance of the material decreases until it reaches a new steady state (state 3). A
rapid decrease of the temperature, shown as the transition from state 3 to state 4,
shows the opposite effect as the previous transition. Due to the low temperature and
the high oxygen adsorption on the surface, the sensing material reaches a very low
conductance. As after the temperature increase, relaxation effects eventually lead to

the steady state which is state 1.

Using active temperature modulation, every point inside the shown trapezoid of states
(Figure 3) can be set or passed during a relaxation process, while a sensor at constant
temperature operation is limited to one of these states. Therefore, varying the
temperature of a MOS gas sensor is an established method for increasing the
performance of such a device, which means increase of the selectivity, sensitivity,
stability, and speed of the sensor [152]-[156].

Experiments have shown that a MOS gas sensor in TCO can cover more than 5 orders
of magnitude in conductivity [157]. Therefore, the read-out of the sensor requires more
sophisticated electronics compared to sensors operated in a steady state. One approach
to this challenge is the use of logarithmic operational amplifiers, which has been

successfully tested in previous works [158].

2.1.3 Pulsed laser deposition for manufacturing MOS gas sensing layers

The desired porous structure of the sensing material results in another problem with
MOQOS gas sensors: reproducibility of the layers and their gas sensing characteristics.
Sensors of the same type can show poor uniformity in electrical conductance, which
can pose significant problems for the calibration of sensor elements or sensor systems.

Manufacturing technologies which address this issue are being developed. One of
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them is the deposition of the sensing layer material from a target of this material using
laser ablation; the method is called pulsed laser deposition (PLD) [159]-[161]. Pulses
of a high energy laser are shot at the target, which is placed inside a vacuum chamber.
The high energy of the laser, which is adsorbed by the surface, causes evaporation of
the target material and leads to formation of a plasma, which expands into the vacuum
chamber. The evaporated material condenses on the surface of the substrate, which is
placed face-to-face to the target, and forms a thin coating layer. By controlling the
energy, the pulse length and the pulse frequency of the laser as well as the temperature
of the substrate and the background gas in the chamber, the structure of the deposited
layer can be influenced to generate a large number of variations for a single target
material. These parameters can significantly influence the properties of the sensing
layer, e.g. the porosity of the structure is influenced by the oxygen partial pressure in
the vacuum chamber during the PLD process [162][163]. Examples of SEM (scanning

electron microscope) images of the surfaces of three different materials are shown in

Figure 4.
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Figure 4: SEM micrographs of the surfaces of three MOS layers generated by PLD (WQO3, SnO2(Zn0)
and V-0s), each deposited with two variations of oxygen partial pressure (p(O2)) with a difference of
approx. a factor of 2 [163].
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For all three investigated materials, an increase of oxygen partial pressure (p(O2))
during deposition results in a more porous structure, while the lower p(O2) value

results in dense layers for two of the samples, Figure 4 c) and e).

Using PLD, very thin layers of the gas sensing material can be produced, down to less
than 10 nm [164][165], which is relevant for gas sensors if TCO operation with fast
temperature changes is intended. The method has been used widely for preparation of
gas sensing MOS layers [162]-[164][166].

2.2 Pre-concentration of gases

A method used to enhance the performance of many analytical measurements,
especially for detecting low concentrations of gases (or liquids), is pre-concentration
of the target compounds. The goal of gas pre-concentration is to artificially increase
the concentration of gases, or of a specific target gas, to a level much higher than that
present in the target atmosphere. To achieve this, the gas is collected (adsorbed) in an
adsorber material over a certain time and then desorbed quickly, resulting in a short
pulse of a high concentration of the gas, which can then be detected and measured. For
analytical applications, a wide variety of methods is available [167]. A widely used
technique is sampling of gases in sorbent tubes, followed by thermal desorption in the
analytical measurement system [168]-[170]. Another method is solid-phase
microextraction (SPME), in which a thin polymer coated fiber is inserted in the gas or
liquid and the molecules adsorb on the fiber [171]-[173]. The adsorbed gas is then also
desorbed thermally for analysis. A disadvantage of these methods is that the usual
procedure for such measurements is sampling the gas at the site of its occurrence,
transporting the samples to the laboratory, and performing the analytical
measurements there. This approach is very time-consuming and the sample might
change during transportation. Also, on-line monitoring of a gas atmosphere is not

possible.

Therefore, the combination of pre-concentrator devices and small or mobile gas sensor

systems has gained interest. The examples shown later in this chapter focus on new
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developments on pre-concentrator devices for continuous measurements and the

combination of pre-concentrators with gas sensors.

The combination of gas pre-concentrators with MOS gas sensors in low-cost
integrated systems has been explored in this thesis; the principles of gas pre-
concentration are described in this section. The process of adsorption and desorption is

depicted in Figure 5.
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Figure 5: Basic sequence for a pre-concentrator adsorption / desorption cycle, showing the long
adsorption period and the short desorption peak; adapted from [174].

Figure reprinted (adapted) with permission from ACS Publications, Copyright 2015 American
Chemical Society.

The relevant influences for the pre-concentration factor, i.e. the ratio of the desorbed
gas concentration C» and the initial gas concentration C1, have been identified in [174]
as the initial gas concentration (Cz), the gas flow rates at adsorption (f1) and desorption
(f2), and the times of adsorption (t1) and desorption (t2). In an ideal system, the relation

of these parameters at gas adsorption and desorption can be described by:

C-firti=0C-fr b,
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The pre-concentration factor k can be defined as:

_ %_ fi'ty

k= =2 —
Ci fat

While these formulas point out the basic idea behind gas pre-concentrators, in real
devices these relations are not as simple, as experiments and simulations have shown
[175].

2.2.1 Physical principles

If gas molecules come into contact with a solid surface, they can adsorb at this surface,
I.e. form physical or chemical bonds with the molecules or atoms of the solid and stay
attached to them [176]-[178]. The forces for physical adsorption (physisorption) can
be van-der-Waals forces and additional electrostatic contributions: polarization, field—
dipole and field gradient—quadrupole interactions. These forces are weak compared to
chemical bonds (chemisorption), which can also be very selective [178]. For the
application of gas pre-concentration, physisorption is the relevant effect [179], as the

involved temperatures could not break up chemisorption bindings for desorption.

The number of molecules that can adsorb on a surface is dependent on the number of
adsorption sites on the surface of the solid material. To increase the number of
available sites, microporous materials are used. This means that the material contains
pores with widths not exceeding 2 nm; additionally, mesopores are defined by sizes

between 2 nm and 50 nm; pore widths greater than 50 nm are called macropores [176].

A common way to depict and compare the adsorption behavior of materials is by using
adsorption isotherms, which show the amount of adsorbed gas versus the equilibrium
relative pressure p/po of the gas at a constant temperature, po being the saturation

pressure of the gas at the given temperature [176][180].
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Recommendations from IUPAC (International Union of Pure and Applied Chemistry)

suggest classification of adsorption isotherms in eight groups [176], which are shown

in Figure 6.
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Figure 6: Classification of different isotherms that can occur in physisorption processes, depending on
the involved materials and surface characteristics [176].

Type | isotherms are free of hysteresis and typical for microporous solids which
have a relatively small external surface area. After a steep rise in amount of
adsorbed gas at very low p/po values, it quickly reaches a limiting value, which is
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caused by filling of the available micropore volume. Depending on the exact pore
sizes and pore size distributions, Type I(a) isotherms (mainly narrow micropores)
or type I(b) isotherms (higher variety in pore size distribution) can occur.

Type Il isotherms do not show hysteresis effects either, and are generated by
physisorption of gases on non-porous or macroporous materials, which leads to
unrestricted monolayer-multilayer adsorption up to a high value of p/po. The point
of the curve marked with “B” usually corresponds to the completion of monolayer
formation and the beginning of multilayer adsorption.

Unlike type II, type III isotherms do not show a point “B” to mark the transition
from monolayer to multilayer adsorption, as there is no significant formation of
monolayers. The forces between gas and solid material are comparably weak and
adsorbed molecules cluster around favorable sites. Such behavior also indicates a
non-porous or macroporous solid.

Isotherms of type IV are characteristic for mesoporous materials. For low pressures
its shape is similar to type Il isotherms, however, after reaching saturation vapor
pressure, pore condensation of the adsorbate occurs. Depending on the pore size,
hysteresis effects can occur (type I\VVa) for wide mesopores; for smaller mesopores
no hysteresis can be observed (type 1VD).

The behavior of type V isotherms is similar to that of type Il for low relative
pressures, with relatively weak interactions between the adsorbate and adsorbent.
For higher pressures and microporous and mesoporous materials, clustering of
adsorbate materials occurs and ultimately pore filling, which leads to hysteresis
effects, comparable to type IVa.

Type VI isotherms are characteristic for reversible layer-by-layer adsorption on
uniform non-porous material surfaces. Each step represents a new layer of
adsorbate, with the step heights representing the capacities of the layers.

Different models for mathematical description of isotherm have been developed; the

most commonly used ones are:

The Henry model [180]-[182], which is a simplified model based on the
assumption that the adsorbed molecules are independent of each other. This results
is a linear model for the relative adsorbed gas volume ®, which is calculated from
the partial pressure p of the gas with the Henry constant h [178]:



2 Fundamentals 22

This approximation is accurate especially for very low adsorbate concentrations.

e The Langmuir model [177][178][183] is suitable for describing monolayer
adsorption. Basic assumptions are that only one adsorbate molecule can adsorb at
each adsorption site, that all adsorption sites are energetically equal, that there are
no interactions between adsorbed molecules and that there is no pore condensation.
It can be used at high adsorbate concentrations, where the Henry model becomes
inaccurate. It describes isotherms by the following equation [178]:

4 K-p

0 = =
Vmon (1+K'p)

O describes the fraction of the monolayer that is occupied, V represents the volume
of the adsorbate, Vmon represents the monolayer volume, p is the gas partial
pressure and K is a constant. For low pressures, the adsorption is nearly linear,
while for higher pressures, the formula describes a saturation effect.

e Another model is the Freundlich model [177][178], which can take into account
multi-layer adsorption and inhomogeneous surfaces, i.e. differences in adsorption
site energies. It describes isotherms by a power law [178]:

0=k- prll
O is the relative adsorbed amount and p is the gas partial pressure; k and n are
empirical constants for the adsorbent / adsorbate combination.

e A generalization of the Langmuir model for multilayer adsorption is given by the
Braunauer-Emmett-Teller model (BET model) [180][184]. Its main assumption is
adsorption of a monolayer followed by adsorption of a second layer on top of the
first layer and so on. As in the Henry and Langmuir model, for the BET model no
interactions between molecules on the same layer are taken into account. The
surface coverage 9 is calculated with this equation [180]:

D) =)

p is the partial pressure of the gas, p* describes the saturation vapor pressure of the
gas, C is a temperature-dependent constant specific for the adsorbate / adsorbent
combination

6 =
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Examples for the basic shape of isotherms for each model are plotted in Figure 7.

Henry model Langmuir model

Freundlich model BET model

Amount of adsorbed gas

Gas partial pressure

Figure 7: Examplary adsorption isotherms based on the four presented isotherm models.

The models fit — at least for certain segments of the curves — very well with the basic
classes of isotherms shown in Figure 6. However, these models can not account for all
effects that occur in real isotherms, e.g. hysteresis effects, but can still be used for

characterization or comparison of adsorption materials.

As materials for gas pre-concentration, a wide variety of options are available. For
example, use of carbon in different configurations [185][186], Tenax® TA [187][188],
Carbopack™ [189][190] and zeolites [191] have been reported.
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2.2.2 Metal-organic frameworks as pre-concentrator materials

In this thesis, the compounds used for pre-concentrators are metal-organic framework
materials (MOFs). These are hybrid materials containing inorganic as well as organic
components [179][192][193]. Their structure is determined by a three-dimensional net,
which consists of inorganic “nodes”, e.g. single metal atoms or metal atom clusters,
which are connected by organic molecules, called “linkers”. This structure generates
pores with sub-nm sizes [194], which results in a large surface area and a large number
of adsorption sites, while at the same time the microstructure is very open, allowing
easy access of gases into the pores. The surface areas of these materials can be very
large, often exceeding 1000 m?/g [179]; values up to 5900 m?/g have been reported
[195]. Therefore MOFs are in principle very well suited for the application of gas pre-
concentration, as a great uptake of target gas in the material should be possible. Figure

8 shows examples for MOF structures.

(a) (b)

(d) (e) (f)

be
<

<

Figure 8: Different common structures occurring in metal-organic frameworks; (a)-(c) so-called
“secondary building units”, which represent the metal clusters; (d)-(f): examples of organic linker
structures which connect the metal nodes; metals are represented by blue spheres, carbon is shown as
black spheres, oxygen as red spheres and nitrogen as green spheres [193].

Figure reprinted with permission from Elsevier.
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The presented examples show the variety of different pore sizes and shapes that can be
achieved by variation of the MOF components, i.e. nodes, linkers, and synthesis
method. By controlling these parameters, MOFs can be designed to achieve a certain
selectivity regarding gases they can adsorb, e.g. if the pore sizes are designed to be
very small, large gas molecules can not enter the MOF and reach adsorption sites; such

a MOF would adsorb and pre-concentrate only small gas molecules.

The two types of MOF investigated more closely in this work are HKUST-1 [196], a
copper based material (CusBTC», BTC: benzene-1,3,5-tricarboxylic acid, also known
as trimesinic acid), and MIL-53 [197], a MOF based on Aluminum (AIBDC, BDC:
benzene-1,4-dicarboxylic acid, also known as terephthalic acid). Rendered 3D

depictions of the structures of the two materials are shown in Figure 9.

Figure 9: Rendered structures of the two MOFs HKUST-1 (A) and MIL-53 (B); copper atoms are
colored pink, aluminum is brown, oxygen is red and carbon is shown in white [198].

A clear difference in the structures of the two MOFs is visible. HKUST-1 (Figure 9 A)
forms cavities of different sizes, which enclose single adsorption sites. In MIL-53
(Figure 9 B), the structure is very open in one direction, and straight channels along

this axis are formed. For both materials, the pores have diameters of about 1 nm [194].
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2.2.3 Examples and applications for gas pre-concentrators

Many research groups have experimented with gas pre-concentration, and a variety of

different designs for different applications have been explored.

The usual approach is to design the pre-concentrator as a discrete device with a size of
several mm, which is then placed in a larger measurement system. Some examples are
given in Figure 10, which shows setups from four publications, all containing pre-

concentrator elements as parts of complicated setups.
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Figure 10: Examples of testing systems for pre-concentrator performance; the pre-concentrator devices
are marked by the red arrows; A [188], B [186], figures reprinted with permission from Elsevier; C
[191], figure reprinted with permission from ACS Publications, Copyright 2004 American Chemical
Society; D [190], figure reprinted with permission from the Royal Society of Chemistry.
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In all these examples, the pre-concentrator devices are connected to six-port valves
and the valve positions are switched between adsorption and desorption phases. All
these fluidic and mechanical components may be necessary for characterization of the

pre-concentrators, but would be too large or expensive for many potential applications.

A simpler setup, which consists only of the pre-concentrator device and a modified
commercial gas sensor, was presented in [174]. The principle of the setup is shown in

Figure 11.

Gas Sensor

Concentration (Cao(l))

= Flow () -

Concemtration (C{1})

Cell volume (V)

™ Sensor cell

Figure 11: Schematic diagram showing the fluidic interconnection of a pre-concentrator device and a
gas sensor; this represents a simple setup compared to other test benches (cf. Figure 10) [174].

Figure reprinted with permission from ACS Publications, Copyright 2015 American Chemical
Society.

Using this setup, the effect of independent adjustments of the gas flow during the
adsorption and desorption phase has been investigated. This increased the overall
performance of the system; however, the active transfer of the target gas to the pre-
concentrator, via pumps or mass flow controllers, which has been a central element in
the design of all the presented systems in this section, is expensive and also limits the

number of possible fields of use.

As for the mechanical design of the pre-concentrator devices, there are often three-

dimensional structures incorporated into the gas flow, which are coated with the
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adsorbent material in order to increase the surface area and thus the amount of
adsorbent material that is in contact with the gas. Two examples for such 3D

structures, produced using MEMS technology and processes, are shown in Figure 12.
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Figure 12: Examples of internal 3D structures of pre-concentrator devices; A: arrow-shaped micro-
pillars with a height of 400 pum etched in a silicon substrate and coated with activated carbon [185]; B:
rectangular pillars in different angles with a height of 240 um coated with Tenax® TA [188], figure
reprinted with permission from Elsevier.

The two devices show similar basic structures; the gas is directed through a chamber in
which pillars are designed into the path of the gas flow. The pillars have sizes of
several hundred nm, and increase the amount and surface area of the adsorbent

material by a large factor compared to a plain chamber floor.

Pre-concentrators have been investigated for many different applications and in many
different setups. Often they have been used in combination with analytical
measurements, e.g. GC-FID [186]-[188] or GC-MS [189]. Such setups are suited
especially for characterization of the pre-concentrator, as the analytical measurements
allow a high degree of sensitivity and selectivity. A number of groups are using pre-
concentrators in combination with SAW sensors (surface acoustic wave) [190][199],
which are usually set up as arrays of devices with different sensing materials. Pre-

concentrators have also been coupled with MOS gas sensors, both commercial sensors
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[174] and proprietary ones [185]. Other sensor principles used for testing pre-
concentrators are optical cavity ring-down spectroscopy [191] and electrochemical
sensors [205].

Many of the published articles focus on air quality monitoring as a possible application
for gas pre-concentration. The setups are tested with benzene [174][189] or gas
mixtures containing several gases relevant for IAQ [190][191][199], cf. section 1.1.1.
Other backgrounds used for development and characterization of pre-concentrator
devices include breath analysis [186], safety applications such as detection of
explosives [205], detection of specific single gases like ammonia [185] or general
characterization of the device performance with a variety of gases without validation

for a specific application [187][188].

In the presented examples, the pre-concentrator performance was tested with target gas
concentrations from the sub-ppm range, e.g. 400 ppb of BTEX components (benzene,
toluene, ethylbenzene, xylenes) [199] or 250 ppb of benzene [174], down to the ppb
range, e.g. 17 ppb of heptane [186] or 6 ppb of ethane [191]. In all examples,
significant pre-concentration effects were achieved; the highest reported pre-
concentration factor was 1000 [188], using the device shown in Figure 12 B in the
setup shown in Figure 10 A; the applied test gas was nonane and the adsorbent

material Tenax® TA.

These results show the potential of gas pre-concentrators for trace gas analysis, but the
design and setup of such devices must be significantly scaled down and simplified to

facilitate mass production, which is a key aspect for many of the intended applications.

2.3 Signal processing

The temperature dynamic operation of MOS gas sensors requires and allows for more
complex signal processing than sensors operated at constant temperatures. The

techniques used in this thesis are presented briefly in this chapter.
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2.3.1 Signal pre-processing

Raw gas sensor signals can be affected by noise and drift effects, which reduce the
performance of signal processing algorithms. Therefore, pre-processing can be applied

to the data in order to minimize some of these influences.

The most common methods for first stage signal treatment in gas sensors are
smoothing and normalization of the signals [200][201]. Smoothing can reduce the
noise of the sensor signals; however, it must be applied carefully, as the shape of the
signal holds the information in TCO sensor signals, and smoothing can also influence
this shape and thus the information contained in the signal. A smoothing algorithm
must be found for a specific application which removes the noise while maintaining
the underlying information. For example, critical segments in TCO data are fast
temperature changes of micro hotplate gas sensors, which cause quick changes in the
signal that contain useful information, e.g. a peak height, but might be flattened
significantly by a smoothing algorithm. Commonly used smoothing methods are
moving average [202] and the Savitzky-Golay convolution filter [203]. Depending on
the quality of the raw signals and the extent of the sensor response to the gases, using
no filter might be the best option, as all information of the signal is preserved, but this

choice is dependent on the individual signal situation.

Normalization of the signals is a method that can counteract other influences on the
sensor, such as long-term drift effects in the baseline or the sensitivity [204]. For TCO
signals, normalization is usually performed per temperature cycle. Proven methods for
normalization are division of each signal value by the mean value of the cycle signal

or mapping the signal of each cycle to a specific interval, e.g. [0..1] or [-1..1].

Normalization by division by the cycle mean value is performed with the following

formula for a signal vector sigrco, which contains n signal values of a TCO cycle:

Sl9rco _ St9rco
. -1 L
mean(sigrco) =-YM. sighe,
n

Sl9norm =

I represents the index of the vector.
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Normalization with this method is used especially for compensation of baseline drift
effects.

Mapping of the signal to the interval [0..1] is performed by the following formula, for

other intervals it can be adapted:

Sigrco — min(sigreo)
max(sigrco) — min(sigrco)

) —
Sl9norm =

Such a normalization can be useful if the information of the signal is contained mostly
in the shape instead of the absolute values. On the other hand, if the absolute levels of
the signal hold significant information, such a normalization step can result in loss of
quality of the following signal processing. As with signal smoothing, the usefulness of

a specific method must be tested and evaluated for each application.

2.3.2 Quasi-static sensor signals

The most basic approach to analyzing cyclic sensor signals next to comparing single
cycles is the generation of quasi-static sensor signals. To generate such a signal, the
sensor signal value of a chosen point in time during the temperature cycle is extracted
for each cycle. This generates a simplified sensor signal which represents the signal for

the chosen state of the sensor inside the cycle. An example is given in Figure 13.

Figure 13 A shows a raw sensor signal during a ramp up / ramp down temperature
cycle. The chosen point for a quasi-static signal was chosen at 20 s, indicated by the
dashed line. The signal value at this point of the cycle was extracted for all cycles of a
measurement with several concentrations of three gases and a section of approx. 1100
cycles is shown in Figure 13 B. For the chosen point, the sensor shows a clear

response to the naphthalene test gas and very low responses to the other two gases.
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Figure 13: A: Visualization of a gas sensor temperature cycle (linear ramps from 200°C to 400 °C and
back down to 200 °C, green) and corresponding gas sensor signal (red); the dotted line shows the point
of the cycle selected for a quasi-static signal, which is shown in B for a measurement of three gases in
three concentrations each [206].

This representation of the sensor signal allows for a quick and transparent evaluation
of the sensor response to the test gases, without employing more advanced and more
complicated signal processing. However, the effort for manually evaluating quasi-
static sensor signals of larger numbers of points of the temperature cycle take a lot of
effort and this approach might not be useable for very small signal changes, which is

why advanced signal processing is required for many applications.

2.3.3 Feature extraction

When MOS gas sensors are operated in TCO, the signals cannot be described by a
single value. Generating quasi-static signals, as described in the previous section,
extracts only a very limited amount of the information that is contained in a
temperature cycle signal. To increase the extracted information, a set of values is
computed from the cyclic signals, called features. There are many options for doing
this; commonly, this is used as a dimension reduction of the complex raw TCO sensor

signals. The process and techniques of the feature extractions used in this thesis have



2 Fundamentals 33

been explained and discussed in detail in previous theses [207]-[210] and publications

[211][212], therefore a brief introduction is given in this chapter.

In the presented signal evaluations, features have been extracted from sensor signals
which represent these signals while reducing the number of data points that are used in
the subsequent signal processing methods. For example, raw signals consisting of
1800 data points have been reduced to 32 features, which describe the shape of the

sensor signal curve.

To generate such features, the TCO cycle is first divided into several segments in

which the features are calculated. An example is shown in Figure 14.
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Figure 14: Example of segmentation of a TCO signal cycle for feature extraction in 16 segments;
several TCO signals are plotted to see where changes occur in the signal and to enable a suitable
choice of segment intervals.

The segments are chosen to represent the different states, i.e. temperatures or
temperature ramps, of the sensor, and each state is further divided into several
segments. To generate features, the same calculations are performed with the sensor
signal in each segment. Many calculations are possible, the most commonly used ones

are calculating the mean values and the slopes of the signal segments, but further
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options such as calculation of curvatures, fit function parameters (e.g. for polynomial
or exponential fits), minimum or maximum values, or Fourier transformations are
possible [156][213][214].

In the example (Figure 14), it is obvious that many of the depicted signal curves differ
significantly in mean values and slopes for the chosen segments and can be clearly
separated using these features. The positions of the segments are chosen by the
dynamic of the sensor signal during different states, e.g. the signal changes quickly
after a fast temperature change (cf. chapter 2.1.2), therefore the segments are chosen to

be shorter in such phases compared to long phases of static temperatures.

This approach creates a set of values, called “feature vector” in this thesis, for each
sensor cycle. This vector is then used for further signal processing, i.e. multivariate
analysis techniques such as linear discriminant analysis (LDA) or partial least squares

regression (PLSR), which were utilized for some of the presented gas measurements.

2.3.4 Linear discriminant analysis and classification

Linear discriminant analysis (LDA) is a method for calculating a transformation rule
which separates data sets according to their assigned target classes [215]. The target
class for each data set must be known; therefore it is called a supervised learning
algorithm. It is a generalization of Fisher’s linear discriminant, which was published in
1936 [216], and can handle data sets representing two or more classes [217]. LDA,
which is often used for pattern recognition applications (e.g. face recognition [218]-
[220]), calculates a function which represents a linear combination of the input data set

f (in this case the extracted gas sensor feature vector) and a coefficient set c:

DF,; C1,0 €1 " Cm fi
DF,,_, Cn-1,0 Cn-11 " Cn—1m fm
Ciotcii-fitc fott+em fn

Cn-1,0 t Cin-11 fit Cn-1,2 o+t Chn—-1,m " fm



2 Fundamentals 35

The resulting vector DF contains the so-called discriminant functions of the LDA.

The optimization the LDA algorithm performs is finding a set of coefficients ¢ which
maximizes the distance between the groups/classes and minimizes scatter within the

groups:

scatter between groups
I = — = max
scatter within groups

When the LDA projection is applied to a data (feature) vector, it is transformed into a
data point in the new coordinate system, but not yet classified into one of the groups
that were used for determination of the LDA parameters. Therefore, a classifier is
necessary, which assigns the new data point to one of the existing groups, e.g. a type
of gas. In the examples in this thesis, the k-nearest neighbor (knn) classifier is used. It
is one of the simplest algorithms for this task, as it calculates the distances of the new
data point to the k nearest known data points and then assigns it to the class to which
most of these points belong to. Several types of distances can be calculated, here the

Euclidian distance was the chosen method:

n
Apuctidian = Z(Qi - pi) 2
i=1

The number of observed neighbors, k, is usually an odd number in the range from 3 to

11; in the presented data evaluations it was set to 5.

Figure 15 shows an example of an LDA projection of gas sensor signals with a 2-
dimensional output, i.e. mapping of the input feature data sets of two discriminant

functions.
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Figure 15: Plot of a 2D LDA data processing for identification of four different classes [221].

The LDA algorithm calculates the output functions in a way that separates the 4 input
classes, each representing a different gas condition, in the 2 dimensions. The
separation of the groups in this example is not optimal; there is some slight overlap
between the groups of naphthalene/benzene and benzene/formaldehyde, respectively.
The scatter within the groups is not ideal as well, as the groups are not very compact

and there are some outliers.

2.3.5 Partial least squares regression

A disadvantage of using LDA (+ classification) is that it treats every target class
independently and does not take into account relations of the target classes, e.g.
numerical relations if they represent different gas concentrations. For example, if the
gas concentrations 1 ppm, 2 ppm, and 10 ppm are the target classes, the LDA

algorithm tries to maximize the distances of all classes, even though the distance
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between 1 ppm and 2 ppm should be much smaller than the distance between 2 ppm

and 10 ppm.

Regression algorithms, in this case more specifically partial least squares regression
(PLSR) [222][223], are used in data processing if the input data is mapped to a
continuous numerical target value range, e.g. a gas concentration. Therefore,
quantitative information can be extracted from the input, in contrast to LDA with knn,
which performs a qualitative classification. The PLSR algorithm calculates a linear
model which maps the input variables (e.g. gas sensor signal features) to a response
variable (e.g. gas concentration). PLSR has been shown to yield good results even if

the input variables are collinear, which is a problem for other methods.

An example for a result of a PLSR signal processing of features extracted from gas

sensor signals is given in Figure 16.
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Figure 16: PLSR gas quantification results; the PLSR model was trained with the data marked by
hollow circles; the data sets of the data points marked by yellow triangles were projected into the
model; further processing of data presented in [224].
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In the plot, the set gas concentration is plotted on the x-axis, and the corresponding
PLSR output value, i.e. the predicted concentration for each input data set, is plotted
on the y-axis. In this example, the PLSR model was calculated with the sensor data
(features) from the gas concentrations 0, 0.5, 2 and 10 ppb, and evaluated for the same
input data sets (“training data”, circles). Then, the feature sets from the sensor signals
recorded at 1, 3, and 5 ppb were also mapped to the output concentration range by the
model (“validation data”, yellow triangles). With ideal data, all data points would be
placed on the optimal line (red). In the example, there is an error in the prediction of
the gas concentration of less than £ 2 ppb, which is the case for both the training data

as well as for the interpolated gas concentrations.

2.3.6 Validation of signal processing methods

The obtained output of such a signal processing run does not yet give an assertion
about the quality of the result. Therefore, a validation step is necessary, which
evaluates the output, e.g. by checking how many input data sets are classified correctly
and between which groups misclassifications occur. This is also crucial for comparing

different processing parameters, e.g. different classifiers.

Another important aspect is checking the model for applicability to new data that was
not used for training. This cross-validation can be done in several ways, the most
effective and most challenging for the model is to evaluate a completely new data set,
e.g. repetition of a measurement several weeks after the training measurement was
performed. Another method is excluding certain groups of data sets from the training
(e.g. gas concentrations, cf. Figure 16) and checking if interpolation or extrapolation
are possible with the model. A number of other methods are used for dividing the data
set into training data and validation data; many are described in [225]. These methods,
such as bootstrap, k-fold cross-validation or leave-one-out cross-validation, represent
techniques for fixed or random generation of data splits from a given data set for
calculating the signal processing model and data to validate the model. The most

simple of these cross-validation methods, which was also used for all LDA validations
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in this thesis, is leave-one-out cross-validation (LOOCV). It is performed as many
times as there are input data vectors, in this case TCO feature vectors. In each run, one
data vector is left out of the training, then projected into the calculated model and
classified by the classifier algorithm. After a full run, the result shows how many data
vectors are classified correctly or incorrectly, and which class they are assigned to.
This allows for a detailed analysis of the performance of the model, and an objective

evaluation of different methods and classifiers.



3 Characterization and calibration of gas sensor systems at ppb level — a versatile test gas generation system 40

3 Characterization and calibration of gas sensor systems at ppb

level — a versatile test gas generation system

Martin Leidinger, Caroline Schultealbert, Julian Neu, Andreas Schiitze and Tilman

Sauerwald

Saarland University, Lab for Measurement Technology, Saarbriicken, Germany

Originally published in Measurement Science and Technology, 29 (1), 015901, 2018

doi: 10.1088/1361-6501/aa91da

Synopsis

As already mentioned in the introduction (section 1.3), adequate generation of test
gases is an essential prerequisite for the development of gas sensor systems for the
detection of low target gas concentrations. Therefore, a gas mixing system has been
developed for this task, based on a previous design [129]. The chosen method for gas
generation was dynamic gas dilution; no other methods were incorporated in the
system, as the predecessor system offers sufficient channels for additional use of
permeation devices. The combination of these two methods can cover a very wide
range of target gases and concentrations. The application in mind for the design was
characterization of gas sensors and gas sensor systems for indoor air quality

monitoring; therefore the facility was equipped to handle permanent gases and VOCs,
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with the exclusion of semi volatile organic components, which are not available in gas

cylinders in suitable concentrations.

In the design of such a system, several aspects are important and have to be addressed.
Most obvious is the performance of the system in terms of accuracy of the generated
gas concentrations. The applied technology in this case, mass flow controllers (MFCs),
offers active gas flow control and high accuracy of these flows over a wide range. The
MFCs used in the presented system (MKS MF1) have an accuracy of + (0.5 % of
reading + 0.2 % of FS (full scale)) and a control range of 2 % to 100 % of FS [226].
The relative accuracy of the set flow therefore decreases significantly when the

setpoint is close to the lower limit of the controller, as some examples in Table 2 show.

Table 2: Relative accuracy values for different setpoints of the chosen mass flow controllers.

Setpoint Error

100 % FS 0.7 % of setpoint
50% FS 0.9 % of setpoint
10 % FS 2.5 % of setpoint
5% FS 4.5 % of setpoint
2% FS 10.5 % of setpoint

Therefore, the MFC setpoint calculations of the gas mixing system software have been
limited to 5% FS as the lowest applicable value, although the MFC itself could set
even lower flow rates. This limitation assures a maximum error in gas flow of approx.
5 % of the setpoint. Other relevant aspects are response times of the active components
(MFCs, pressure regulators, valves) or compatibility of the used materials (tubing,
seals, etc.) with the gases regarding chemical stability and adsorption effects,

respectively. These aspects are discussed and tested in the publication.
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What is also important for such a system is the control software. The program used for
the presented facility is an updated version of the one presented in [129], and controls
all fluidic components. Additionally, the sensor operation (TCO parameters) and
sensor read-out (TCO gas sensors, temperature/humidity sensors and any analog signal
sensors) are realized in the same program. The advantage of such a combined software
is the inherent synchronization of sensor signals and gas mixing system status, which
facilitates interpretation of sensor signals and debugging of the system. The software
also allows for active synchronization of gas sensor operation and gas mixing, via

coupling of gas state transitions to starting times of TCO cycles.

The publication addresses the design of the fluidic setup of the system regarding
possibilities of gas generation and mixing as well as issues of material compatibility

for ppb level VOCs and unwanted tailing effects due to dead volumes.
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Abstract

CrossMark

This article presents a test gas generation system designed to generate ppb level gas
concentrations from gas cylinders. The focus is on permanent gases and volatile organic
compounds (VOCs) for applications like indoor and outdoor air quality monitoring or breath
analysis. In the design and the setup of the system, several issues regarding handling of trace
gas concentrations have been considered, addressed and tested. This concerns not only the
active fluidic components (flow controllers, valves), which have been chosen specifically for
the task, but also the design of the fluidic tubing regarding dead volumes and delay times,
which have been simulated for the chosen setup. Different tubing materials have been tested
for their adsorption/desorption characteristics regarding naphthalene, a highly relevant gas for
indoor air quality monitoring, which has generated high gas exchange times in a previous gas
mixing system due to long time adsorption/desorption effects. Residual gas contaminations
of the system and the selected carrier air supply have been detected and quantified using

both an analytical method (GC-MS analysis according to ISO 16000-6) and a metal oxide
semiconductor gas sensor, which detected a maximum contamination equivalent to 28 ppb

of carbon monoxide. A measurement strategy for suppressing even this contamination has
been devised, which allows the system to be used for gas sensor and gas sensor system
characterization and calibration in the low ppb concentration range.

Keywords: gas mixing, trace gases, test gas generation, metal oxide semiconductor gas sensor,

volatile organic compounds, FEM simulation

(Some figures may appear in colour only in the online journal)

Introduction and motivation

The detection of trace gases gained high importance within the
last decade [1-3]. One major driving force is the rising con-
cern for cleaner air indoors [4-6] in private homes, in public
buildings and workplaces as well as outdoors in urban areas
and in locations with specific pollution sources like industrial
agriculture [7] and waste treatment [8, 9]. In most of these
applications, gases at low concentrations in the ppb range need
to be measured with high accuracy [10-12]. Most important

1361-6501/18/015901+10$33.00

for the health aspect is a good estimation of the exposure of
humans to pollution [13], which drives the development of dis-
tributed sensor systems or sensor networks, aiming at supple-
menting the existing grid of environmental monitoring stations
with low-cost sensor nodes offering high spatial and temporal
resolution [14—17]. First studies for outdoor air show that the
burden of pollution can be very local; highly polluted areas
in cities can be located closely to almost clean areas [18]. In
indoor environments a strong variation from household to
household has already been reported for many years [19, 20].

© 2017 |IOP Publishing Ltd  Printed in the UK
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Besides the demand for environmental monitoring, new
fields of applications are emerging quickly. Numerous medical
studies show that the measurement of (gaseous) metabolites,
e.g. from exhaled breath [21], but also as from other sources
[22], can be used as non-invasive method for diagnostics or
therapy monitoring. For these studies and for later applica-
tions the detection of a complex mixture of gases covering a
wide concentration range in an even more complex gas matrix
is required [23].

All presented applications require trace gas generation
methods for the development, characterization and calibration
of gas sensors and gas sensor systems. Analytical chemistry
and its metrology have established various methods for the
generation of gas standards; however, new challenges such
as high flexibility, high throughput and low costs per item
are specific for sensor systems and have to be addressed.
Moreover, sensor systems often use detector principles that
are different from the methods of chemical analytics. Some
of these methods require a higher concern for the gas matrix
that may contain hidden interfering gases. For example, metal
oxide semiconductor (MOS) gas sensors for detection of
VOCs (volatile organic compounds) also respond to hydrogen
whereas other methods such as flame ionization or photo
ionization detectors do not. Test gas as well as ambient air may
contain hydrogen at different concentrations. These aspects
need to be considered in novel concepts for test equipment
[3]. In the last years only few systems dedicated to the test of
gas sensor systems at ppb level have been reported. Gerboles
and Spinelle [24] demonstrate an approach using circulating
air in a toroidal glass duct. Target gas concentrations can be
closed-loop controlled by reference measurement methods.
This approach is capable of testing larger devices such as
complete sensor systems and it therefore also addresses the
influence of environmental parameters like, e.g. air flow. The
closed loop approach allows using larger gas flow rates and
continuous reference measurements. However, a drawback of
this approach is the requirement for real time reference ana-
lytics leading to high costs and considerable efforts for adap-
tation of the test gas profile. A different approach is the use
of continuous flow mixing systems [25] with dynamic dilu-
tion that use mixtures of various mass flows. These systems
can be highly adaptable to various gas profiles; however, the
gas flow rate is often limited. For ppb concentration levels
this approach has two additional challenges: The generation
of very small continuous mass flows for very low concentra-
tions and the minimization of side effects, e.g. sorption on
the tubing or dead volumes. In an earlier work [26] some of
us presented a successful adaptation of two methods for the
generation of continuous flow of ppb level target gases by
multi-step dynamic dilution for high volatile compounds and
by permeation for low volatile compounds. Using the permea-
tion method Pogany et al [27] presented a system for gener-
ating ammonia trace gases including a study on the sorption
effect on various tubing materials. Haerri et al [28] compared
the generation of nitrogen oxides and sulfur dioxide traces by
dynamic dilution with the permeation method.

In this work we present the improvement of a dynamic
dilution gas mixing system for the characterization of sensor

systems with a focus mostly on MOS gas sensor based sys-
tems. For the semiconductor gas sensors a novel quantifica-
tion approach [29, 30] can be used that is able to estimate
an upper limit value for sensor active gas background in the
facility in order to compensate the effect of gas background
variations of the system.

Upgrade of previous gas mixing system concept

The design of the new gas mixing system is following the line
of our earlier concept [26]. However, the new system focuses
on the multistep dynamic dilution and is therefore suitable
only for volatile gases with high vapor pressures which are
available in gas cylinders at elevated concentrations; using
permeation ovens or other methods for low volatile com-
pounds has not been implemented. The motivation for using
elevated test gas concentrations in the gas cylinders is the
residual contaminations of these cylinders, which are still up
to 10ppm at a test gas purity of 5.0. Therefore, test gas con-
centrations of at least 100 ppm should be used in order to have
a ratio of less than 10% of contaminations compared to the
test gas concentration.

In addition to having the ability to generate low concen-
tration test gases, another design goal was to minimize delay
times when switching gases or concentrations and to mini-
mize dead volumes in the system, as these can generate tailing
effects which hinder the generation of clean gas pulses. This is
relevant for the simulation of applications in which gas pulses
or quick concentration changes must be monitored, e.g. breath
analysis or gas chromatography.

All gas mixing is realized by mass flow controllers (MFCs).
The setup can be divided into several sections, see figure 1.

As carrier gas, zero air from two cascaded zero air gen-
erators (Nitrox CO2RP280, Parker Hannifin, USA, and Ultra
Zero Air generator N-GT15000, Schmidlin Labor + Service
SA, Switzerland) is primarily used. The first device reduces the
VOC content using an active charcoal filter and also removes
water and CO, by a molecular sieve with pressure swing. The
second stage oxidizes residual hydrocarbons (C1-C3), carbon
monoxide and hydrogen using a noble metal catalyst. Nitrogen
is installed as a second carrier gas; this allows for generation
of reduced oxygen atmospheres down to almost 0% oxygen,
i.e. for simulation of exhaust gas mixtures or exhaled breath.
Part of the carrier gas stream is humidified to nearly 100%
RH by passing the gas flow through a washing bottle which is
temperature controlled to a temperature slightly below room
temperature to avoid condensation of water in the tubing. To
minimize contaminations of the gas by the water, HPLC grade
water is used.

All carrier gas fractions are controlled by 500ml min~
MFCs, allowing the full range of oxygen and RH for total
flow rates up to 500ml min~!, which is normally used, and
reduced ranges for higher flow rates, i.e. 50% RH only for 11
min~! total flow.

One-stage and two-stage dynamic gas dilution of the test
gases into the carrier gas stream have been realized. In one-
stage dilution, the test gas from the gas cylinder is dosed into

1
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Figure 1. Schematic diagram of the gas mixing system. The different segments are: mixing of the dry carrier gas, test gas dosing with and
without an added dilution step, carrier gas humidification, and application of the full gas mixture to a sensor panel.

the carrier gas stream by a single MFC. Two-stage dilution
uses an additional dilution step in which a low flow of the
test gas from the gas cylinder is mixed with a high flow of the
dry background gas before being dosed into the carrier gas
stream by a third MFC. This setup is more complex, as not
only two additional MFCs per line are needed but also a pres-
sure regulator between the two stages to ensure correct and
constant pressure values for the final MFC stage. Currently,
four test gas lines are set up as two-stage gas dilution lines
and two lines are installed without pre-dilution; these lines
can however be upgraded if needed. In the mechanical setup,
the MFCs are installed on two levels. The first stage pre-
dilution MFCs and the MFC for setting the humid carrier gas
are located on the bottom level, while the MFCs for the dry
carrier gas and the second dilution stage are located on the top
stage. This setup ensures short tubing from the second stage
MFCs to the gas mixing block to minimize dead volumes and
delay times when changing gas concentrations.

The gas mixing system should be able to provide well-
defined gas mixtures. One important aspect is the precision of
gas pulses. To provide precise gas pulses the switching time
of the mass flow controllers should be as short as possible.
We tested three different types of mass flow controllers for
their settling time to reach a defined flow for a typical test gas
profile. In the previous system [26], MFC types 8715 (bypass
sensor with heated resistors) and 8713 (MEMS sensor) from
Biirkert (Christian Biirkert GmbH & Co. KG, Germany) were
installed for the test gases and for the carrier gases, respec-
tively. These MFCs were found to have long switching times
between flow setpoints after receiving the respective com-
mand. If the change in flow is large, it can take up to 5s until

Setpoint
80 - —— MKS MF-1
—— Birkert 8713
Biirkert 8715
(%]
; 60 k
[=
© 40
w
=
w
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0-—j . - .
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Figure 2. Comparison of settling times for various setpoint changes
for three mass flow controller types.

the new gas flow is reached at a steady level for both types.
If fast changes in gas concentration or short gas pulses are
required, the temporal performance of these controllers is
not sufficient. Furthermore, the stability of the gas flow is not
ideal.

Therefore, faster MFCs are used in the new system, with
a controller settling time of <800ms according to the data-
sheet (type MF-1, MKS Instruments Deutschland GmbH,
Germany). The settling times for the three controller types
were compared by switching the nominal output flow between
several values and recording the output signals, see figure 2.

The MF-1 MFC changes its output gas flow much faster than
the compared Biirkert controllers. For all setpoint changes, the
gas flow overshoots from the control are significantly lower as
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well. All controllers show a delay and an overshoot when the
setpoint is changed from 0 to 20% FS, for all other changes
the MF1 shows a very low over- or undershoot, while the
Biirkert MFCs show significant signal oscillations for several
seconds until a stable output is reached. The measured flow
stability of the MKS MFC is considerably better compared to
the Blirkert devices. One can see that the error for the setpoint
is very high when switching from a zero flow. In general larger
relative changes in flow are producing a large error. Therefore,
the test gas lines are equipped with an additional valve at the
injection to the total gas flow that allows delaying the injec-
tion of the mass flow of the test gas until the MFC gas flow
has reached a steady state. By this procedure, only the carrier
gas stream needs to be compensated to keep the total flow con-
stant and avoid temperature changes of the tested gas sensors.
The minor relative changes of the carrier air stream will only
cause small deviations of the total gas flow.

The minimum setpoint for the MFCs was chosen as 5% full
scale (FS) of each device, as the relative error of gas flow, i.e.
0.5% of the setpoint plus 0.2% of full scale, increases quickly
below this value. At 5% setpoint the relative error for the gas
dilution is 4.5%. The calculation of the setpoints of the three
MECs involved in a pre-dilution gas line have to be optim-
ized for low bottle gas consumption and low switching time
between gas concentrations, with the latter having a higher
priority. Low gas consumption has been achieved by always
minimizing the gas flow in the first dilution stage and thus
minimizing the cylinder gas flow. Fast changes of concentra-
tion for gas mixing are implemented into the MFC control by
always having the second stage MFC fully open if possible.
This ensures a fast gas exchange in the tubing between the two
MEC stages. At a gas volume of approx. 0.8 ml between the
two stages, which are installed on two levels of the mechan-
ical setup, the time for gas exchange could take up to 96s if
the second stage MFC with a maximum flow rate of 10ml
min ! is set to 5% FS, based on the MFC configuration and
the second stage MFC setpoint. If the second stage MFC is
fully opened, the gas exchange time is reduced to 4.8 s in this
configuration example.

The total concentration range that can be covered with
a two-stage dilution spans four orders of magnitude and is
divided into five segments; in most segments the setpoints of
two MFCs are fixed while the third one is varied. Figure 3
gives an example for a dilution line with a 20ml min~! test
gas MFC and a 500ml min~! carrier gas MFC in the first
stage, and another 20ml min~' MFC in the second stage. In
the example, the total gas flow at the sensors is set to 400ml
min~! allowing maximum and minimum concentrations of
5% and 5 - 107*%, respectively, of the test gas bottle concen-
tration corresponding to 5 ppm and 0.5 ppb, respectively, for a
100 ppm test gas bottle.

1. For the lowest concentration, the dilution carrier gas flow
is set to its maximum and the MFC setting the gas flow
from the bottle is set to its minimum. The second stage
MFC is varied from its minimum to 100% FS.
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Figure 3. Setpoints for the three MFCs of a two-stage dynamic gas
dilution line for a configuration with 20ml min ! bottle gas MFC,
500ml min ! carrier gas MFC and 20ml min ™! MEC for the diluted

gas into the carrier gas; calculated for a total gas flow at the sensors

set to 400ml min .

2. In the second segment, the gas bottle flow is set to its
minimum, the second stage MFC is fully opened (for low
gas exchange times between the stages) and the dilution
gas is varied over its full range.

3. In the third segment, the second stage MFC is kept fully
opened, the dilution gas is fixed to its minimum, and the
bottle gas MFC is varied over its full range.

4. For the fourth segment, the dilution gas is switched off,
the gas concentration between the MFC stages is the
same as in the gas bottle. To maintain the pressure drops
over both MFC stages, the gas flow of the first stage test
gas MFEC is set 10% higher than the second stage MFC.

5. In the last segment, the first stage test gas MFC is set to
fully open, the dilution gas MFC is closed, and the second
stage MFC is varied between 90% FS and 100% FS.

If the full control range of the MFC is used (down to 2% FS,
which means the error can be up to 10% of the setpoint), the
dynamic range can be increased to 1:62500 in this example.
Two pre-dilution lines of the assembled system are equipped
with 10ml min~! MFCs for both test gas and diluted gas to
achieve lower gas concentrations by a factor of 4 compared to
the setup with two 20ml min~' MFCs. For single MFC lines
without pre-dilution the dynamic range is 1:20 (limit at 5%
FS) and can be extended to 1:50 (flow setpoint down to 2%
FS).

Another important aspect in this setup is to assure that the
gas flow exiting stage 1 is larger than the gas flow exiting stage
2. This is ensured in segments 1-3 (figure 3) by the carrier gas
flow, which is always higher than the MFC flow of the second
stage. In segment 4, where the carrier gas for pre-dilution is
switched off, the test gas MFC flow in the first stage is set 10%
higher than the second stage flow. This ensures a slight over-
flow and a stable gas pressure between the MFC stages. In the
last segment the overflow slowly reduces to zero.
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Figure 4, FEM model and gas concentration (color map) for the gas path behind the test gas dosing containing an exemplary dead volume
(the humidified carrier gas inlet). A total flow of 100 ml min~! and a 2s rectangular gas pulse (¢ = | ppb) realized by valve switching are
assumed at the inlet (top left); through diffusion, a Gaussian peak establishes. Insert at bottom left shows the almost ideal Gaussian peak
that reaches the sensors. A dead volume, which for example occurs in our system when no humidity is added to the gas flow, results in
significant tailing (7' = 1.0746, IUPAC notation) where the peak concentration is only reduced by 2 orders of magnitude even after several

seconds (time constant 7 = 6.86s).

FEM modelling of critical system components

As already mentioned, another aspect that was optimized was
the attention on dead volumes in the system. By designing
the mechanical setup in a way that uses short tubing connec-
tions between fluidic parts and small diameter tubing, dead
volumes which could prolong gas exchange times have been
minimized. The effect of a dead volume which is not flushed
by a gas stream has been simulated using FEM (finite ele-
ment method) modelling. For the simulations COMSOL
Multiphysics was used. Since laminar flow conditions
are dominant throughout the system (Reynold's number
Re = 17.5 in the presented example), diffusion is the main
gas mixing mechanism. Therefore, attention should be paid to
mixing paths (e.g. inside pre-dilution lines) as well as to dead
volumes (to avoid carry-over effects). FEM models have been
used to evaluate and optimize the most time critical system
components; one example is given in figure 4.

Figure 4 shows a 2D model of the tubing path behind the
test gas dosing and the adding of the humidified carrier gas via
a T-fitting. When no humidity is used, this inlet is a dead end
and thereby a large dead volume (minimum 1.5 ml, assuming
a T-fitting with a cap nut). Regarding the overall system, this
is the longest path and the highest dead volume, so it can be
regarded as the most critical component. At the dry air and
test gas inlet a total flow rate of 100ml min~! is assumed and
a smoothed 2 s rectangular peak with a concentration of 1 ppb
starting at t = 1s is applied. The rectangular shape originates
from valve switching. Inside the gas mixing block dead vol-
umes and gas paths are very short, so that at this point a rec-
tangular shape of the gas peak is a valid approximation. Due

to the smoothing (0.05 s transition zone) the concentration can
be evaluated correctly, because FEM needs steady conditions,
and moreover a perfectly rectangular shape does not represent
realistic conditions. The tube diameter along the gas path is
Smm. A diffusion constant of D=8 - 107% m? s~! is used
for the simulation, which represents toluene as a typical VOC
[31]. Due to diffusion, the gas pulse gradually approaches a
Gaussian shape with increasing FWHM (full width at half
maximum) along the path, starting at FWHM = 2 s at the inlet
and reaching FWHM = 2.13 s at the outlet. The time constant
7 for the concentration decrease also increases from 7= 0.1s
to 7= 0.37s at the outlet. At the dead-end, gas molecules
are sheared off and, since there is no flow at this point, stay
inside this dead volume (see the coloring inside the channel,
which stands for concentration). Again, due to diffusion these
molecules are carried out of the system very slowly. Behind
the T-fitting the pulse shape is no longer perfectly Gaussian.
Molecules diffusing out of the dead volume cause tailing
effects (7"= 1.0746, IUPAC notation) and a second time con-
stant of 7= 6.86s in the decrease of concentration appears,
which can be seen in the logarithmic graph in figure 4. The
concentration may seem to be very low, but seconds after
the peak has passed, still 1% of the maximum concentration
reaches the sensors. For sensitive sensors, especially MOS gas
sensors with highly non-linear sensitivity, this is significant.
In this case, the dead-end could be avoided by using a corner
piece instead of a T-fitting when measuring without humidity,
but similar effects can also occur inside sensor chambers
and sensor housings so sensor chamber design also has to be
optimized according to the test conditions.
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Figure 5. Sensor signals of the adsorption/desorption test measurements. (a) Naphthalene desorption test, the shown signal is the difference
of the signal slopes (reference—test) during a low temperature plateau; (b) adsorption test, the shown signal is the quasi-static signal from
one point at the end of the low temperature plateau (indicated by the red dot in the insert showing the sensor signal of one temperature

cycle).

Comparison of tubing materials

In addition to the geometry of the gas tubing, the material of
the tubing can have a significant effect on issues like tailing
and purity of gas streams. Various materials are used for gas
tubings, e.g. stainless steel, glass, or polymer materials like
PFA (perfluoroalkoxy alkanes), depending of the demand of
the target gases.

In order to be able to compare the material properties
regarding sorption effects of these materials for our intended
VOC target gases, five materials were tested for sticking of
naphthalene. This low vapor pressure VOC is highly relevant
regarding indoor air quality monitoring [32] and has previ-
ously been shown to produce significant tailing effects in
gas mixing systems [26]. The tested materials are: stainless
steel (SS), aluminum, glass, PFA, and SS coated with a silica
coating. The tested tubes in a first test measurement had a
length of approx. 300 mm and an interior diameter of approx.
4mm; in a second test two longer, thinner tubes (PFA and
SS with a length of 2 m and an interior diameter of approx.
1.65mm for PFA and 1.4mm for SS) were added to the test
group.

In the first of two measurements the adsorption of naphtha-
lene at the inner walls of the test tubes was investigated by ini-
tially loading them with naphthalene and subsequently purging
them with zero air, which then was measured by an MOS gas
sensor (AS-MLV, ams, Austria). The test tube and a bypass
tube were connected to four manually operated 3-way lever
valves, which were used to conduct the flow of naphthalene
(477 ppb. 100ml min~!') and zero air (100 ml min~") through
one of the two tubes. The temperature cycled gas sensor was
operated with a cycle length of 25min, with 2min at 400 °C
and 23 min at 275 °C. While the sensor was flushed with zero
air through the bypass tube, the test tube was flushed with
naphthalene for the length of one sensor cycle. During this
loading period the gas molecules are expected to be adsorbed
at the inner tube walls. Then the zero air flow was conducted
to the loaded test tube by using the lever valves to remove the
adsorbed gas molecules. The switching was repeated twice,
with the test tube being loaded with naphthalene only once
to achieve a differential measurement. The analyzed sensor

signal is the difference of conductance slopes of the two
cycles (reference and measurement) after the switching. This
signal was used to evaluate the effect of adsorbed naphthalene
and how fast the molecules are desorbed by the zero air gas
flow (figure 5(a)).

In a second measurement, the reverse effect was examined
by flushing the sensor with naphthalene and the test tube with
zero air for 10min and then conducting the naphthalene gas
flow through the test tube to the MOX gas sensor by switching
the valves. For this measurement, very short gas sensor cycles
were used (0.5s at 400 °C, 1.5s at 275 °C), in order to be
able to better track the naphthalene concentration at the sensor
during the test runs. For a simple evaluation, the sensor signal
at one point of the cycle, at the end of the low temperature
plateau, was extracted from each cycle and plotted over time.
The change of this quasi-static sensor signal due to the drop of
naphthalene concentration caused by adsorption of gas mole-
cules on the test tube surface was used to determine the impact
of the adsorption effect. The extracted signals were smoothed
using a moving average filter and normalized to the mean
value of the last 40 measuring points of each test run. The
results of this second measurement are shown in figure 5(b).

In the first measurement, each signal of the tested tubing
materials shows a response to the naphthalene loading, which
is expressed in different gradients of the signal right after the
pre-purging. Considering the difference of slopes of the meas-
urement and reference cycles, this results in peaks of varying
height. The slopes differ over a relatively small period of
approx. 4min, which is the time in which the adsorbed mol-
ecules are detached by the zero air flow. The signal peaks and
therefore the amount of previously adsorbed gas molecules are
relatively high for the aluminum and the PFA tube, compared
to the glass and both SS tubes. The silica coated SS shows
the lowest adsorption effect, followed by glass and uncoated
SS. Remarkable is the different peak shape for uncoated SS
reaching its maximum approx. 20s earlier than for glass or
coated SS, which implies that the desorption of adsorbed mol-
ecules occurs slightly faster for the uncoated SS tube.

The second measurement (figure 5(b)) clearly shows the
influence of the tube dimensions in addition to the material.
The short increase of the signals at the beginning is assumed to
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Figure 6. Calculated peak areas of the naphthalene adsorption
measurement for various tubing materials (see figure 5(b)).

be due to quick pressure changes caused by manual switching
of the valves when redirecting the naphthalene flow. The sub-
sequent signal drop in all signals is caused by a reduced naph-
thalene concentration reaching the sensor as naphthalene is
adsorbed on the clean tube surfaces. The curves of the two
longer tubes have significantly lower minima than the shorter
tubes of the same material, with PFA still showing worse
behavior than SS in terms of minimum value and relaxation
time, as observed in the first measurement. The difference due
to the length can be explained by a larger possible adsorp-
tion area in the longer tubes. However, an analytic relation
between the adsorption effect and length cannot be found,
since the diameter and therefore the flow velocity differs for
the long and short tubes. Regarding the value of the minima of
the short tubes, coated SS again shows the lowest peak height,
followed by glass, PFA, SS and aluminum, which means that
the rate of adsorbed naphthalene is the least for the coated
SS. It can also be observed that the curve of uncoated SS has
a shorter relaxation time, especially compared to PFA. This
means that the inner surface of the tube is saturated with naph-
thalene molecules more quickly, similar to the faster desorp-
tion observed in the first experiment.

In an additional evaluation the peak areas of the signal
drops were evaluated as these are related to the total amount of
adsorbed gas molecules. The areas enclosed by the different
curves and the horizontal line through the normalized value 1
were computed and are shown in figure 6.

The values of the peak areas are given in arbitrary units
and are indicative of the amount of adsorbed naphthalene gas
molecules. In this measurement the short glass tube and the
uncoated SS adsorbed the least amount of naphthalene, fol-
lowed by coated SS, PFA and aluminum. The order of mat-
erials is not the same as for the peak heights (figure 5(b)),
as the time constant of the signal relaxation also contributes
to the resulting peak area. For the short tubes, glass has the
smallest peak area, i.e. the lowest amount of gas adsorbed, fol-
lowed by the uncoated SS and the coated SS. Aluminum and
PFA have larger peak areas, the value of aluminum is about
twice that of uncoated SS; the peak area of PFA is approx.
70% larger compared to SS for the short tubes. For the longer,

thinner tubes the difference of peak area is higher, slightly
above a factor or 2 for PFA over SS. This might be an effect of
the different interior diameters of the thin PFA and SS tubes
and thus different gas velocities and different adsorption areas
inside the tube. Therefore, a direct quantitative comparison of
the values is not possible. As a qualitative result the better per-
formance of glass and stainless steel over PFA and aluminum
can be extracted from the measurement.

The investigation shows the suitability of standard SS
tubes in a gas mixing system regarding its adsorption prop-
erties. However, the influence of different flow rates as well
as different VOCs on the adsorption/desorption behavior and
thus possible carry-over effects has to be studied further.

Contaminations and resulting measurement
strategies

The system was checked for intrinsic contaminations using gas
sampling on Tenax TA tubes and GC/MS analysis according
to ISO 16000-6, as well as by an internal MOS gas sensor.
The gas sensor provides an online monitoring that is not pos-
sible by sampling tubes. Moreover, MOS gas sensors are able
to detect hydrogen, carbon monoxide and also very volatile
organic compounds (VVOC) such as formaldehyde [10]. The
goal of this investigation was to determine contaminations
in the carrier air generated by the zero air generators as well
as contaminations introduced by fluidic components such as
MECs, valves, and tubing.

For GC/MS analysis, gas samples were extracted from sev-
eral locations in the system on sampling tubes. Relevant for
determining the general contamination are the zero air going
in the system and the mixed gas exiting the mixing block. To
take into account all MFCs and valves, zero air was connected
to all cylinder gas MFCs, and all six test gas lines (MFCs and
valves) were fully opened. The total gas flow was set to 120
ml min~! in all cases, according to the specifications for the
sampling method. The humidified carrier air was not taken
into account for this analysis. Table 1 gives an overview of the
obtained results.

VOC contaminations are generally very low; even with all
devices opened the measured TVOC values are below 2 ppb.
However, the ISO 16000-6 method is specified for gases with
aretention time between hexane and hexadecane. Thus it does
not trace some important permanent gases which might still
be in the gas mixture, e.g. hydrogen (H,), carbon monoxide
(CO) and methane (CHy) as well as VVOCs like formalde-
hyde (CHO).

For determining an upper limit of the permanent gas
contamination in the system, a measurement with MOS gas
sensors was performed. In previous works, a method for the
absolute quantification of low gas concentrations using such
gas sensors was developed [29, 30]. This method determines
the concentration of a target gas by evaluating the slope of
the gas sensor signal, which corresponds to the amount of
oxidized surface species, after a rapid change of the sensor
temperature from a high to a lower value. The model shows
that in this phase re-oxidation of the surface is suppressed by
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Table 1. TVOC contaminations inside the gas mixing system measured at various points and under various conditions.

Sampling conditions and location

TVOC content measured by GC-MS

Zero air; at dry carrier air MFC input
Dry carrier air; behind gas mixing block
All test gas lines fully open; behind mixing block

0.69 jtg m~3 (equivalent to 0.18 ppb of toluene)
2.60 jrg m 3 (equivalent to 0.7 ppb of toluene)
6.94 p1g m 3 (equivalent to 1.8 ppb of toluene)
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Figure 7. (a) logarithmic sensor signals for all test gases after switching from 400 °C to 175 °C; linear fits marked red; (b) signal slopes

calculated from linear signal fits.

several orders of magnitude [29]. Therefore, only reduction
processes are observed during this stage. The reduction pro-
cess was shown to be linear to the reducing gas concentration
and proportional to the exposure time. The surface reduction,
therefore, gives an upper limit for the reducing gas concentra-
tion and, if the concentration is not too low, a good absolute
estimate. In the test measurement, a commercial SnO, MOS
gas sensor (AS-MLYV, ams, Austria) was operated at 420 °C
for 30s and then switched rapidly (<10ms) to lower temper-
atures. Three low temperature levels were used, 175 °C for
120s, 250 °C for 90s, and 325 °C for 60s, always preceded
by a high temperature step to achieve a highly oxidized sensor
surface. Carbon monoxide was used as test gas.

One of the pre-dilution test gas lines was equipped with
an additional stainless steel manual valve; with this the test
gas for the same MFC line could be switched between zero
air and carbon monoxide. A measurement run with three vari-
ations of the test gas was then performed twice, once with
zero air and once with CO (1995 ppm reference gas cylinder).
This approach eliminates possible variations of the measure-
ment result caused by using different gas lines (MFCs, valves)
and thus guarantees identical conditions for both gases. For
CO, three concentrations were chosen: 20 ppb, 50 ppb, and
200 ppb, as this covers the range of expected contaminations.
Note that the ubiquitous CO background concentration varies
between 100 and 300 ppb with an average of 150 ppb [33].
As the zero air test gas was generated using identical MFC
setpoints, the corresponding CO concentrations are used for
labeling the three zero air measurement runs.

For signal processing, the lower temperature segments of
the temperature cycle were evaluated. In this measurement,
the signal slope is evaluated for the zero air test gases, with
the CO test gases being used as reference values. One example
for the sensor signals is given in figure 7(a); it shows the loga-
rithmic sensor conductivity on the 175 °C temperature plateau

for all applied gas mixtures, as the sensor response to CO was
found to be highest for this temperature. The range from 555
to 75s of the cycle was used for calculating the signal slopes,
indicated by the red lines. Figure 7(b) shows a comparison of
the signal slopes for all temperature plateaus and test gases.

The logarithmic sensor signals do not show a constant
slope over the full temperature plateau; this is probably due
to the fact that the measurements were performed in dry air
and not with added humidity, which might influence the reac-
tions of the CO on the sensor surface. However, for a qualita-
tive comparison of the applied gas concentrations, the signal
slopes still seem to be valid.

In all slopes, the effects of the background contamination
and the added test gas are superimposed. At these low con-
centrations, the effect of this superposition can be assumed
as a simple summation of the individual effects on the signal
slope.

From the signal slopes at this temperature (figure 7(b)), the
following data can be extracted: The effect of CO on the sensor
signal slope can be evaluated by calculating the differences in
slope values between the slope at a certain CO concentration
and the corresponding signal if zero air is connected and the
same concentration is set. For 175 *C and 20 ppb of CO, its
valueis 7.2 - 1074 log(S)/s. If a linear correlation between the
logarithmic signal slope and the gas concentration is assumed
at these low concentrations, a CO-equivalent contamination
concentration can be estimated for the zero air carrier gas and
the MFC gas line for the tested settings. If 20 ppb of CO gen-
erate a slope signal of 7.2 - 10~* log(S)/s, the zero air value
(1.03 - 1073 log(S)/s) corresponds to 28 ppb CO-equivalent
and the ‘20 ppb’ zero air test gas mixed into the carrier gas
stream corresponds to 33 ppb CO-equivalent, i.e. the test gas
MFCs add 5 ppb of CO-equivalent contamination.

These values represent maximum estimations of the con-
tamination, i.e. there are no more than 28 ppb CO-equivalent
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in the carrier gas in the set conditions, and no more than 5 ppb
added by the test gas line.

Based on these results, a measurement strategy was devised
to compensate the remaining effects of contaminations of the
fluidic components in the system. A measurement is per-
formed twice, once with the intended test gases connected to
the system and once with zero air connected to the test gas
line inputs. With the zero air measurement, a baseline can be
recorded for each MFC setpoint configuration of the measure-
ment, and this baseline can be taken into account (e.g. sub-
tracted) for the measurement with the test gases.

Conclusion

In the designed and realized gas mixing system, several issues
regarding ppb level VOC gas generation have been addressed
and tested. The setup of the fluidic components, especially
the two-stage dynamic gas dilution, has been chosen to allow
generation of very low test gas concentrations from high con-
centration gas cylinders, thus minimizing the effect of con-
taminations in the cylinders. The components and the control
algorithms have been optimized to cover a wide range of pos-
sible applications, e.g. generation of short gas pulses and fast
switching between gas concentrations to allow simulation of
complex scenarios like dynamic breath analysis, while mini-
mizing test gas consumption.

Other relevant issues, such as dead volumes, delay times,
and influence of gas adsorption/desorption on/from tubing
materials, have been identified and taken into account in the
system design. FEM simulations show that even small dead
volumes can generate significant tailing effects and lead to
widening of gas pulses and the need for increased purging
periods between test gas injections. Regarding the choice of
materials for tubing, two test measurements with naphthalene
showed that stainless steel has favorable characteristics over
PFA in terms of sticking of the gas to the tube surface. Glass
or glass coated steel show even better performance in the tests,
but are more expensive and have more restrictions regarding
handling and flexibility of use.

The gas contaminations of the system caused by the zero
air carrier gas and by the fluidic components have been tested
using both standard analytical procedures and a novel approach
based on a highly sensitive MOS sensor. Contaminations were
found to be below 2 ppb toluene-equivalent for VOCs and in
the low ppb range CO-equivalent, respectively, with the two
methods. A measurement strategy has been devised to sup-
press these gas offsets, by running a reference measurement
with zero air in addition to the measurement with test gases.

With all these features, reliable gas measurements and
exacl quantitative calibration in the concentration range down
to single ppb level can be performed both for VOCs and per-
manent gases.
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Synopsis

This article describes an approach for characterization of two variations of a new gas
sensor material. In addition to the characterization of the physical properties of the
layers, they were tested for their gas sensing potential for three VOC target gases:

formaldehyde, naphthalene and benzene at ppb concentration levels.

The structure of the synthesized materials, which were prepared using pulsed laser
deposition (PLD) was analyzed using SEM (scanning electron microscopy), AFM

(atomic force microscopy), XRD (X-ray diffraction) and Raman spectroscopy, to
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determine parameters like layer thickness, grain sizes and grain structure as well as the

influence of deposition parameters and post-deposition annealing on these properties.

Regarding the testing of the gas sensing performance, some of the methods presented
in section 2.3 were applied to the TCO sensor signals: quasi-static signals and LDA
with extracted features. The results show that LDA generates better data and allows for
more detailed analysis of the data compared to the simple quasi-static approach. As the
two tested sensing layers show a much higher response to naphthalene than to the
other two tested gases, several evaluations of the signals / features are performed to
increase the performance of the sensors for this target gas. ldentification of the
different applied naphthalene concentrations is possible down to 1 ppb with an
accuracy of > 99 % for the recorded data set of one of the two deposited sensing layers
if no interferent gas is present in the gas mixture. Furthermore, the effect of varying
humidity is investigated and the ability of the signal processing to suppress this

influence is evaluated.

The results show that the investigated data processing chain of feature extraction, LDA
and classification using knn are suitable for gas sensor characterization and it was
found that one of the PLD layer variations has a significantly higher potential for

naphthalene detection than existing gas sensors.
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Abstract. Pulsed laser deposition (PLD) at room temperature with a nanosecond laser was used to prepare WO3
layers on both MEMS microheater platforms and Si/SiO; substrates. Structural characterization showed that the
layers are formed of nanoparticles and nanoparticle agglomerates. Two types of layers were prepared, one at
an oxygen partial pressure of 0.08 mbar and one at 0.2 mbar. The layer structure and the related gas sensing
properties were shown to be highly dependent on this deposition parameter. At an oxygen pressure of (.2 mbar,
formation of e-phase WOs3 was found, which is possibly contributing to the observed increase in sensitivity of
the sensor material.

The gas sensing performance of the two sensor layers prepared via PLD was tested for detection of volatile
organic compounds (benzene, formaldehyde and naphthalene) at ppb level concentrations, with various ethanol
backgrounds (0.5 and 2 ppm) and gas humidities (30, 50 and 70 % RH). The gas sensors were operated in
temperature cycled operation. For signal processing, linear discriminant analysis was performed using features
extracted from the conductance signals during temperature variations as input data.

Both WO3 sensor layers showed high sensitivity and selectivity to naphthalene compared to the other target
gases. Of the two layers, the one prepared at higher oxygen partial pressure showed higher sensitivity and sta-
bility resulting in better discrimination of the gases and of different naphthalene concentrations. Naphthalene
at concentrations down to 1 ppb could be detected with high reliability, even in an ethanol background of up to
2 ppm. The sensors show only low response to ethanol, which can be compensated reliably during the signal
processing. Quantification of ppb level naphthalene concentrations was also possible with a high success rate of
more than 99 % as shown by leave-one-out cross validation.

1 Introduction

In order to evaluate and assess indoor air quality (IAQ), dif-
ferent types of gaseous chemical compounds have to be con-
sidered. In addition to carbon monoxide (CO), carbon diox-
ide (CO2) and nitrogen dioxide (NO2), low concentrations of
volatile organic compounds (VOCs) play a significant role in
deteriorating the quality of breathing air in buildings (World
Health Organization, 2010; Bernstein et al., 2008). Expo-
sure to these substances, even at low concentrations, can
lead to severe negative effects on human health. For VOCs,
health problems mainly include damage to the respiratory
system and skin irritations (Jones, 1999). Additionally, some

VOCs are proven to be carcinogenic (e.g., benzene, World
Health Organization, 2010) or are suspected to be carcino-
genic (e.g., formaldehyde, Guo et al., 2004). Based on toxic-
ity and prevalence, according to the World Health Organiza-
tion (WHO) and the INDEX project (Koistinen et al., 2008),
the highest priority VOCs for IAQ are formaldehyde, ben-
zene and naphthalene. For naphthalene, the WHO guidelines
suggest values below 0.01 mg m~3 corresponding to 1.9 ppb
(World Health Organization, 2010). The main health con-
cerns for naphthalene are lesions in the respiratory tract, in-
cluding tumors in the upper airways (World Health Organi-
zation, 2010).
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In order to detect such small concentrations of VOCs
without the need for expensive and time-consuming analyt-
ical measurements (e.g., GC-MS analysis, Wu et al., 2004),
metal oxide semiconductor gas sensors can be applied. De-
tection of VOCs in the ppb range with such sensors has been
successfully demonstrated using temperature cycled opera-
tion (TCO) and pattern recognition signal processing with
ceramic-based thick film sensors (Leidinger et al., 2014);
however, significant cross-sensitivity to ethanol was found
mainly for SnO»-based sensors. In order to reduce this cross-
sensitivity, WOs3 layers were investigated. To obtain highly
sensitive sensors with small thermal time constants, the MOS
thin film layers were produced on microheater substrates by
pulsed laser deposition (PLD). We found that these sensors
show a high response to naphthalene in the relevant concen-
tration range with high selectivity compared to other gases,
especially relevant interferent gases for indoor air quality as-
sessment, e.g., ethanol.

Pulsed laser deposition is a method for depositing a vari-
ety of materials ranging from epitaxial thin films (Hussain et
al., 2005) to highly porous nanostructured layers (Balandeh
et al., 2015). Porous nanostructured layers have been studied
especially in the context of gas sensing materials (Caricato
et al., 2009; Nam et al., 2006). PLD offers many advantages
compared to other deposition methods, for example easily
controllable film composition by deposition parameters, and
a good repetition of stoichiometry of the target material in
the films deposited on the substrate. When using nanosec-
ond laser PLD, as in this study, with a high oxygen par-
tial pressure in the deposition chamber, nanoparticle forma-
tion starts during the deposition process leading to a highly
porous nanostructured layer (Harilal et al., 2003; Infortuna
et al., 2008; Huotari et al., 2015). These types of layers are
very suitable for gas sensing purposes because of their high
specific surface area.

WO3 as a material has been widely studied as it offers a
large range of possibilities in practical applications, e.g., in
gas sensing (Kohl et al., 2000; Wang et al., 2008; Balazsi
et al., 2008), and photocatalytic water splitting (Pihosh et
al., 2015). There are several methods to produce WO3 lay-
ers ranging from thick film and thin films technologies to
chemical methods (Zheng et al., 2011). In this study, PLD
was utilized for depositing WO3 layers on MEMS microhot-
plates to produce low-cost and high-performance gas sensor
devices.

The performance of the PLD sensor layers has been evalu-
ated in test gas measurements. The three high-priority VOCs,
benzene, formaldehyde and naphthalene, have been applied
in concentrations below, at and above the respective guide-
line values, and ethanol has been added as an interferent gas
in much higher concentrations in order to simulate typical
IAQ applications with background gases from, e.g., clean-
ing agents or alcoholic beverages. The sensors were oper-
ated in dynamic operation using temperature cycled opera-
tion (TCO), which is a well-known method for increasing
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sensitivity and selectivity of gas sensor systems based on
MOS sensors (Heilig et al., 1997; Lee and Ready, 1999;
Paczkowski et al., 2013; Baur et al., 2014). The resulting
signals, after pre-processing and feature extraction, were
analyzed by linear discriminant analysis (LDA), a multi-
variate pattern recognition method which separates differ-
ent classes of input data while trying to group data sets of
the same assigned group (Klecka, 1980; Gutierrez-Osuna,
2002). The combination of TCO and LDA has shown to im-
prove selectivity and sensitivity of gas sensors, both MOS
sensors (Gramm et al., 2003; Meier et al., 2007; Reimann
and Schiitze, 2012; Leidinger et al., 2014) and other types,
e.g., GasFET devices (Bur et al., 2012).

2 PLD sensor layer deposition and characterization

2.1 Sensor layer deposition

A XeCl laser with a wavelength of A =308 nm was used to
produce WO3 layers on both Si/SiO» substrates and com-
mercial microheater MEMS platforms from a ceramic WO3
pellet. The laser pulse length was 25 ns and pulse fluence was
I =1.25Jcm™2. In all depositions the substrate temperature
was kept at room temperature (RT). Two types of samples
have been prepared, one at a low O; partial pressures of
p(02) = 0.08 mbar, designation PLD0.0802, and a second
type with a higher partial pressure of p(0O3) = (0.2 mbar, des-
ignation PLD0.202. All samples were annealed in a furnace
at 400 °C for 1 h after deposition. The samples deposited on
Si/Si0; substrates were used as reference samples in struc-
tural characterization of the layers, and samples with the
MEMS heaters were used in gas sensing measurements.

A Bruker D8 Discover device was used in X-ray diffrac-
tion studies, and Raman spectroscopy studies were per-
formed with a HORIBA Jobin Yvon LabRAM HRS800 in or-
der to study the crystal structure and symmetry of the lay-
ers. The surface morphology and the film composition of the
samples were studied with a Veeco Dimension 3100 atomic
force microscope (AFM) and with Zeiss Sigma FESEM de-
vice.

2.2 Crystal structure characterization of the sensing
layers

The grazing incidence diffraction (GID) method of the X-
ray diffraction was used to characterize the WQO;3 layers an-
nealed at 400°C for 1h. The results are shown in Fig. 1.
A clear difference in the crystal structure can be seen. The
phase composition of layers deposited at p(Oz) = 0.08 mbar
is mostly of the monoclinic y phase of WOs, but in the
samples deposited at p(02) = 0.2 mbar, also the ferroelectric
monoclinic & phase of WO3 is present. This is emphasized
especially by the (110) and (—112) reflections located at
26 ~ 24.0 and 33.3°, respectively (Johansson, 2012). How-
ever, one must remember that the crystal structures of the
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Figure 1. X-ray diffraction spectra of the deposited WO3 layers
after annealing in air (400 °C for | h).

y phase and the ¢ phase are quite similar, and thus both
of them have XRD reflections either in the same 26 an-
gels or very close to each other. The average grain size of
both types of samples after annealing was determined to be
around 30 nm using the Warren—Averbach method for XRD
data (Marinkovic et al., 2001).

In Fig. 2, the Raman spectroscopy studies performed to
the WO3 layers are presented. The Raman spectra of the
as-deposited samples immediately after deposition without
any heat treatment are shown in Fig. 2a, and in Fig. 2b the
spectra of the layers after annealing at 400°C for 1h are
presented. An interesting property of the deposition process
can be identified in the non-annealed samples. When the O»
partial pressure is 0.08 mbar, the samples seem to be in an
amorphous state after deposition, but when the O, pressure
is 0.2 mbar, some crystallization is already evident during the
deposition process at RT, even before any heat treatment to
the layers. However, from Fig. 2b, showing the Raman spec-
tra of the samples after the annealing process, it is clearly
seen that after heat treatment in a furnace both films have a
more crystallized structure. It is also again evident that the
layers PLD0.0802 are composed mostly of y phase, but the
samples PLD0.202 have also the ¢ phase in their crystal
structure, verified from the Raman modes at wavenumbers
67,97, 144, 183, 203, 272, 303, 370, 425, 644, and 680 cm™!
(Wang et al., 2008; Johansson et al., 2012; Souza Filho et al.,
2000). Similarly as the reflections in XRD measurements,
both y phase and ¢ phase have Raman modes either at same
wavenumbers or very close to each other.

At this point it should be noted that usually the ferroelec-
tric £ phase only exists in temperatures below —40°C. How-
ever, different studies (Wang et al., 2008; Righettoni et al.,
2010; Johansson et al., 2012) show that the £ phase can ex-
ist in a solid-state form also at temperatures above RT. The
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Figure 2. Raman spectra of the deposited WO3 layers (a) as-
deposited samples, (b) after annealing at 400 °C for 1 h.

reason for this is believed to be the small particle size of the
samples, similarly as in the samples presented in this study.
Also, the existence of the & phase in the WO3; composition
has been proven to enhance WOj3 structures sensitivity to
acetone (Wang et al., 2008; Righettoni et al., 2010; Sood and
Gouma, 2013). The reason was suggested to be the ferroelec-
tricity of the ¢ phase, namely the spontaneous electric dipole
moments it possesses, which are then highly contributing to
the chemical reaction between the WO3z surface and the tar-
get gas.

2.3 Film composition characterization of the sensing
layers

The surface morphology of the as-deposited and annealed
WO3 samples was studied by atomic force microscopy, and
the results are shown in Fig. 3. The surface micrographs
of the as-deposited layer and the annealed layer of sample
PLDO0.0802 are shown in Fig. 3a and b, respectively. The
sample surfaces consist of small agglomerates of nanopar-
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Figure 3. Atomic force microscopy surface micrographs of the de-
posited WO3 layers showing the influence of oxygen partial pres-
sure during deposition (a, b) as-deposited samples, (¢, d) after an-
nealing at 400 °C for 1 h.

ticles. In Fig. 3¢ and d, the surface micrographs of the as-
deposited layer and the annealed layer of sample PLD0.202
are shown, respectively. The layers consist also of small
nanoparticles, but agglomerated to bigger clusters. Also, the
layer structure is much rougher and more porous than on the
samples deposited at 0.08 mbar O;. It can also be clearly seen
that the annealing process at 400 °C for 1 h does not have a
great effect on the surfaces of the samples. In both cases, the
average surface roughness value R, was the same before and
after the annealing process, being R; = 5.5nm for sample
PLDO0.0802, and R; = 42.2 nm for sample PLD0.202. The
crystallization, which is observed for the PLD0.0802 sample
seems to be a local process that does not involve larger-scale
material transport.

Scanning electron microscopy was used to further study
the film composition of the samples. Both surface micro-
graphs and cross-section micrographs were taken from the
samples. In Fig. 4a and b the cross-section micrograph and
surface micrograph of the as-deposited sample fabricated
at p(Oz) =0.08 mbar are shown, respectively. The cross-
section graph shows that the film is composed of small
nanoparticle agglomerates formed as pillar-like structures,
with some porosity in between the columns. The surface
graph shows that the film surface is formed of small nanopar-
ticle agglomerates and thus verifies the measurements made
with AFM. The cross-section micrograph and surface mi-
crograph of the as-deposited sample fabricated at p(02) =
0.2 mbar are shown in Fig. 4b and c, respectively. Now the
film composition is much more porous and rough compared
to the PLD0.080O2 film, and also the nanoparticle agglom-
erate size is larger. The agglomerates form clearer pillar-like
morphology on top of the substrate. The surface of the film is
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Figure 4. Scanning electron microscopy micrographs (cross sec-
tions and top views) of the as-deposited WO3 layers deposited
(a, b) at p(O;) = 0.08 mbar, and (¢, d) at p(O2) = 0.2 mbar.

highly porous, concurrent with the AFM measurements per-
formed.

3 Gas sensor performance

3.1 Gas test measurement setup

The gas sensing performance of the two sensor layers was
evaluated in an extensive test measurement. The three tar-
get VOC gases were applied in three concentrations each,
the middle concentrations representing the respective WHO
guideline values of 0.1 mgm™3 (81 ppb) for formaldehyde
and 0.01 mgm~> (1.9 ppb) for naphthalene (World Health
Organization, 2010), as well as the European Union guide-
line value of 5ugm™ (1.6 ppb) for benzene (European Par-
liament, Council of the European Union, 2008). Addition-
ally, ethanol was introduced as a background gas in two con-
centrations, both much higher than the target gas concentra-
tions. As the third varied parameter, the gas humidity was set
in three steps. Table 1 shows all gases and concentrations.

The test gases were generated in a gas mixing system
specifically designed for trace gases by Helwig et al. (2014).
The gases were mixed into zero air produced by two cas-
caded zero air generators. Ethanol and formaldehyde test
gases were taken from gas cylinders and diluted into the
zero air carrier gas stream, either with a one-step dilution
(ethanol) or a two-step dilution (formaldehyde). Benzene and
naphthalene test gases were generated from permeation tubes
in permeation ovens. Each target VOC concentration was set
twice during each combination of humidity and ethanol back-
ground, first from highest to lowest concentration, then back
to the highest concentration. The length of each VOC run
was 30 min; between two trace VOC applications the sensors
were purged with zero air with the respective ethanol and hu-
midity configuration. In total, 90 different gas mixtures were
generated and tested with the sensors; the total length of the
measurement was 123 h.

For temperature cycled operation of the sensors, a ramp-
up-ramp-down approach was chosen; the temperature of the
microheaters was increased from 200 to 400°C in 20s and
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Table 1. Test gas setup. Each gas concentration was applied at each EtOH background and humidity level for 30 min; between gas exposures

sensors were exposed to background for 30 min.

Gas Concentration (ppb) EtOH background (ppm)  Humidity (% RH)
Zero air 0,0.5;2 30, 50,70
Formaldehyde 200, 80, 40, 40, 80, 200 0;05;2 30, 50, 70
Benzene 2.5,15,05,05,1.5,25 0;0.5;2 30, 50,70
Naphthalene 5,2,1,1,2,5 0,0.5;2 30, 50,70
2 10s 20s — g‘,gﬁmn;:?l‘o(?z oo Point for normalization, G, ?Dss
1.0x10° 4 —— Temperature —20s
30s —30s
% 8.0x10° g 8.0x10°
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Figure 5. Gas sensor temperature cycle (green) and corresponding
sensor signals of the two PLD WO3 sensors in air at 30 % RH. The
dashed lines indicate the selected points for quasi-static sensor sig-
nal analysis (cf. Fig. 6).

then reduced back to 200 °C in the same time, creating a40s
cycle (see Fig. 5). The two sensor types clearly show differ-
ing behavior during the temperature cycle, especially during
increase of the heater temperature.

3.2 Gas measurement results

For a first signal evaluation, quasi-static sensor signals were
extracted from the raw sensor signal data sets. These signals
were generated by plotting the signal value of certain points
in the TCO cycle for each cycle, i.e., over the course of the
complete measurement. An example of the PLD0.202 sen-
sor is given in Fig. 6. Four points of the temperature cycle
were selected, indicated in Fig. 5. A section of the measure-
ment was chosen in which all three test VOCs are applied
at 30 % RH gas humidity and without ethanol background.
The sensor response to all concentrations of naphthalene is
clearly visible, as well as the much lower responses to the
other VOCs. By normalizing the signals, i.e., calculating the
relative change of conductance G/Gy, the sensor response
to naphthalene at the different points in the cycle can be
determined (cf. Fig. 7). In this plot, it can be seen that the
highest sensitivity, of the chosen points in the cycle, is dur-
ing cooling of the sensor, 30s after start of the cycle. The
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Figure 6. Quasi-static sensor signals for the four points indicated
in Fig. 5 during exposure of the PLD0.202 sensor to formaldehyde,
naphthalene and benzene at relevant ppb levels (Table 1) in air at
30 % RH without EtOH background. For later normalization, the
value Gy was extracted during background before the first exposure
to naphthalene as indicated.
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Figure 7. Normalized quasi-static signals for sensor PLD0.202 for
the four selected points in the temperature cycle (cf. Fig. 5).
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Figure 8. LDA plots for discrimination of different VOCs under varying humidity (30-70 % RH) and changing ethanol background (0—
2 ppm), left: PLD0.0802; right: PLD0.202.
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Figure 9. LDA plots for quantification of naphthalene under varying humidity (30-70 % RH) and changing ethanol background (0-2 ppm),

left: PLD0.0802; right: PLD0.202.

change of conductance is approx. 15 % for 1 ppb of naphtha-
lene. The reason for the high selectivity to naphthalene is not
known in detail and should be studied more closely. How-
ever, it was reported earlier that WO3 has a specific response
to aromatic compounds (Sauerwald, 2008) and that in gen-
eral higher molecular weight leads to an increased sensitivity
for this material (Sauerwald, 2008; Kohl et al., 2000).

The dynamic sensor signal patterns were analyzed using
LDA. The whole procedure of generating data sets for LDA
from dynamic gas sensor signals and the options for LDA
application were described by Bur et al. (2014). As input
data for each sensor, a limited number of features were ex-
tracted from the respective sensor signal of each temperature
cycle. In this case, the cycle was divided into 20 segments
of equal length (2s). For each segment, the mean value and
the slope of the sensor signal were calculated and used as
features. This generates a feature vector with 40 values for
each temperature cycle. These data sets were grouped into
different groups, depending on the desired data analysis.

J. Sens. Sens. Syst., 5, 147-156, 2016

For the first analysis, the complete data set, containing
2799 feature vectors, was used as input data for the LDA. All
cycles which contain a certain VOC were grouped together,
regardless of VOC concentration, humidity and ethanol back-
ground. This results in one group for each target VOC and a
“background” group, which contains the data sets of the TCO
cycles which ran when no trace VOC was applied. This anal-
ysis checks the performance of the sensors to discriminate
the target gases in varying humidity and background condi-
tions. The LDA result plots for the two sensors with the PLD
layers are shown in Fig. 8, left for the PLD0.0802 sensor
and right for the PLD0.202 type. For both sensors, the back-
ground, formaldehyde and benzene groups are overlapping
strongly, while the naphthalene group is more separated. Es-
pecially for the PLD0.202 sensor the naphthalene group is
nearly completely split from the other gases.

As a quantitative measure of the discrimination result,
leave-one-out cross validation was performed on the data
(LOOCYV; Gutierrez-Osuna, 2002), with k nearest neighbors
(kNN, k = 5) as classifier. This method calculates how many
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Table 2. Leave-one-out cross-validation (LOOCV) results for all LDA investigations.

LDA no.  Analysis PLD0.0802 PLD0.202
la Gas discrimination (all gases) 66.5 % 71.9%
1b Gas discrimination (naphthalene) 86.3 % 99.2 %
2 Naphthalene quantification (full data set) 83.4% 94.0 %
3 Naphthalene quantification (reduced data set, only 0 ppm EtOH background) 993 % 99.7 %
4 Humidity quantification 100 % 99.7 %
Sa Gas discrimination (all gases, only 50 % RH) 85.4 % 86.7 %
5b Gas discrimination (naphthalene, only 50 % RH) 91.0% 100 %

1563
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Figure 10. LDA plots for quantification of naphthalene under varying humidity (30-70 % RH) but with 0 ppm ethanol background, left:

PLD0.0802; right: PLD0.202.

feature vectors are classified correctly whether the LDA is
trained by all other vectors.

Of the two sensors, the one with the PLD0.202 layer
shows the better discrimination result overall, with 71.9 %
correctly classified data points. The PLD0.0802 achieves
66.5 %. The same order is given for classification of the
naphthalene data points. The layer deposited at 0.2 mbar of
O, shows a much better classification performance (99.2 %
correct classifications) compared to the second sensor. The
LOOCY results are summarized in Table 2, LDA la and 1b.

In the next step, it was checked if a quantification of the
naphthalene concentration was possible. The full data set was
used again. Each naphthalene concentration was assigned a
group (with all humidities and ethanol backgrounds), and the
other VOCs were assigned to the background group. The
results for both tested sensors are plotted in Fig. 9. In this
analysis, the PLD0.202 sensor shows the best separation of
the groups again. There are some data points from the 1 ppb
group located in the 2 ppb group. Otherwise, the three naph-
thalene concentrations are well lined up along the first dis-
criminant axis. The PLD0.0802 sensor shows less discrimi-
nation of the groups, which is also shown in LOOCV results
(see Table 2, LDA 2).

The same analysis was attempted with a reduced data
set, which included only the segments of the measurement
without the ethanol background (950 sensor cycles in to-

WWw.j-sens-sens-syst.net/5/147/2016/

tal). This significantly increases the quality of discrimina-
tion and thus naphthalene quantification for the sensors (see
Fig. 10). Especially the PLD0.202 sensor has excellent sep-
aration of the naphthalene concentrations along the first dis-
criminant function; the PLD0.0802 sensor layer has much
wider groups. The LOOCYV results, listed in Table 2, LDA 3,
show nearly 100 % correct classifications for the better sen-
sor (PLD0.202); the second sensor layer also has over 99 %
success rate.

Another evaluation of the sensor data was performed re-
garding quantification of gas humidity. The full data set was
split into three groups, for the three gas humidities set during
the measurement. This LDA run checks the sensors’ cross-
sensitivity to humidity, which also shows if the sensor would
be able to measure the gas humidity. See Fig. 11 for the LDA
result plots. These plots and the corresponding LOOCYV re-
sults (Table 2, LDA 4) show very good discrimination of the
humidities, which means that the sensor layers deposited by
PLD have considerable sensitivity to water. However, this
also means that the sensors could be used to measure the gas
humidity or that the sensor performance could be monitored
by comparing the predicted gas humidity with the value of a
reference humidity sensor.

If the gas humidity is known, either from the gas sensor it-
self or from an additional humidity sensor, the quality of the
signal processing can be improved by calculating different
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Figure 11. LDA plots for discrimination of ambient humidity levels for all sensor cycles with and without VOCs under varying ethanol

background (0-2 ppm), left: PLD0.08O2; right: PLD0.202.

2nd discriminant function (29.58 %)

&

s
L

2nd discriminant function (11.08 %)

44 o Background
o Formaldehyde
o A Benzene
6 - ® v Naphthalene

1st discriminant function (64.59 %)

T T T 1
-4 2 0 2 4 6 8

1st discriminant function (84.60 %)

Figure 12. LDA plots for discrimination of different VOCs under constant humidity (50 % RH) and changing ethanol background (0-2 ppm),

left: PLD0.0802; right: PLD0.202.

LDA projections for several humidity ranges. A simple ver-
sion of this approach has been tested by reducing the data set
to the sensor signals acquired in one humidity, in this case all
cycles measured in 50 % RH. The LDA result for gas iden-
tification for this is shown in Fig. 12. Compared to the full
data set with three humidity levels (Fig. 8), the separation of
the gases is clearly improved, especially for the PLD0.0802
sensor. LOOCV also shows significant improvement of the
classification results (Table 1, LDA 5). For all gases, the ra-
tio of correct classifications was raised from 66.5 to 85.4 %
for sensor PLD0.0802 and from 71.9 to 86.7 % for sensor
PLDO0.202. For the naphthalene group, perfect classification
was achieved for the sensor with 0.2 mbar O» partial pressure
(Table 1, LDA 5b). A hierarchical data processing approach,
which in the first step determines the humidity and in the
second step classifies the gas, seems promising.

J. Sens. Sens. Syst., 5, 147-156, 2016

4 Conclusions

Nanoporous WO3 gas sensing layers have successfully been
prepared via nanosecond pulsed laser deposition, character-
ized, and tested for their gas sensing performance, especially
for use in IAQ applications.

The characterization of the PLD sensing layers showed
films formed of nanoparticle agglomerates with pillar-like
morphology. The films were highly porous in their structure,
especially when higher oxygen partial pressure was used
during the deposition process. The crystal structure of the
films was also dependent on the oxygen partial pressure with
higher O; pressure resulting in the formation of WO3¢ phase,
which in bulk WO3 samples is only stable at temperatures
below —40°C. The ¢ phase in the PLD films was observed
to withstand annealing at 400 °C for 1 h probably due to its
monocrystalline structure.

The two compared PLD sensor layer samples showed sig-
nificant differences in their gas sensing performance. The
layer deposited at higher oxygen partial pressure displayed
improved response and excellent selectivity to naphthalene.

www.j-sens-sens-syst.net/5/147/2016/
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Both discrimination of different target VOCs and quantifica-
tion of naphthalene were more successful with this sensor.

Naphthalene concentrations down to 1 ppb could be quan-
tified with the sensor layer deposited at 0.2 mbar of O, with
nearly 100 % success rate as determined by leave-one-out
cross validation when no ethanol background was present.
Even in varying ethanol background of up to 2 ppm, quantifi-
cation was still successful for 94 % of all temperature cycles
for this sensor. Detection of the presence of naphthalene in
concentrations of 1 ppb or more had a success rate of more
than 99 %, again determined by LOOCV.

The highly porous structure and possibly the formation of
the WO3 ¢ phase resulting from the higher oxygen pressure
during PLD thus boost the gas sensing performance consider-
ably. With the selected parameters, suitable gas sensing lay-
ers for detection and quantification of naphthalene have been
obtained. Future investigations will address further improve-
ment of the gas sensitive layers, e.g., by further variations
of the deposition parameters as well as introduction of addi-
tional nanoparticles for doping and catalytic activation. We
are also planning to study PLD deposition based on picosec-
ond laser pulses which allows further optimization of the de-
position parameters.
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Synopsis

In the previous chapter, virtual multisensor operation and LDA signal processing were
applied to MOS gas sensors in order to improve their performance in the measurement
of a specific target gas, naphthalene. The publication in this chapter adds a real
multisensor approach to the setup; eventually, the signals of the virtual gas sensor
array and the real gas sensor array are fused for further improvement of identification
of three target gases in varying humidity and background conditions. Three different
gas sensors with different sensing materials were chosen for the task of detection and
discrimination of benzene, formaldehyde, and naphthalene in low ppb concentrations.

In addition to gas sensors operated by laboratory measurement electronics, integrated
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gas sensor systems designed for indoor VOC detection were characterized with the
same test gas mixtures. Both the laboratory test setup and the sensor systems use the
same types of MOS gas sensors and the same TCO cycle variants, which allows for
determination of the influence of parameters which are changed by integrating the
sensor devices into compact systems. The most relevant are integration of the sensors
on a PCB (printed circuit board) and in a housing, both of which pose additional gas
sources in direct vicinity of the gas sensors, as well as switching the method of
supplying the test gas to the sensors. The effect of having the sensors integrated in the
sensor system has been investigated by sampling and evaluating the gas emissions
from the sensor system using TD-GC-MS analysis. This showed a significant increase
of VOCs emitted from the systems during operation, which represents a background
gas atmosphere for the sensors and results in decreased sensing performance compared
to the sensors in the laboratory setup. Regarding the gas transport to the sensors, for
the single sensors, a small test chamber volume with a directed flow is used, while the
sensor systems are placed inside a larger test volume in which the gas flow rate is
much lower. As the sensors are mounted inside the housing behind a number of vents,
gas transport is at least partially based on diffusion. This also affects the gas
concentration at the sensors, especially after changes in the gas atmosphere, and thus

additionally impairs sensing performance.

In the presented measurement campaign, only thick film sensors on ceramic substrates
with resulting long time constants are used; therefore, the TCO cycle lengths are quite
long at 3 min for two of the sensor types, and 1 min for the third. For the intended
application, indoor air quality monitoring, this is sufficient, as the gas composition
does not change very quickly. However, the thermal characteristics of the sensors
result in a relatively simple temperature profile; for two of the sensor types, both using
SnO; variations as sensitive layers, only two temperature levels are set, with linear
heating and cooling transitions between temperature levels. For the third sensor type, a
ramp up / ramp down cycle has been chosen. It has a different sensing material,
tungsten trioxide (WOs3), which does not show the relaxation effects of SnO> after

temperature changes which were described in chapter 2.1.2. Therefore, linear heating
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and cooling were chosen, as this mode of operation covers a wide range of

temperatures and sensor states.

The measurement results of both the isolated sensor elements and the assembled
sensor systems show the potential of the sensors to detect and discriminate the three
VOC gases in ppb concentrations, even in the presence of an ethanol background in

the ppm range, i.e. three orders of magnitude higher than the target compounds.
The publication addresses three main issues:

e Sensing abilities of different types of thick film MOS gas sensors in TCO for
VOCs in the ppb range with additional background in general

e Improvement of gas detection when combining the signals of several sensors
during signal processing

e Effects on sensing performance if the sensors are operated in a stand-alone
sensor system on a PCB inside a plastic housing
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Abstract. Anapproach for detecting hazardous volatile organic compounds (VOCs) in ppb and sub-ppb concen-
trations is presented. Using three types of metal oxide semiconductor (MOS) gas sensors in temperature cycled
operation, formaldehyde, benzene and naphthalene in trace concentrations, reflecting threshold limit values as
proposed by the WHO and European national health institutions, are successfully identified against a varying
ethanol background of up to 2 ppm. For signal processing, linear discriminant analysis is applied to single sensor

data and sensor fusion data.

Integrated field test sensor systems for monitoring of indoor air quality (IAQ) using the same types of gas sen-
sors were characterized using the same gas measurement setup and data processing. Performance of the systems
is reduced due to gas emissions from the hardware components. These contaminations have been investigated
using analytical methods. Despite the reduced sensitivity, concentrations of the target VOCs in the ppb range
(100 ppb of formaldehyde; 5 ppb of benzene; 20 ppb of naphthalene) are still clearly detectable with the systems,
especially when using the sensor fusion method for combining data of the different MOS sensor types.

1 Introduction

The quality of indoor air (IAQ) is determined by the con-
tamination of the air with various chemical compounds, such
as carbon dioxide (CO»), carbon monoxide (CO), nitrogen
dioxide (NO32) and volatile organic compounds (VOCs). Sev-
eral investigations have been performed to determine the oc-
currence of these substances in indoor air, e.g., by Bernstein
et al. (2008) or in European projects like the Airmex study
(Geiss et al., 2011) and the INDEX project (Koistinen et al.,
2008).

Negative health effects of exposure to these substances,
even at low concentrations, mainly including the respira-
tory system and skin irritations, have been observed (Jones,
1999). Additionally, some VOCs (e.g., benzene) are carcino-
genic, while others (e.g., formaldehyde) are suspected to be
carcinogenic (Gou et al., 2004).

Hazardous VOCs pose a special problem. Despite that
threshold limits for single substances are recommended for

indoor air, e.g., by the WHO (World Health Organization,
2010), there is currently no online measurement technol-
ogy commercially available to identify and quantify different
volatile organic substances reliably and at reasonable cost.
Monitoring total VOC (TVOC) concentrations is state of the
art (Umweltbundesamt, 2007), but this parameter is not sig-
nificant in terms of health effects since it also includes benign
substances and cannot be attributed to symptoms like the sick
building syndrome (Burge, 2004; Brinke et al., 1998). Se-
lective VOC detection and quantification is today based on
gas sampling and analytical techniques, especially gas chro-
matography coupled with mass spectrometry (GC-MS; Wu
et al., 2004). The resulting high cost for individual measure-
ments prevents ubiquitous VOC monitoring in IAQ applica-
tions today.

A possible application for selective VOC monitoring is
demand-controlled ventilation in smart buildings. VOC lev-
els can be used as an additional parameter for control-
ling indoor ventilation in addition to other indicators like

Published by Copernicus Publications on behalf of the AMA Association for Sensor Technology.
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Figure 1. Temperature cycle (solid line) and normalized tempera-
ture cycle sensor signals (UST GGS 1330) in the presence of differ-
ent gases.

temperature and CO; levels. Then, selective measurement
of single VOCs is necessary since ventilation should be in-
creased only if thresholds of hazardous VOCs are exceeded.

From the wide range of VOCs, three compounds were
selected for further investigations on selective detection:
formaldehyde, benzene and naphthalene, which are three of
the first priority harmful VOCs (Koistinen et al., 2008; World
Health Organization, 2010). The selected target concentra-
tions of these gases are 10ppb for formaldehyde, 0.5 ppb
for benzene and 2 ppb for naphthalene, based on interna-
tional and European national regulations (e.g., World Health
Organization, 2010; French decree no. 2011-1727, 2011;
Sagunski and Heger, 2004). For benzene, the World Health
Organization even states that there is no safe level due to
its high carcinogenicity (World Health Organization, 2010).
Thus, not only a high selectivity is required for identifying
these gases but also a very high sensitivity in order to detect
ppb levels of these specific VOCs.

One type of sensors which can detect VOCs in this con-
centration range is a metal oxide semiconductor (MOS) gas
sensor (Schiiler et al., 2013). MOS sensors in temperature cy-
cled operation (TCO) are used here to measure the selected
VOCs against a high background of interfering gas, similar
to Reimann and Schiitze. (2012). These sensors were also in-
tegrated in low-cost sensor systems designed for field testing
and as a basis for future commercial online VOC monitoring
devices.

2 TCO optimization

Semiconductor gas sensors are very sensitive sensors, but
usually they are broadband sensors and show little selec-
tivity to specific gases. One method to improve selectivity,
sensitivity and also stability is temperature cycled operation
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Figure 2. Sensor responses to 25 ppb of benzene and 500 ppb of
ethanol during TCO optimization cycle at 12.5 % relative humidity
(Fricke et al., 2014).

(Lee and Reedy, 1999; Gramm and Schiitze, 2003; Schiiler
et al., 2013). By modulating the operating temperature of the
MOS sensing layer, different states of the sensor material it-
self (i.e., surface coverage with oxygen) and its interaction
with gas molecules are activated, and thus different sens-
ing characteristics are obtained. Figure 1 shows normalized
sensor signals of the same temperature cycle when different
gases are applied to a MOS gas sensor. The differences of the
recorded signal shapes (i.e., slopes, average values in differ-
ent sections) are obvious; these features are characteristic of
specific gases.

Three types of ceramic substrate MOS gas sensors were
evaluated for detection of the target VOCs: GGS 1330,
GGS 2330 (both SnO; based) and GGS 5330 (WOj5 based)
by UST Umweltsensortechnik GmbH (Geschwenda, Ger-
many).

A method for optimizing the TCO cycle was evaluated. In
order to find the most sensitive and most selective tempera-
ture transitions, the relaxation behavior from a high tempera-
ture to different lower temperatures was investigated. Specif-
ically, temperature changes from 400 to 200 °C, 250 °C and
300 °C were performed with a GGS 1330 SnO» sensor with
benzene and ethanol as test gases. The results are shown in
Fig. 2.

The sensor response was calculated by dividing the sen-
sor signal (conductivity of the sensitive layer) of a cycle in
gas by the sensor signal of a cycle in pure air for each point
of the cycle. The response has distinct peaks several seconds
after the temperature steps from the high temperature to the
lower temperatures — e.g., for ethanol 50 s after changing the
sensor temperature from 400 to 200 °C. The sensor response
after cooldown from 400 to 200°C reaches approx. 67 for
ethanol and then drops to approx. 9 at the steady state. Thus,
the sensitivity is significantly increased in TCO mode due to
non-equilibrium state of the sensor surface after temperature
changes (Sauerwald et al., 2014). For benzene, the sensor
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Figure 3. 180 s temperature cycle for the GGS 1330 and GGS 2330
SnO;-based sensors.

response rises to 2.1 at the peak 36s after the temperature
transition from 400 to 250 °C compared to 1.3 at the steady
state, corresponding to an almost 4-fold increase in sensitiv-
ity.

Based on these results, the temperature steps and the
lengths of these steps were defined. For the SnO> sensors
(GGS 1330 and GGS 2330) a two-step temperature cycle
with ramp transitions was chosen (see Fig. 3). The ramps
were implemented in order to achieve a defined heating up
and cooling down of the sensitive layer independent of am-
bient temperature and humidity. The durations of the ramps
are the result of the heating and cooling characteristics of the
sensors. Due to the size of the ceramic substrates, heating up
the sensors takes up to 20 s and cooling down even longer, up
to 30 s. These are the values chosen for the respective ramps.

The length of the low temperature step is 100 s to cover
all the response peaks of the previous optimization measure-
ment. The total duration of the temperature cycle is 180s,
which is sufficiently short for the target application in IAQ
monitoring.

The WO3-based sensor (GGS 5330) did not show any de-
layed response maxima, but only a temperature-dependent
response. Thus, a simple ramp up and down between 400 and
200 °C was selected covering the range of maximum sensi-
tivity to the target gases (Fig. 4). The duration of a cycle is
60s; to synchronize all sensors, three cycles of the WOs3-
based sensor are run during one cycle of the two SnO,-based
Sensors.

3 Sensor characterization measurements
The three target VOCs were applied in two concentrations
each: one at the respective threshold limit value and one at

the 10-fold value. Additionally, the measurements were per-
formed with two concentrations of ethanol as a background
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Figure 4. 60s temperature cycle for the GGS 5330 WOs3-based
sensor; three cycles are run in order to synchronize the signals with
the 180s cycle for the SnO, sensors.

interference gas and two values for the relative humidity
(RH). Table 1 gives an overview for all concentration and
humidity values.

The measurements were conducted with a gas mixing sys-
tem which was designed and set up specifically for trace
gas generation with wide concentration ranges by Helwig et
al. (2014). The VOCs were diluted into a carrier gas stream
of synthetic air (purity 5.0) either from a gas cylinder or from
a permeation furnace. Total gas flow was 200 mL min~!: the
three sensors were set up in a stainless steel sensor cham-
ber. Each of the 36 VOC gas configurations was applied for
30 min; between the VOC exposures the sensors were flushed
with background (humid air plus ethanol) for 30 min to al-
low their return to the baseline and prevent carryover. The
complete data set contained 940 temperature cycles for the
SnO;-based sensors and 2820 cycles for the WO3-based sen-
sor. Not all of the cycles were used for signal processing; for
the “background” groups without the target VOCs, six sec-
tions with a length of approx. 15 SnO; cycles each were se-
lected, one after each change of the background conditions
(humidity, ethanol).

4 Signal evaluation and data processing

4.1 Sensor characterization

As a first analysis of the data, quasistatic sensor signals are
examined. These are generated by choosing one point of the
temperature cycle and extracting the signal value at this point
in the cycle for every cycle of the measurement. These val-
ues are then plotted over the respective cycle number, which
generates a plot of the sensor signal of a specific point of the
cycle over time. An example is given in Fig. 5.

The sensor reactions to all target gases and especially to
the ethanol background are clearly visible. This method is
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Table 1. Test gas setup

Gas Conc./ppb (ug m~3) RH/% EtOH background/ppm (mg m~3)
Synthetic air 40; 60 0;0.4; 2 (0; 0.21; 1.06)
Formaldehyde  10; 100 (12.3; 123) 40; 60 0;0.4; 2 (0; 0.21; 1.06)
Benzene 0.5;4.7 (1.6; 15) 40; 60 0;0.4;2(0; 0.21; 1.06)
Naphthalene 220 (10.5; 105) 40; 60 0;0.4;2(0;0.21; 1.06)
Cycle No. 59
600 700 800
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Figure 5. Section of the quasistatic sensor signal, UST GGS 1330,
60 %RH; the selected point of the cycle is the end of the low tem-
perature step at 99 s (see Figs. 3/6).

helpful for checking the nominal performance of the gas mix-
ing system and to check the general response of the sensors
to the gases. It is independent of the pattern recognition data
analysis.

For further signal processing, the method of linear
discriminant analysis (LDA) is applied (Gutierrez-Osuna,
2002). This pattern recognition technique can be used to sep-
arate different classes of input data while grouping data sets
of the same type. In this case, it is used to assign the temper-
ature cycle sensor signals to the different target gases. Thus,
in the resulting plots, the algorithm should arrange all cycles
of each target gas and background into one compact group
while separating the groups of the different target VOCs and
the background without VOCs from each other.

The approach used here is basically the same as presented
by Bur et al. (2014). Input data sets for the LDA algorithm
(“training”, i.e., determination of LDA coefficients for the
projection, and evaluation) are generated by extracting a set
of features from each temperature cycle sensor signal. The
temperature cycle is divided into several sections; 20 sections
were chosen for the 180 s cycle for the GGS 1330/2330 sen-
sors (see Fig. 6). From each section, features are calculated,
in this case the mean value of the sensor signal and the slope
of alinear fit. These features were chosen with regard to later
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Figure 6. Selected feature ranges of the GGS 1330 and GGS 2330
Sensor.

implementation of the LDA calculations on the field test sys-
tem microcontroller since they are easy to calculate. For the
GGS 5330 sensor, the 60 s cycle was divided into 14 sections.
This generates a data set of 40 (28) values for each sensor for
each temperature cycle, which is used as input for the LDA.

As mentioned above, in the presented measurement the
aim is identification of the target VOCs. The extracted data
sets were therefore assigned to four groups, one group for
each target VOC and one for the background gas without any
of the three targets. Each of the three VOC groups thus con-
tains the cycles that ran during the application of one VOC
with both VOC concentrations, both gas humidities and all
ethanol backgrounds, i.e., a total of 12 different conditions.
The “background” group contains sections of synthetic air
with both humidities and all ethanol background concentra-
tions.

The result of the LDA calculation for the GGS 1330 sen-
sor is shown in Fig. 7. Separation of the four groups is quite
successful, but there is still some overlap. As a validation of
the results, leave-one-out cross-validation (LOOCYV) is per-
formed (Gutierrez-Osuna, 2002). This method checks how
many feature vectors are classified correctly if the LDA is
trained by all other vectors. For the GGS 1330 sensor, 98.9 %
of the 435 used data sets are classified correctly if the method
of k nearest-neighbors classification (kNN, k = 5) is applied.
So despite the overlap of the groups, nearly all TCO feature
sets are assigned to the correct gas.
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Figure 7. LDA plot of the UST GGS 1330 sensor.
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Figure 8. LDA plot of the UST GGS 2330 sensor.

Figure 8 shows the result of the LDA for the GGS 2330
sensor. Separation of the groups does not appear quite as dis-
tinct as for the GGS 1330 sensor, especially with formalde-
hyde and benzene having slightly more overlap. Leave-one-
out cross-validation with kNN results in a correct classifica-
tion of 96.6 % of all temperature cycles.

The result for the GGS 5330 sensor (Fig. 9) also shows
a partial overlap of the groups, especially for formaldehyde
and air; compared to the GGS 2230, however, the validation
shows a slightly higher number of correct classifications at
98.4 %.

In addition to evaluating the single sensors, a combined
processing of the data from the sensors is applied. In this
sensor fusion, the feature vectors of two or three sensors
are merged into a single data set for each temperature cycle,
e.g., a 108-value vector for fusion of all three sensors. LDA
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Figure 9. LDA plot of the UST GGS 5330 sensor.
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Figure 10. LDA plot based on data fusion of all three sensors.

calculation with the combined data results in a much better
separation of the groups, shown in Fig. 10 for the combi-
nation of all three sensor types. Now there is no overlap of
the gas groups. Validation shows a classification accuracy of
100 %; all temperature cycles are classified correctly.

4.2 Field test sensor system characterization

For use in field tests, the sensors were integrated into field
test electronics (Conrad et al., 2014). The systems are de-
signed to operate two MOS gas sensors independently in
temperature cycled operation, with different temperature cy-
cles. Each sensor is mounted on a plug-in PCB (printed cir-
cuit board), which also contains an EEPROM (electronically
erasable programmable read-only memory) for calibration
data and LDA parameters of the individual sensor. With this
setup, fast replacement of a sensor is possible without having
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Figure 11. Exterior view of modular field test sensor system con-

taining electronics (PCB) with two MOS gas sensors (Conrad et al.,
2014).

to perform a new calibration of the overall system. The sen-
sor signals are acquired at a rate of up to 10ksps and are
stored on an SD memory card, which also contains general
configuration data and the temperature cycle data sets. An
on-board sensor measures air temperature and humidity; in
addition, the system can be equipped with a dual-beam NDIR
(nondispersive infrared) CO; sensor. Online preview of the
measured data is possible via a selection of communication
interfaces. The electronics are installed in a polymer housing
(Fig. 11).

The performance of the systems was determined using the
same test gas profile as for the sensor characterization in the
stainless steel sensor chamber (Table 1). Three systems were
characterized simultaneously, each equipped with two differ-
ent UST gas sensor types with the temperature profiles iden-
tified during the lab optimization. A total of six MOS sensors
were operated, two of every type; one sensor of every type
was used for offline LDA signal processing. The systems
were placed in a stainless steel measurement chamber with a
volume of 3.5 L. The total gas flow was set to 800 mL min~!,
resulting in an air exchange rate of 13.7 ach (air changes per
hour). Signal acquisition, pre-processing and feature extrac-
tion was performed identically to the characterization mea-
surement of the sensors in the stainless steel sensor chamber.

The LDA result obtained with data from one of the
GGS 1330 sensors is shown in Fig. 12.

Separation of the different gases is significantly less suc-
cessful compared to the sensor characterization measurement
(Fig. 7). Each VOC group is split into two sub-groups, re-
flecting the two tested VOC concentrations. While the higher
concentrations are still discriminated from the background,
the lower concentrations can no longer be separated from the
background group. Using LOOCY, only 71.7 % of tempera-
ture cycles are now classified correctly, a significant reduc-
tion compared to the result of the sensor in the stainless steel
sensor chamber which achieved 98.9 %.
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Figure 12. LDA plot of the lab characterization of a UST
GGS 1330 sensor integrated in a field test system.
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Figure 13. LDA plot of the lab characterization of a UST
GGS 2330 sensor integrated in a field test system.

Similar results were obtained for the other two sensor
types. In the plot of the GGS 2330 LDA output (Fig. 13),
the data groups of naphthalene and especially benzene are
hardly separated from the background group and only the
high formaldehyde concentration can be clearly discrimi-
nated. Only 66.1 % of the temperature cycles are assigned
to the correct gas.

The GGS 5330 type sensor is much more sensitive to
benzene and naphthalene compared to formaldehyde. This
clearly shows in the LDA result (Fig. 14), where both
formaldehyde concentrations are plotted overlapping with
the background group. However, only the high concentra-
tions of benzene and naphthalene are separated from the
background, while the lower concentrations are not. The ra-
tio of correct classifications is 62.0 %.
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Table 2. List of leave-one-out cross-validation results with KNN-5 for the LDAs of the single sensors and sensor fusions
Correct classifications Correct classifications
for the sensors in the stainless  for the sensors integrated in
Sensor(s) steel sensor chamber the field test systems
GGS 1330 98.9% 71.7%
GGS 2330 96.6 % 66.1 %
GGS 5330 98.4 % 62.0%
GGS 13304 GGS 2330 100 % 81.6 %
GGS 1330+ GGS 5330 100 % 76.5 %
GGS 2330+ GGS 5330 99.8 % .7 %
GGS 1330+ GGS 2330+ GGS 5330 100 % 83.4%
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Figure 14. LDA result plot of the lab characterization of a UST
GGS 5330 sensor integrated in a field test system.

Data fusion was applied to the field test system sensor data
as well; the resulting LDA plot for fusion one sensor of each
of the three sensor types is shown in Fig. 15. As for sensor
characterization setup, discrimination of the gases is signifi-
cantly improved. Not only can the high concentrations of all
three target gases be clearly discriminated, but now also the
low concentrations are separated more clearly from the back-
ground compared to the results obtained with the individual
sensors in the systems. LOOCYV yields 83.4 % of all temper-
ature cycles classified correctly, an improvement of 11.7 %
over the best single sensor (71.7 % for the GGS 1330).

The results of the LDA validations for all the sensors and
all possibilities of sensor fusion are listed in Table 2. For the
sensors in the stainless steel sensor chamber, fusion of two
sensors — GGS 1330 combined with any of the other two
sensors — is already sufficient for reliable identification of
the VOC. For the sensors integrated in the field test sensor
systems, fusion of all three sensors is necessary for best se-
lectivity.
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Figure 15. LDA plot based on data fusion of three sensors (one of
every type) integrated in field test systems.

Detailed LOOCVs of the LDA results of the sensors in-
tegrated in the systems are listed in Table 3. The different
gas sensitivities of the three sensor types are clearly shown
by the validation results for the different VOCs. While the
GGS 1330 sensor has a similar sensitivity to all the gases,
the GGS 2330 has an enhanced sensitivity to formaldehyde
and a reduced sensitivity to the other two target VOCs. The
GGS 5000 sensor is not very sensitive to formaldehyde but
has higher numbers of correct classifications for naphthalene
and especially benzene compared to the GGS 2330. These
values show that the data from the different sensor types can
reasonably be used in sensor fusion as the sensors comple-
ment each other in their responses to the target gases.

The reason for the reduced sensitivity of the sensors in-
tegrated in the field test systems was investigated further
(Leidinger et al., 2014). As the main problem, gas emissions
from the sensor system hardware components were deter-
mined. These emissions were identified and quantified using
analytical methods, namely GC/MS VOC measurements ac-
cording to the ISO 16000 standard.

J. Sens. Sens. Syst., 3, 253-263, 2014




5 Selective detection of hazardous VOCs for indoor air quality applications using a virtual gas sensor array

260

M. Leidinger et al.: Selective detection of hazardous VOCs for indoor air quality applications

Table 3. Detailed LOOCY results of the LDAs of the field test system MOS sensors; ratio of correct classifications for the single groups and

overall.
Sensor(s) Background  Formaldehyde Benzene Naphthalene  Overall
GGS 1330 82.8% 60.8 % 52.6 % 61.5% 71.75%
GGS 2330 71.7 % 74.2 % 35.8% 45.8 % 66.1%
GGS 5330 84.0 % 11.3% 48.4 % 46.9 % 62.0 %
GGS 1330+ GGS 2330 84.5% 87.6% 67.4 % 79.25 % 81.6%
GGS 1330+ GGS 5330 84.5 % 66.0 % 61.1% 729% 76.5%
GGS 2330+ GGS 5330 80.8 % 79.4 % 35.8% 66.7 % 71.7 %
GGS 1330+ GGS 2330+ GGS 5330 87.7 % 85.6 % 68.4 % 80.2% 83.4%
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Figure 16. LDA result plot of the lab characterization of a UST
GGS 1330 sensor integrated in a field test system, evaluated only
for the high VOC concentrations.

For gas sampling, Tenax tubes were inserted into the
outlet gas flow of the stainless steel measurement cham-
ber containing three field test systems. Due to the require-
ments of this sampling method, air flow had to be reduced
to 120 mL min~! or 2.06 ach. The most significant results of
the GC/MS analysis of the gas samples are listed in Table 4.
The results obtained with the low flow rate were converted
to the high flow rate of 13.7 ach used for the system charac-
terization measurements, assuming that the gas emission rate
from the systems is constant and independent of the gas flow
at these air exchange rates. The conversion factor is 0.15,
which is the ratio of the two gas flows (120mL min~! vs.
800 mL min~").

The TVOC value (last row Table 4) proves that there
are significant VOC emissions from the systems, especially
when heated up during operation. Measured TVOC emis-
sions of three operating systems increase by a factor of ap-
prox. 20 compared to the unloaded test chamber and a fac-
tor of 12 compared to the systems being switched off and at
room temperature. Thus, VOCs are produced by the systems,
i.e., outgassing from either the PCB or the polymer housing
(cf. Fig. 11). This is also confirmed by the reduced contami-
nation observed after a heat treatment of the field test sensor
systems (cf. last row in Table 4).
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Figure 17. LDA plot based on data fusion of a GGS 1330 and a
GGS 5330 integrated in field test systems, evaluated only for the
high VOC concentrations.

Looking at the specific gases, the amount of benzene
measured is especially conspicuous. A concentration of
11.4 pg m—3 was determined, corresponding to 3.6 ppb. This
strong benzene background, generated by the systems them-
selves, readily explains the reduced sensitivity to the applied
benzene concentrations, especially the lower concentration
of 0.5 ppb, compared to the single sensor measurements.

Naphthalene is not emitted from the systems in relevant
amounts; the concentration measured with the systems op-
erating is 0.2 pgm~> or 0.04 ppb. Similarly, the concentra-
tion of formaldehyde was 1.2 ppb, or only 10 % of the lower
test gas concentration of the calibration measurement. The
most significant compound identified in the GC/MS analysis
is 1,2-dimethoxyethane, with 168.8 ug m~> or 45.8 ppb. The
origin of this substance could not be determined.

Despite the high contamination levels, discrimination is
still possible for the high concentrations of the target gases,
as shown for the GGS 1330 sensor in Fig. 16. The high con-
centrations of formaldehyde and naphthalene can be mostly
separated from the background. For benzene, discrimina-
tion does not seem as clear, but LOOCV shows that 94.5 %
of temperature cycles are classified correctly. Sensor fusion
further improves discrimination. Figure 17 shows the LDA
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Table 4. Measured contaminations caused by outgassing of the field test system, converted from 2.06 ach to 13.7 ach; in ug m~3 according

to the ISO 16000 standard (n.d.: not detectable; n/a: data not available).

Measurement Systems ON

Synthetic chamber, Systems Systems after heat

Compound air 5.0 no systems OFF ON treatment
Acetone 0.7 9.5 11.5 10.6 n/a
1,3-Dioxolane 0.3 04 1.9 24.8 12.8
1,2-Dimethoxyethane 0.1 1.9 12.3 168.8 84.2
Benzene 0.0 03 n.d. 1.4 57
Toluene 0.1 4.6 4.0 7.3 1.0
m/ p-xylene 0.1 03 0.1 10.2 32
Naphthalene n.d. 0.1 0.0 0.2 24
Formaldehyde n/a 0.3 n/a 1.5 n/a
Acetaldehyde n/a n.d. n/a 1.9 n/a
TVOC 1.74 14.1 22.2 270 164.6

Table 5. List of LOOCYV results for the 2-D and 3-D LDAs of the single sensors and sensor fusions of the field test system sensors for the

high VOC concentrations.

Correct LOOCYV classifications

Correct LOOCYV classifications
with kNN-5, 3-D LDA

with kNN-5, 2-D LDA

Sensor(s)

GGS 1330 94.5 % 97.8 %

GGS 2330 80.7 % 822 %

GGS 5330 87.4% 87.0%

GGS 1330+ GGS 2330 94.5% 99.4 %

GGS 1330+ GGS 5330 98.6% 99.2 %

GGS 23304+ GGS 5330 96.0 % 98.4 %

GGS 1330+ GGS 2330+ GGS 5330 95.3% 99.6 %
plot for fl{sion .data of a GGS‘1330 sensor and a GGS 5330 T o Background
sensor. With this sensor combination, 98.6 % of temperature o Formaldehyde 100pp

‘ 4 Benzene 4.7ppb
v Naphthalene 20 ppb

cycles are classified in the correct group. The classification
results for all sensor types in the field test systems and the
combinations are listed in Table 5.

The results can be improved further by calculating 3-
dimensional LDAs. Then the ratio of correct classifications
reaches more than 99 % with sensor data fusion (Table 5,
last column). One example of the 3-D LDA plot is given in
Fig. 18.

A method to prevent or at least reduce gas emissions from
the systems (PCB and housing) is heat treatment of the de-
vices. This was performed in a climate chamber where the
systems were kept for 13 h at 70 °C inside the stainless steel
chamber while pure air was continuously flowing through the
chamber in order to flush out all emissions from the systems.

Afterwards, another gas sample was taken; see Table 4, last

%)

Seriminan nction (10.36

column. Obviously, VOC emissions have been reduced sig-

nificantly by approx. 40 %, but are still more than 7 times Figure 18. 3-D LDA plot based on data fusion of three sensors (one

higher compared to the unloaded test chamber. Thus, fur- of every type) integrated in field test systems, evaluated only for the
high VOC concentrations.

ther heat treatment at higher temperature and/or different
materials for the housing are required to achieve acceptable
contamination levels of the integrated sensor systems.
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5 Conclusions and outlook

We have demonstrated that standard metal oxide semicon-
ductor gas sensors operated in dynamic mode using TCO can
detect and identify hazardous VOCs at ppb and sub-ppb lev-
els, even in the presence of a much higher background con-
centration of ethanol (up to a factor of 4000 higher compared
to the lower benzene concentration in the measurements).

In the sensor characterization measurements, when the
sensors were installed in a stainless steel sensor chamber, the
data sets from the sensor signals, containing several ethanol
concentrations as well as gas humidities, could be assigned
to the correct target gas with high reliability using a one-step
LDA algorithm. The results of the data evaluation were im-
proved significantly by sensor fusion, i.e., based on features
obtained from two or three different sensors. For this mea-
surement, 100 % of the temperature cycles were assigned to
the correct gas by this method as verified by LOOCV. Further
optimization of the sensor performance, e.g., using hierarchi-
cal data analysis (Schiitze et al., 2004) or taking into account
the information of further sensors, will be studied in the fu-
ture.

For the integrated field test systems, however, the classifi-
cation rate was reduced significantly compared to the sensor
tests. Even with sensor fusion, only 83.4 % of the tempera-
ture cycles were classified correctly. This was attributed to
VOC gas emissions from the system hardware, which have a
profound effect on the performance of the individual sensors
and the combined sensor array; the sensing capabilities are
clearly impaired by the VOC emissions. Using only the high
test gas concentrations for LDA processing, the ratio of cor-
rect classification rises to more than 95 % in a 2-D LDA and
over 99 % in a 3-D LDA. These VOC concentrations, still in
the ppb range, can be identified by the systems with a high
success rate.

A first test of baking out the system showed promising re-
sults, as VOC emissions were significantly reduced. Separate
heat treatment of the PCB and the housing would allow for
application of a higher temperature to the PCB and should
reduce gas emissions even further. The expected positive in-
fluence of reduced emissions on the sensing performance of
the integrated sensor systems will be verified in future ex-
periments. With these optimized integrated sensor systems
field tests will be carried out in various typical indoor en-
vironments, e.g., offices and meeting rooms, to validate the
performance of these systems for continuous monitoring of
indoor air quality.
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Synopsis

A highly relevant, but often underestimated aspect in testing the performance of a
sensor system is to test a variation of the test equipment. If a single test facility is used
for characterization and calibration of such a system, any systematic errors of the
facility in generation of the target (e.g. gas concentration) remain undetected and are

passed on to the sensor system via the calibration. Therefore, inter-laboratory
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comparisons are a useful tool for verification of the functionality of both testing
facilities and the systems to be tested. Inter-laboratory test measurements are a
standard procedure in chemical analysis and are performed between at least two testing
facilities [227][228]; however, large numbers of partners can be involved, e.g. the
performance of an electronic tongue has been tested in five laboratories [229],
different types of glass electrodes for determining the pH value of ethanol have been
tested using the same samples by nine participants [230], and for evaluating the
reliability of seawater CO. content measurements, the results from as many as 50

institutions were compared [231].

In the presented publication, a gas measurement system has been characterized in two
test setups for its performance regarding ppb level benzene detection. The intended
scenario was outdoor air quality monitoring, where benzene concentrations in the low
ppb range are relevant, cf. section 1.1.1. The system was equipped with a commercial
MOS gas sensor in TCO; signal acquisition is performed using a logarithmic amplifier.
The first tests were conducted at the Lab for Measurement Technology (LMT) at
Saarland University (Saarbriicken, Germany), in a low flow rate, low gas volume setup
in which only the sensor elements are connected to the generated target gas, cf.
chapter 3. A second set of measurements was performed at the Joint Research Centre
(JRC, Ispra, Italy), using a high gas volume test chamber in which complete sensor
systems can be placed. In both facilities, benzene concentrations in the range from 0.5
to 10 ppb were mixed into the carrier gas. In the first set of measurements (Saarland
University), additional interferent gases have been added to the gas mixture, and

variations in gas humidity have been performed.

The data recorded at Saarland University has been analyzed in detail, using feature
extraction and PLSR processing (partial least squares regression, cf. section 2.3.5).
Depending on the gas background variations included in the input data, the benzene

concentration could be predicted with an accuracy between + 0.2 ppb and £ 2 ppb.

For a joint analysis of the two data sets, a PLSR model has been computed using the
data obtained in the JRC lab and the signals measured at Saarland University have

been evaluated with this model. The results show a slight offset of the data points,
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however, the general trend is predicted correctly. The offset probably results from
different gas humidities during the two measurement runs or additional gaseous
components in the system due to contaminations or degassing from the sensor systems
placed in the test gas volume, cf. chapter 5. A second analysis, in which part of the
Saarland University data set was used for training and data from both test setups were

used for evaluation produces a similar result.

The results show that despite the variation in measurement conditions (humidity) the
general transferability of the two measurement setups is valid, and the sensor system
yields comparable results in both testing facilities. This confirms a robust operation of

the gas sensor system.
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Abstract. For detection of benzene, a gas sensor system with metal oxide semiconductor (MOS) gas sensors
using temperature-cycled operation (TCO) is presented. The system has been tested in two different laboratories
at the concentration range from 0.5 up to 10 ppb. The system is equipped with three gas sensors and advanced
temperature control and read-out electronics for the extraction of features from the TCO signals. A sensor model
is used to describe the sensor response in dependence on the gas concentration. It is based on a linear differ-
ential surface reduction (DSR) at a low temperature phase, which is linked to an exponential growth of the
sensor conductance. To compensate for cross interference to other gases, the DSR is measured at three different
temperatures (200, 250, 300 °C) and the calculated features are put into a multilinear regression (partial least
square regression — PLSR) for the quantification of benzene at both laboratories. In the tests with the first set-up,
benzene was supplied in defined gas profiles in a continuous gas flow with variation of humidity and various
interferents, e.g. toluene and carbon monoxide (CO). Depending on the gas background and interferents, the
quantification accuracy is between £0.2 and +2 ppb. The second gas mixing system is based on a circulation
of the carrier gas stream in a closed-loop control for the benzene concentration and other test gases based on
continuously available reference measurements for benzene and other organic and inorganic compounds. In this
system, a similar accuracy was achieved for low background contaminations and constant humidity; the benzene
level could be quantified with an error of less than 0.5 ppb. The transfer of regression models for one laboratory
to the other has been tested successfully.

1 Introduction

JSSS

Journal of Sensors
and Sensor Systems o

Quality Directive set the limit value at 5pugm~ or 1.6 ppb

pen Access

Air quality is an important pre-requisite for public health.
The pollution of the air with gaseous compounds contributes
relevantly to the burden of disease in industrial and develop-
ing countries (Bernstein et al., 2008). One of the most impor-
tant pollutants is benzene (WHO Regional Office for Europe,
2010). Due to its toxicity and its carcinogenicity, very low
concentrations of benzene should be detected and monitored;
threshold limits are in the ppb range, e.g. the European Air

as the long-term environmental limit (European Parliament
and Union, 2008). The benzene detection is also an impor-
tant topic for indoor air quality and workplace safety, where
several national regulations have been put in force, e.g. the
Bundesanstalt fiir Arbeitsschutz und Arbeitsmedizin (2014).
For environmental monitoring, analytic techniques, e.g. gas
chromatography (GC), are used. In Europe, monitoring of
benzene in ambient air is mandatory. The European Air Qual-
ity Directive states that the reference method for the mea-

Published by Copernicus Publications on behalf of the AMA Association for Sensor Technology.
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surement of benzene must consist of active or online sam-
pling followed by desorption and gas chromatography (BSI,
2015). Due to the high price and maintenance costs of these
methods, the number of points in the measurement network
is very limited, but the necessity for a higher spatial resolu-
tion of pollution control has been reported (Batterman et al.,
1994; Heimann et al., 2015). Within the EMRP project KEY-
VOCs, therefore, the use of sensor systems as an indicative
method for the measurement of benzene has been tested in
order to assess whether the demand for a low-cost measure-
ment device for benzene can be met. A review (Spinelle et
al., 2017b) of the existing sensor technology and its com-
mercially available systems has revealed that only very few
manufacturers are targeting this concentration range and that
it is doubtful whether one of these systems can meet the crite-
ria of detection limit, selectivity and stability (Spinelle et al.,
2017a). Therefore, micro analytical systems and prototype
sensor systems have been included in the tests. The result
of one prototype using metal oxide semiconductor (MOS)
gas sensors with temperature cycle operation (TCO) is re-
ported in this paper. This approach has previously been stud-
ied for the selective detection of volatile organic compounds
(VOCs), e.g. benzene in indoor air (Leidinger et al., 2014;
Schiitze et al., 2017). MOS gas sensors are very robust and
sensitive devices (Morrison, 1981; Sasahara et al., 2004) sen-
sitive to a broad variety of reducing gases. The resistance of
the sensor (Eq. 1) is dominated by ionized oxygen at the sur-
face which causes an energy barrier Ep and the height of the
barrier depends in a quadratic function on the density of the
ionized oxygen Ng.

E
G=Gy ¢ ™ with Epo N %)

The reaction of the reducing gas with the reactive surface
oxygen reduces the energy barrier and increases the con-
ductance strongly. For constant temperature and gas concen-
tration the change of surface charge can be described by a
mass action law of chemisorbed species leading to a power
law for the dependence of conductance and gas concentra-
tion (Barsan and Weimar, 2001; Madou and Morrison, 1989).
While in a few cases the selectivity of the sensors can be
increased by special preparation methods for example de-
scribed in Hennemann et al. (2012), Kemmler et al. (2012),
and Leidinger et al. (2016b), typically multi-signal methods
like TCO are used. TCO is a well-known method for the im-
provement of selectivity reported in a multitude of papers,
e.g. Eicker (1977), Gramm and Schiitze (2003), and Lee and
Reedy (1999). It is dynamic operation (Nakata et al., 1998a,
b) and in this sense it enables sensor properties that cannot be
found in a sensor at any constant temperature. Following this
line, some of us could prove in the last few years that an op-
timized TCO can increase the sensitivity (Baur et al., 2015)
and the stability (Schultealbert et al., 2017) of the sensor sig-
nal as well. The model-based optimization uses a set of rate
equations for the trapping and release in surface states pro-
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posed by Ding et al. (2001). For the quantification of VOC
concentrations at the ppb level, a technique based on the re-
laxation of the conductance at a low temperature phase has
been demonstrated (Baur et al., 2015). The technique utilizes
the fact that the equilibrium surface coverage with ionized
oxygen depends on the sensor temperature. At high tempera-
ture (e.g. at 450 °C) the surface coverage and thereby the bar-
rier height are higher than at low temperature (e.g. 200 °C)
(Schultealbert et al., 2017). For a fast temperature reduction,
an excess of surface coverage can be obtained (Baur et al.,
2015). At this stage, the reaction at the sensor surface is far
from equilibrium as the ionosorption of oxygen is very un-
likely. The sensor surface is then predominantly reduced by
gases, e.g. benzene, causing a strong increase in sensor re-
sponse compared to isothermal operation. This increase can
be several orders of magnitude in terms of relative conduc-
tance. The reduction of the surface is linear to the applied
gas dosage or gas concentration given that the concentra-
tion is constant over one surface reduction (Baur, 2017). The
change in the logarithmic sensor conductance In Giy;; at the
beginning of a low temperature plateau (beginning at fo = 0)
is linear to the gas concentration cgys.

dln Gipit(1)

ar ~ CONSt ~ kgyg - Cgas + ko 2)

Please note that Eq. (2) is only valid if the surface charge
is still high above equilibrium; otherwise, the ionosorption
of new surface charge is not negligible anymore. A detailed
discussion can be found in Schultealbert et al. (2017).

Following this line, we could show that the benzene
concentration in the range from 500 ppt to 10 ppb air can
be quantified very accurately in a purified air background,
whereby compensation of the ubiquitous gas background and
interfering gas reduces the accuracy of detection (Leidinger
et al., 2017).

2 Experimental

2.1 Sensor system

The sensor system is equipped with three different commer-
cial MEMS gas sensor elements. Two sensor elements are
integrated in a dual-sensor package (MiCS 4510 from SGX,
Switzerland) and the third sensor is a single-sensor device
(AS-MLYV from ams Sensor Solutions, Germany). All sen-
sors are operated in TCO with independent control and read-
out. A block diagram of the sensor system can be found
in the Supplement (Fig. S1). Rapid temperature changes
from a high temperature of 450°C to lower temperatures
(200/250/300 °C) are used. The duration of the high temper-
ature plateau is 10s each, for the 200 and 250 °C plateau
the duration is 35s, and for the 300°C plateau it is 20s.
The TCO control and the read-out are done using a mod-
ified sensor system (SensorToolbox, 3S GmbH, Germany)

WWwWw.j-sens-sens-syst.net/7/235/2018/



6 Highly sensitive benzene detection with metal oxide semiconductor gas sensors - an inter-laboratory comparison

84

T. Sauerwald et al.: Highly sensitive benzene detection

that can support up to four sensor modules (ToolboxMod-
ule). The sensor signal S),¢ for each sensor is measured us-
ing a logarithmic amplifier comparing the sensor current /epg
with a reference current /of = 1 mA. The sensor is oper-
ated at a constant voltage of 0.25V; hence, the sensor cur-
rent leens = 0.25 V- Geeng is directly linear to the sensor con-
ductance. The output of the logarithmic amplifier is divided
by a subsequent voltage divider to match with the voltage
range of the analogue—digital converter of the ToolboxMod-
ule (Eq. 1). Corresponding to this, a virtual reference conduc-
tance Grer can be calculated. The output of the logarithmic
amplifier of Upogamp = 0.5V per decade is divided by a sub-
sequent voltage divider to match with the voltage range of the
analogue—digital converter of the ToolboxModule, yielding a
voltage Ujpg of 0.25 V per decade.

This output voltage (Eq. 3) is defined as sensor signal Sjog
which is linear to the logarithm of the conductance Ggeps Of

the gas sensing layers.
Tret )
ISEHS

—0.25V - logo (—= 3)
Guens 025V

This measuring method allows us to cover a large signal
range, as MOS gas sensor resistances can vary within sev-
eral orders of magnitude during rapid temperature changes
(Baur et al., 2015). Please note that this sensor signal is dif-
ferent from the commonly used sensor response, which is
defined as G/Gyp. A change in the sensor signal ASjg =
Siog — Slogo can be easily transformed to a sensor response
by §= 104510e/025V However, the definition of Siog allows
a facile calculation of the change surface charge as the time-
derived sensor signal Sjog is proportional to the rate constant
k of surface reduction (Eq. 2), which is itself linear depend-
ing on the gas (benzene) concentration (Eq. 4).

Siog = 0.25V -logyq (

ds@)  dInGine(r)
dr dr
for small (¢t —tg) 4

—k ~ —c - kgas — ko

2.2 Data processing

We used our DAVZE toolbox (Bastuck et al., 2016) for the
data processing. The data processing was performed in three
steps: feature extraction, feature selection and quantification.
The feature extraction reduces the dimensionality of the clas-
sification problem.

A set of features of each temperature cycle was extracted
from the signals, which describes the shape of the signal
(mean values and slopes). The slopes correspond in first ap-
proximation to the rate constant (derivative of the sensor sig-
nal Eq. (4)). These features were calculated from several seg-
ments of the cyclic sensor signal, covering all set tempera-
tures. The ranges of the features have been varied to find the

www.j-sens-sens-syst.net/7/235/2018/
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best selection by the feature selection. Feature selection was
performed using a recursive feature elimination support vec-
tor machine (RFESVM) (Schiiler et al., 2017) to choose the
best features for classification.

Using these feature sets and the known benzene concentra-
tions, a PLSR model (partial least squares regression) (Bas-
tuck et al., 2015b; Wold et al., 2001) is calculated, which
generates a linear combination of the features to allow an es-
timation of the benzene concentration.

2.3 Gas tests at the Lab for Measurement Technology
(LMT)

In the first laboratory (LMT — Lab for Measurement Tech-
nology, Saarbriicken, Germany) the sensor system has been
tested using a gas mixing apparatus (GMA) operating by the
principle of dynamic dilution. The set-up of this system has
been reported in detail previously (Helwig et al., 2014). A
two-stage dilution system is used to produce the benzene test
gas, starting from a gas cylinder containing 50 ppm benzene
in synthetic air. The benzene is diluted with zero air, gen-
erated from a cascade of two gas purifiers. The first purifier
includes a coarse filter to remove particles and oil. Subse-
quently, humidity and CO; are removed by two alternating
molar sieves (pressure swing) and hydrocarbons (> C3) are
removed by an active charcoal filter. The second purifier has
an additional pre-filter and pressure swing followed by a cat-
alytic combustion of hydrogen, carbon monoxide and short
chain hydrocarbons (< Cy4). The catalytic converter is further-
more equipped with a nitrogen oxide scrubber. The pure air is
split into eight gas lines, of which five have been used in this
investigation. In the first line, pure air saturated with humid-
ity is generated at a dew point of 20 °C using an isothermal
blubber with HPLC grade water (low organic carbon). The
second line is used for dry air. The third line is a two-step
dilution using a dry stream of purified air and diluted ben-
zene test gas from a cylinder in the first dilution step. The
second dilution step is the combination with the humid and
dry main gas stream from the first two lines. In the fourth
line, toluene is added to the test gas; it uses the same set-up
as the benzene line. The fifth line uses a two-step dilution to
generate a background of 500 ppb hydrogen, 150 ppb carbon
monoxide and 1820 ppb methane from a gas cylinder with a
dilution of these gases in air. These three gases are the main
reducing compounds in pure environmental air (Ehhalt and
Rohrer, 2009; Gilge et al., 2010). This gas background has
a strong impact on the sensor response as well as on the de-
tection limit of the sensor (Leidinger et al., 2017). A mixture
of pure zero air with this background will be defined as stan-
dard air. The sensors have been tested directly in gas flow of
200 sccm in a stainless steel sensor housing.

J. Sens. Sens. Syst., 7, 235-243, 2018
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2.4 Gas tests at JRC

For the second laboratory campaign, the evaluation was
carried out using the JRC (Joint Research Center) expo-
sure chamber. This chamber allows the control of numerous
gaseous mixtures including benzene and a set of selected in-
terfering compounds (toluene, m,p-xylene, ethane, propane,
n-butane and n-pentane) plus temperature, relative humid-
ity and wind velocity. The exposure chamber is an “O”-
shaped ring-tube system, covered with dark insulation ma-
terial. The full system has already been described elsewhere
(Spinelle et al., 2014). All gaseous compounds are added to
pure zero air. The micro-sensors in the stainless steel hous-
ing described above were directly placed inside the ring tube.
High concentration cylinders were used to generate specific
levels of pollutants based on the dynamic dilution principle.
A specific LabView software using multiple proportional—
integral-derivative (PID) feedback loops ensured the stabil-
ity of the concentration. The reference value for the feed-
back loop was measured using a PTR-MS (proton-transfer-
reaction mass spectrometer) and the reference values were
measured by a gas chromatograph with a photo ionization
detector (GC-PID 955 from Syntech). The direct input of ref-
erence measurements of gaseous compounds, temperature,
humidity and and wind speed is used to auto-correct the gas
mixture, temperature controlling cryostat and wind velocity
by means of an internal fan. In particular, this set-up allows
one to set independent criteria for the stability of each pa-
rameter and for a defined period of time.

3 Measurement results and data analysis

3.1 Benzene quantification capabilities

The sensor system has been tested in the LMT system in pure
zero air towards benzene at six gas concentrations from 0.5
to 10 ppb and three relative humidities (10, 25, 40 %RH) to
test the quantification and humidity compensation. Due to
the high purity of the zero air, the conductance of the sensors
at the beginning of the low temperature phases is very low.
The sensor response shows a high noise. The derivative of
the sensor response is obviously an even worse signal. Thus,
a feature selection tool as described above has been used in-
stead of using the model-based feature directly. The feature
selection selected only signals from the less noisy parts of the
response curve. To test the quantification of benzene a PLSR
has been calculated using the measurement of 0.5, 3 and
10 ppb benzene at 10 and 40 %RH (Fig. 1a). The PLSR is in
general a regression of the measured values (e.g. sensor sys-
tem output) with the “true” values (or a proper estimate, e.g.
from a reference measurement). Please note that the value of
the concentration set point (x-axis) also adds an additional
uncertainty to the regression. As the LMT gas mixing sys-
tem does not provide continuous reference measurements of
the benzene concentration, an estimate of the real value is de-
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rived from the mixing ratio of the gas flows and the certified
concentration of the gas cylinders. The gas flows are continu-
ously measured and recorded by the gas mixing system. The
proper function of the gas mixing system was confirmed as
the error of the recorded flow rates is within the error margin.
As estimates for the true concentration, the set points of the
gas mixing system were used. Figure 1 shows that the PLSR
is very accurate. The sensor system output is obviously a lin-
ear function for benzene concentration and the compensation
of humidity cross-sensitivity is very good. The error of the
predicted response is below 0.2 ppb for all trained concentra-
tions. The PLSR model was applied to untrained concentra-
tions of benzene (1, 2 and 5ppb) at 10 and 40 %RH and to
the six concentrations of benzene tested at 25 %RH. This test
of the model prediction is shown in Fig. 1b. The full circles
denote the trained data points and open circles denote the
untrained “test” data point. The test data points do not show
any decisive deviation from the trained data points. The in-
terpolation of the benzene concentration and a compensation
of an untrained humidity background are demonstrated by
this result. However, the quantification of benzene in ambi-
ent air at the sub-ppb level cannot be derived from this result
since even clean air contains significant inorganic reducing
gas components as described in Sect. 2. A similar test there-
fore has been made under standard air (cf. Sect. 2.2) instead
of zero air. The quantification properties have been tested
in detail under standard air and other interfering gases in a
previous work (Leidinger et al., 2017) showing the strong
impact of gas background on the accuracy of the detection.
Measurements were made with the dynamic dilution set-up
at LMT. In the first case (Fig. 2a), two sweeps of the ben-
zene concentration are included, one in pure zero air without
interferents and one with a 2 ppb toluene background, at a
constant gas humidity of 25 %RH. The benzene concentra-
tions predicted by the PLSR model still show a very small
error of below 200 ppt with respect to the concentration set
point. The introduction of standard air has a strong impact on
the quantification of benzene. In Fig. 2a the PLSR is shown
in standard air, including a variation of the CO concentra-
tion between 150 ppb (ubiquitous) and 500 ppb (lightly pol-
luted air). Still, the PLSR shows a linearity between the sen-
sor system output and the set-point concentration, but the er-
ror of the prediction is between 1 and 2 ppb depending on
the benzene concentration. The addition of interferents like
toluene between 2 and 20 ppb (Fig. 2¢) seems to reduce the
accuracy of the benzene quantification further. However, the
strongest impact comes from the standard air conditions. The
quantification error can be reduced if the data from 10 %RH
are removed from the data set corresponding to a reduction
of interfering complexity. Figure 2d contains only two gas
humidities; the signals recorded at the lowest value are not
taken into account. For this condition the quality of quantifi-
cation of benzene was improved; compared to the scenarios
in Fig. 2b and c, the groups are more compact and error for
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the benzene concentration is below 1.8 ppb over the whole
concentration range.

3.2 Lab intercomparison

After the initial calibration at LMT, the system was trans-
ferred to the JRC. During this transfer, the interface of the
read-out electronic of the dual sensor (MiCS4514) was dam-
aged. For the lab intercomparison the remaining sensor (AS-
MLV) has been used and the signal processing has been re-
trained. Only tests with zero air background at various hu-
midity and interferent levels have been compared, as in the
JRC set-up no addition of the inorganic background was
foreseen. The features have been calculated according to
Eq. (4) directly, without selection of the feature ranges us-
ing RFESVM. However, a short time span at the beginning
of the low temperature has been left out manually to reduce
the noise (cf. Fig. 3; the sections for feature extraction are
marked in grey). The sensor signal Sjog in the low temper-
ature plateaus has a good linearity over the full temperature
plateau in good agreement with Eq. (4) for all temperature
plateaus at all tested benzene concentrations (Fig. 3). Obvi-
ously, the strongest response of the sensor to benzene can
be found at 300°C (Fig. 3). Using these features a PLSR
model has been trained from the data of the JRC measure-
ment and tested with the data from the LMT measurements.
Please note that only three features can be calculated from the
single sensor and that the impact of the feature at 200°C is
very small, leading to an incomplete compensation compared
to the three-sensor system described in Sect. 3.1. Therefore,
only measurement results with pure benzene have been eval-
uated. For the training of the PLSR, the data of the reference
measurement from the GC-PID 955 were used as estimates
of the true values. We compared the transfer of a PLSR model
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obtained by training data of one test system to test data ob-
tained by the other test system (Fig. 4). The transfer of the
model trained with JRC test data to LMT test data is shown
on the left side in Fig. 4. The black circles denote the trained
data points from the JRC lab and the red circles denote the
untrained data points from the LMT lab. The benzene con-
centrations predicted by the PLSR model for the JRC data at
60 %RH still show a very small error of below 200 ppt with
respect to the concentration measured by the GC-PID 955.
We see two different trend lines of the predicted data points
from the LMT lab. Each trend line shows a specific humidity
at 10 %RH and 25 %RH. Both trend lines show a good lin-
earity and the same slope, but also an offset to the optimal
line. The transfer from the model obtained with LMT data is
shown in Fig. 4 on the right. The training was performed with
only a single humidity (25 %RH), as obviously the humidity
compensation of the single sensor system is not sufficient.
The test data from the JRC as well as the test data from the
LMT show a good linearity, but also an offset to the training
data. The offset is probably due to the humidity as the data
with 60 %RH exhibit a negative offset, while the data with
10 %RH exhibit a positive offset.

4 Discussion and conclusion

The presented MOS gas sensor system shows very good per-
formance for benzene quantification, especially in pure air
even with low levels of interfering toluene, including the in-
terpolation of unknown benzene concentrations over the full
humidity range tested. However, at standard air and a real-
istic background level of interferents, especially CO, the er-
ror of quantification is in the range of 1-2 ppb. For the envi-
ronmental monitoring, especially in rural areas, even lower
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detection limits are needed to monitor the benzene concen-
tration (Schneidemesser et al., 2010). A possible strategy for
the further reduction of the detection limit are sensor/pre-
concentrator micro systems (Leidinger et al., 2016a) and a
further optimization of the sensor system electronics to re-
duce the noise of the signal (Baur and Schiitze, 2017). For
the quantification of benzene, a combination of the DSR
model for feature extraction and a multilinear regression for
the compensation of interferents has been tested successtully.
Within the measured sensor signals all tested benzene con-
centrations were in good agreement with the prediction of
the DSR model. The multilinear regression yields very good
compensation of humidity and even toluene interference. The
regression for all conditions shows a good linearity without
further pre-processing of the signal; this is an advantage of
the system over other TCO modes, which usually does not
yield a linear signal with concentration requiring a special
pre-processing before PLSR (Bastuck et al., 2015a). The sys-
tem can be successfully calibrated at different labs and test-
ing conditions, indicating that the very different methods of
generating benzene yield similar levels of test gas. The trans-
fer of a regression model from the JRC test data to the LMT
test data shows good linearity of the measured benzene con-
centration but an offset of the response curve on the order
of 2 ppb. The observed offset is probably due to the different
humidity as the humidity compensation of the single-sensor
system is not as good as in the three-sensor system. More-
over, a residual contamination of the GMA with VOC can
contribute. Test of the VOC background of the LMT system
showed that it is typically in the range of a few ugm=> (Hel-
wig et al., 2014), which is in the same range as the benzene
concentration tested. The result demonstrates the need for the
definition of common test standards for trace gas sensor sys-
tems and the high potential of those systems for the quantita-
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tive detection even of small levels of pollutants like benzene.
This is an important step for the development of monitoring
grids with high resolution using indicative sensor systems to
increase the number of nodes strongly.
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Synopsis

The option of using gas pre-concentration for detecting low gas concentrations and
some exemplary applications have been introduced in chapter 2.2. The shown pre-
concentrator systems all comprise large, complex fluidic setups, which are not usable
for low-cost gas sensor systems. For the application of air quality monitoring, such
small and inexpensive systems are required, as several sensor nodes are necessary to

equip a home, an office building or other indoor as well as outdoor locations.
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As an important step towards realization of such systems, the presented work describes
the design, simulation and characterization of a fully integrated sensor module,
comprising a single (or dual) MOS gas sensor and a MOF pre-concentrator in a single
SMD (surface-mount device) package. This is realized by mounting two separate
micro hotplates, each optimized for its intended use, next to each other in the package.

The dimensions of the integrated device are 5x7x1.5 mmsa,

First, the performance of two MOF materials for gas pre-concentration has been tested
with various methods. Using inverse gas chromatography, the partition coefficients of
the materials could be estimated for benzene and toluene at several temperatures.
These values have been used for simulation of the integrated device operation. A
standard adsorbent material, Tenax® TA, was included in these tests as a reference.
The two MOF materials have also been deposited on heated ceramic substrates which
were placed in a 10 ppm benzene gas stream leading to a mass spectrometer with
which the benzene concentration could be monitored continuously. Heating of the
substrates after a certain adsorption time generated clear peaks in benzene
concentration, which shows the general applicability of the MOFs and which could

also be used for further material characterization.

The operating principle of the integrated pre-concentrator has been simulated using
FEM simulations and the performance of the system, i.e. the pre-concentration factor,
has been estimated from the results. Two different MOF materials have been
characterized for their relevant properties, which have been used as input for the
simulation model. The MOF that yielded better results in the simulation was then used
for real gas tests; measurements with benzene in ppb concentrations have been
performed. The addition of the pre-concentrator clearly improves the sensitivity of the

gas sensor device compared to a single sensor without pre-concentrator.
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The sensor/pre-concentrator devices have later been integrated into gas sensing
systems, specifically designed for indoor use, by 3S GmbH (Saarbriicken, Germany),

see Figure 17.
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Figure 17: Sensor system prototype; Left: PCB with gas sensor / pre-concentrator device mounted in
the middle; Center: aluminum flush-mount front panel with gas access; Right: fully assembled system
ready for installation [232].

The sensing module is mounted on a PCB which contains electronics for a number of

tasks:

e Temperature control of the hotplates (gas sensor and pre-concentrator)
e Acquisition of the sensor signals of the various sensors
o gas sensor (measurement of the sensing layer conductivity using a log
amplifier, cf. chapter 2.1.2)
o temperature / humidity sensor
o optical CO; sensor
e Data storage
e On-line signal processing
e Control of overall system operation

This list shows that such sensor systems are complex devices, therefore all
components, including the sensor/pre-concentrator unit, must be optimized for size and
cost, which means integration of as many functions as possible into the separate

modules.
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The shown systems represent an evolution of the systems presented in chapter 6, the
identified issues regarding gas transport and housing materials have been addressed in
the new design. The front plate material in the prototypes is made from aluminum,
which does not emit VOCs, and the sensor device has been placed directly at the front
plate with a seal around it, in order to create a short diffusion path to the atmosphere

and to shield it from gas emissions from the PCB.
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An integrated microsystem for (indoor) air quality monitoring applications is presented. By combining
a gas pre-concentrator based on metal-organic frameworks (MOFs) and a metal oxide semiconductor
gas sensor, a device for detecting ppb levels of volatile organic compounds was designed, integrated and
tested with benzene as a target gas. Two metal organic frameworks have been characterized for their
suitability as gas pre-concentration materials for benzene and toluene using inverse gas chromatography
and mass spectrometry measurements in order to obtain breakthrough values for gas adsorption. Both
MOFs showed a higher pre-concentration effect compared to Tenax® TA, a state-of-the-art commercial
adsorbent material.

By depositing a MOF material on a micro hotplate integrated in a package together with a gas sensor, an
integrated gas sensor microsystem was realized. This system has been characterized in FEM simulations
concerning its gas pre-concentration capabilities and behavior. Test measurements were performed using
benzene at concentrations of 10-1000 ppb. Both the simulations and the measurements show the suit-
ability of the system design for the task. Significantly increased gas concentrations have been observed

during thermal desorption from the pre-concentrator after gas adsorption at a low temperature.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As people spend most time indoors, indoor air quality (IAQ)
has become an important health factor. Many different compounds
contribute to the problem of potential health issues caused by the
air inside buildings. While carbon dioxide (CO,) is the most com-
monly monitored species, there are also carbon monoxide (CO),
nitrogen dioxide (NO) and a variety of volatile organic compounds
(VOCs) to be considered [1,2]. The occurrence of these substances
has been investigated, e.g. in the INDEX project [3] or the Airmex
study [4]. Exposure to VOCs for a long time can have negative
effects on human health, including damage to the respiratory sys-
tem and skin irritations [5]. Moreover, VOCs are the main cause of
the sick building syndrome [6,7]. Besides these unspecific adverse
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E-mail addresses: m.leidinger@lmt.uni-saarland.de (M. Leidinger),
max.rieger@ict.fraunhofer.de (M. Rieger), t.sauerwald@Imt.uni-saarland.de
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0925-4005/© 2016 Elsevier B.V. All rights reserved.

health effects, some VOCs are proven to be carcinogenic (e.g. ben-
zene [1]) or are suspected to be carcinogenic (e.g. formaldehyde
[8]). Formaldehyde, benzene and naphthalene have been iden-
tified as VOCs with the highest priority based on their toxicity
and prevalence [1,3]. The respective guideline threshold values for
these substances in indoor air are 0.1 mg/m?3 (81 ppb) for formalde-
hyde [1], 0.01 mg/m3 (1.9 ppb) for naphthalene [1], and 5 pg/m3
(1.6 ppb) for benzene [9].

To detect such small concentrations of these gases with-
out expensive and time-consuming analytical measurements like
GC-MS analysis [10], solid state gas sensors can be used. It was
shown previously that formaldehyde, benzene and naphthalene
can be detected in the relevant concentration range using metal
oxide semiconductor (MOS) gas sensors in temperature-cycled
operation (TCO) and can be discriminated using signal pattern
recognition techniques, e.g. linear discriminant analysis (LDA) [11].
These tests were using a changing background of ethanol as a sim-
ple model for the interfering background of further VOCs. For more
complex VOC backgrounds and for applications under real envi-
ronmental conditions the performance of the sensor system needs
to be enhanced, especially concerning sensitivity and selectivity.
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To this end, a system for gas pre-concentration was realized and
tested within this work. With this technique, gases are collected
inside a material with a high surface area over a certain time and
then a rapid thermal desorption is used to generate a high gas
concentration for a short period.

There are several options for pre-concentrator materials, one
of them metal-organic frameworks (MOFs). Metal-organic frame-
works are a novel class of crystalline porous coordination polymers
with a very high surface area (in some cases more than 1000 m?/g),
which means relatively large quantities of gas can be adsorbed and
stored in a small volume of the material. They consist of metal or
metal clusters (nodes) and spatially interconnecting multidentate
organic molecules (linkers) [12]. One-, two- or three-dimensional
structures may be formed. Especially the three-dimensionality
may render a high interior surface. The resulting network exhibits
pores and channels with spatial and chemical uniformity. MOFs
can be tailored to a specific need by adapting the synthesis con-
ditions, including choice of linkers, nodes and their molar ratios.
Despite their applications in gas storage, separation and catalysis,
we focus on using them as a guest molecule trapping-agent for
pre-concentration prior to detection.

Recently published computational investigations suggest the
usage of MOFs as pre-concentrator materials for small molecules
such as xylenes, phosphonates and high explosives (TNT) [13-16].
In this investigation, two MOFs materials, HKUST-1 (Cu3BTC;)
[17], and MIL-53 (AIBDC) [18], have been characterized regard-
ing their suitability as pre-concentrator materials for benzene, i.e.
their adsorption potential at low temperatures and their desorption
characteristics at elevated temperature were studied. For compar-
ison, the adsorption potential was also tested for toluene.

A design for an integrated system containing pre-concentrator
and gas sensor was developed and implemented. The MOF material
was deposited on a MEMS hotplate, allowing for fast temperature
cycling of the pre-concentrator. The physical processes inside the
system, e.g. gas transport by diffusion and gas enrichment, have
been simulated via FEM simulations. Simulations have been per-
formed with benzene as well as toluene, in order to evaluate the
possibility to discriminate between these two components with the
MOF/MOS combination.

Prototypes of the integrated system were realized and test mea-
surements with benzene were performed. The measurements show
the basic functionality of the approach, the pre-concentration effect
can clearly be observed in the gas sensor signals.

2. Experimental

For realization of the integrated systems first the two MOF
materials were characterized regarding their pre-concentration
performance. Checked were their characteristics for adsorption and
desorption of benzene and for comparison also their adsorption
potential for toluene. For optimizing the basic setup of the pre-
concentrator gas sensor system, a model was implemented into
FEM simulation software. With this tool, the geometry of the setup
of pre-concentrator and sensor in a package could be optimized. A
prototype was then integrated and tested for its benzene detection
performance.

2.1. MOFs as pre-concentrator materials

The most common method to characterize MOF substances in
terms of pore volume and specific surface area is nitrogen sorp-
tion isotherms in the BET region. These isotherms, however, only
allow determination of the accessible surface area with respect
to nitrogen molecules. Measuring equilibrium sorption isotherms
for organic vapors is often complicated and requires precisely

Table 1
Measured breakthrough volumes for benzene and toluene for MIL-53, HKUST-1 and
Tenax® TA, in ml(N;)/g. Underlined values were extrapolated.

MIL-53 HKUST-1 TENAX® TA
T(*C) Benzene Toluene Benzene Toluene Benzene  Toluene
50 173117 529840 72174 94534 554 1132
100 8225 46438 3060 14543 375 496
150 1481 5413 1103 5849 197 633
200 556 1386 344 1386 203 478

thermostated equipment. Alternatively, the method of inverse gas
chromatography (iGC) [19] can be used to estimate guest molecule
sorbent affinities [20]. Heats of adsorption as well as partition coef-
ficients can be calculated from iGC experiments [21].

Two commercially available so-called Basolites®, A100 or MIL-
53 and C300 or HKUST-1, were tested in comparison with a
standard adsorbent (Tenax® TA in 60-80). Metal-organic frame-
works and Tenax® TA were obtained from Sigma Aldrich. The MOF
powders showed volume weighted particle diameter means (D
[4,3]) of 19.8 um and 16.2 um for MIL-53 and HKUST-1, respec-
tively, measured by dynamic light scattering.

A common setup was used to determine breakthrough volumes
of organic vapors regarding MOFs. A regular gas chromatograph
was equipped with a photoionization detector and a packed column
of MOF material was inserted between the injector and detector
connecting tube. Using a mass-flow meter and peak maximum
retention times it was possible to determine breakthrough or
retention volumes of relevant guest molecules on various MOFs.
Retention volumes are calculated by subtracting the dead time
(methane) and multiplying carrier gas flows (usually 10 ml/min via
gas flow meter) with particular retention times. They are normal-
ized by dividing through the respective sorbent mass. A comparison
with Tenax® TA was drawn as it is a state-of-the art sorbent for
air sampling. The values determined for Tenax® TA differ from
values presented in the literature (i.e. SISweb [22]). However, it
was also shown that sorbent descriptors of this material differ
from that of older lot-numbers [21]. This may be attributed to the
manufacturing process and a stronger particle size dependence
on equilibration-times during elution of substances. Tenax® TA
60-80 mesh is 177-250 microns while MOF particles are almost
one order of magnitude smaller. In some cases the breakthrough
volume was so high that the maximum technical chromatogram
length of 999 min was exceeded. In these cases the breakthrough
volumes were extrapolated using the van’'t Hoff equation.

The measurement results are composed in Table 1. Results
showed that breakthrough volumes varied among benzene and
a potential interferent (toluene). As expected, the retention vol-
umes of the MOF materials drop with increasing temperature. This
is due to the higher kinetic energy of guest molecules and ham-
pered tendencies to interact with pore walls within and outside
the framework. In case of benzene on HKUST-1 breakthrough vol-
umes for benzene drop from 7.22 x 10* ml to 344 ml of nitrogen
per gram of absorbent when going up from 50°C to 200 °C.

MIL-53 shows similar tendencies as HKUST-1 but a higher
dynamic retention volume in terms of different temperatures. Ben-
zene and toluene, having retention volumes of 1.73 x 10° ml/g and
5.30 x 10° ml/g at 50°C, drop to 556 ml/g and 1386 ml/g at 200 °C,
respectively.

This is not the case for Tenax® TA. Not even a change of one
order of magnitude in retention volume is achieved by a similar
temperature jump. Whereas benzene retention volume at 50°C is
about 550 ml/g, it is only reduced to approx. 200 ml/g at 200°C.

Substance discrimination is another feature to be addressed by
the sorbent material. A higher difference in retention volumes on a
specific sorbent allows for time-shifted desorption peaks. In case of
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Fig. 1. Desorption peak recorded by mass spectrometry for M =78 (benzene) after 60 min (left) and 30 min (right) of sampling 10 ppm of benzene on HKUST-1.

a punctiformly loaded lattice of HKUST-1, with both benzene and
toluene adsorbed inits structure, a thermal desorption at 200°C and
a carrier gas flow of 10 ml/min will produce a toluene peak maxi-
mum after 1.38 min and a benzene peak maximum after 0.34 min,
calculated as in [24]. In practical terms, toluene is delayed four-fold
compared to benzene. This allows for a dynamic separation. In case
of Tenax® TA this discrimination factor is only approx. 2.3 at 200 °C.

2.2. Preparation and test of pre-concentrator devices

By immersing bulk MOF powders in di-n-butylether it was pos-
sible to create stable suspensions, with respect to sedimentation.
These suspensions were drop coated on alumina heater substrates
(3 x 3mm?) using capillaries. Approx. 30 mg of the MOF material
was deposited on the substrates. For testing thermal gas desorption,
selected gas streams were conducted through stainless steel tub-
ing into a measurement chamber containing the pre-concentrators
(PCs). In order to determine the pre-concentration efficiency of the
film we used a setup presented in [23]. Exiting gas streams were
permanently monitored by a mass spectrometer (Pfeiffer GSD 301
quadrupole MS) using multiple ion detection. The system gas flow
was regulated using a mass-flow controller and a vacuum pump
at the exhaust of the system. Gas samples were supplied in gas
sampling bags (Supelco, 30240-U). A T-valve was used to switch
between zero air and analyte in zero air. The mass detector’s lin-
earity was evaluated by measuring gas sampling bags containing
different dilutions of analyte vapor. Linearity was observed for a
range from 100 ppb to 100 ppm. A constant flow of analyte loaded
carrier gas was conducted through the measurement chamber
while the pre-concentrator was kept at room temperature. After a
specific sampling time, the pre-concentrator was heated for 500 s to
200°C for thermal desorption, leading to a particular gain in detec-
tor signal (ion current), as shown in Fig. 1. The MS signal shows a
clear peak when the heater is switched to desorption temperature.

Examining the desorption peaks, a linear relation of sampling
time and desorption peak area could be established below 20 min.
Going from 30 min to 60 min of adsorption period, only an area
gain of 25% is observed (7.88 x 10~'% As for 60 minand 6.27 x 1010
As for 30 min). This indicates an approaching saturation or, more
correctly, solid-gas-equilibrium.

For the experiment with 10 ppm benzene in the carrier gas we
observed an (peak height based) enrichment factor of almost 700%
using 60 min of adsorption before thermal desorption and 550 % in
case of 30 min. Full widths at half maximum (FWHM) for both des-
orption peaks are approx. 150s. The signal drop below the baseline
after the heater is switched off (after 500s of heating) shows the
re-adsorption of benzene on the MOF material.

In an experiment with 1 ppm benzene this value drops to 460%
for 60 min (Fig. 2). Shorter adsorption intervals (30, 15 and 10 min)
lead to preconcentration factors of 310, 210 and 190%, respectively.

500 4

400 - //

300

200 A

Enrichment factor (%)

100 4

0 r l ¥ T L T ¥ T ) 4 T ¥ T . T ¥ T ” T T ¥ l . 1
5 10 15 20 25 30 35 40 45 B0 55 60 65
Sampling time (min)

Fig. 2. Enrichment factor vs. sampling time for HKUST-1 and benzene.

This plot of enrichment factors over sampling time shows that at
the lower concentration a gas-solid equilibrium is not reached after
60 min of sampling as there is still a linear relationship.

2.3. System integration and FEM simulations

For including MOF pre-concentrators in an FEM simulation, the
partition coefficient and the gas diffusion coefficients inside the
MOF are required. Partition coefficients for the MOF/gas combi-
nations were estimated using equilibrium sorption constants [24].
These constants are identical to retention volumes of a 50% peak
height of an elution peak of an analyte on a sorbent [21]. The values
were extracted from the breakthrough volume measurements.

For estimation of the diffusion coefficients of the gases in
the MOF, the simulated diffusion coefficients of several MOFs
from [25] have been used as a basis. In [25], diffusion coeffi-
cients for benzene and toluene have been calculated in the range
from 8.3 x 107% cm?/s to 4.4 x 10~ cm?/s for benzene and from
2.4 x 1075 cm?/s to 2.9 x 10~ cm?/s for toluene, respectively. Sim-
ulations showed that for our geometry with a very thin MOF layer
(50 m) this parameter has a negligible influence on the perfor-
mance of the system. Thus, the average values for the two gases,
2.6 x 10-5 cm?/s for benzene and 1.56 x 1075 cm?/s for toluene,
were chosen. All material parameters used in the FEM simulations
are listed in Table 2.

To set up an integrated pre-concentrator gas sensor system, a
pre-concentrator chip and a gas sensor chip were mounted in an
SMD ceramic package with external dimensions of 5 x 7 x 1mm3.
The design of the integrated system was also implemented into
COMSOL Multiphysics. Fig. 3 shows the detailed cross section of the
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Table 2
Material parameters used in the FEM simulations.
Parameter Value Reference

Partition coefficient at 25°C

Benzene HKUST-1:3.52 x 10~
MIL-53: 1.45 x 102
Toluene HKUST-1: 1.59.105

MIL-53: 9.47 x 10°%
Partition coefficient at 50°C

Benzene HKUST-1: 6.16 x 10>
MIL-53:3.89 % 10
Toluene HKUST-1: 4.35 % 1075

MIL-53: 2.87 x 1077
Partition coefficient at 200°C

Benzene HKUST-1:8.93 x 103
MIL-53: 6.01 x 102
Toluene HKUST-1: 2.19 % 103

MIL-53: 2.36 x 102
Diffusion coefficient in air

Benzene 8.8 1072 cm?/s
Toluene 8.7 x 102 cm?/s
Diffusion coefficient in MOF

Benzene 2.6 x 10-° cm?/s
Toluene 1.56 x 1075 cm?[s

Measurement (extrapolation)

Measurement (extrapolation)

Measurement

Measurement (extrapolation)

Measurement
Measurement
[26]
[26]

Estimation, based on [25]
Estimation, based on [25]

microsystem. A cross section of the full COMSOL model including
the gas environment is provided in the supplementary materials.

For the first prototypes, a dual gas sensor chip with two semi-
conductor sensing layers was used and mounted inside the package
next to the pre-concentrator chip. The gas sensor chip is a com-
mercial device by SGX Sensortech SA (Corcelles, Switzerland); the
two gas sensitive layers are the same as in the dual sensor device
MiCS-4514. Gas access from the environment was limited to a gas
port with a width of 1.5mm and a height of 1mm at the end
of the package at which the pre-concentrator is located. Various
options for the gas access, i.e. position and size, have been tested;
the highest increase of gas concentrations has been obtained with
the presented design.

Using the parameters in Table 2, an adsorption/desorption cycle
was simulated, in separate simulations for each of the two gases
benzene and toluene, for both MOF materials and different adsorp-
tion temperatures. The starting condition for the gas concentration
was 10 ppb in the whole geometry, in the environment as well as
inside the device package. Adsorption was simulated for 300s by
selecting the partition coefficient for 50 °C. After 300 s the partition
coefficient was changed to the value for 200°C for 180 to simu-
late thermal gas desorption, then was changed back again to the
low temperature value. Total simulated time for each compound
was 600s. Adsorption was simulated for a temperature of 50°C, as
the partition coefficients for room temperature were not directly
available from the measurements but had to be extrapolated. Fur-
thermore, a slightly heated pre-concentrator can have benefits in
real applications, e.g., suppressing ambient temperature fluctua-
tions and fluctuations of the background of permanent gases and
highly volatile organic compounds.

Gas distributions for benzene inside the device after 6.5s of
adsorption and 1.5s after start of desorption are shown in Fig. 3,
using HKUST-1 as pre-concentrator material. The simulation shows
that already 6.5 s after start of adsorption (Fig. 3a), almost the entire
gas from inside the package has adsorbed in the pre-concentrator;
especially at the location of the two sensors the concentration is
reduced by more than one order of magnitude. Moreover, gas from
the environment has already started to adsorb in the material,
forming an almost hemispherical depletion zone. During gas des-
orption the highest gas concentration at the location of the two
sensor chips was observed after approx. 1.5 (Fig. 3b).

The gas concentrations just above the centers of the two gas
sensor layers were extracted over time, as shown in Figs. 4 and 5.

Table 3
Simulated gas concentration increase factors at the two sensing layers for all
MOF/gas combinations.

Gas increase factor (Cpeal/Co) HKUST-1 MIL-53
S1 S2 S1 S2

Sampling at 50°C

Benzene 28.4 27.2 30.3 293
Toluene 16.6 16.4 20.1 19.9
Sampling at 25°C

Benzene 36.6 35.1 38.8 376
Toluene 22.2 219 25.0 24.7

The sensor located closer to the pre-concentrator is labeled 51, the
sensor further away in the corner is labeled S2 (see Fig. 3a). At
the start of the simulation run the gas concentrations at the sen-
sors decrease rapidly as the gas adsorbs in the pre-concentrator. As
the pre-concentrator becomes slowly saturated, gas diffusing from
the environment into the housing can pass the pre-concentrator
again and reach the sensors. However, even after a sampling time
of 300s the concentration at the sensor is 4.75 ppb (benzene) to
5.75 ppb(toluene) with both MOFs, whichis still significantly below
equilibrium (10 ppb). After switching the partition coefficient to
desorption, there is a significant rise in gas concentration for all
gas and MOF material combinations at both sensors. Due to the
longer diffusion path, the peak concentration value at sensor S2 is
reached approx. 0.5 s after the peak at S1. During the following con-
centration decrease the values stay slightly higher at S2 compared
to S1.

The peak heights differ significantly for the two gases while
the MOF material has only a minor influence. Benzene shows
higher peaks due to the larger change in partition coefficient from
adsorption to desorption temperature. For the same reason MIL-53
generates slightly higher peaks for both gases.

The factors of increase of gas concentrations at the desorption
peaks over the initial concentration of 10 ppb are listed in Table 3,
for simulations with adsorption at 50 °C and for room temperature
(25°C) based on extrapolated partition coefficient values.

2.4. Test measurements
Anintegrated prototype system was tested with benzene as test

gas and MIL-53 as pre-concentrator material. Benzene was applied
in concentrations of 10 ppb, 100 ppb and 1 ppm in dry air. The test
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Fig. 3. Simulated gas concentrations inside the pre-concentrator material (left scale) and in the air (right scale), simulated for benzene and HKUST-1 as pre-concentrator
material. (a) 6.5 s after start of adsorption at 50 °C. Nearly all gas from inside the package has been adsorbed in the pre-concentrator material. (b) 1.5 s after start of desorption
at 200°C. The highest gas concentration is obtained inside the microsystem, i.e. at the locations of the two gas sensor chips.

gases were generated using a two-step gas dilution of abenzene gas
cylinder (50 ppmin air)in a gas mixing system designed specifically
for VOC trace gases [27]. The measurements were performed in
dry zero air at a total gas flow of 80 ml/min. For the presented first
prototypes, not the whole heater area was coated with the MOF
materials. Only small suspension drops with a diameter of approx.
300 pm, corresponding to an area of 0.07 mm?, were deposited on
the heaters while the simulations shown above are based on a pre-
concentrator area of 0.5 mm?.

Both the pre-concentrator and the sensors were operated in
temperature cycled operation using the TCO electronics Toolbox
provided by 35S GmbH (Saarbruecken, Germany). Cycle length was
600 s total; the temperature cycles for the pre-concentrator and the

gas sensors are shown in Fig. 6. During the first 298 s of the mea-
surement cycle, all devices were switched off. The gas sampling
performance of the pre-concentrator is better at lower tempera-
ture, hence the gas sensors were switched off to prevent thermal
crosstalk to the MOF coated chip. 298 s into the cycle, the gas sen-
sor's were heated to a high temperature, 400°C for 2s in order to
clean the sensor surface before starting the gas desorption from
the pre-concentrator. At 300 s, the sensors were switched to 300°C
and the pre-concentrator was switched to desorption at 200 °C for
180s. The gas sensors remained at 300 °C until the end of the cycle
and were then switched off.

Despite of the high functionality and performance of the sys-
tem the power consumption is low. Beneficial effects are the
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Fig. 6. Temperature setpoints for pre-concentrator and gas sensors as well as measured gas sensor signal during a 600 s TCO cycle [28]. The signal is from the sensor in the
corner of the package, “S2” in the simulations. At 298 s the gas sensor is switched to a high temperature of 400 °C for 2 s, and then switched to 300 °C for gas detection. The
pre-concentrator is switched from room temperature to 200°C at 300 s and switched off again at 480s.

minimization of the heated areas (for the sensors as well as for This yields the average power consumption for the dual sen-
the pre-concentrator) and the intermittent operation mode. The sor pre-concentrator system to 73.5mW for the 600s cycle. If
pre-concentrator heater needs 43 mW at 200 °C for 180, the sen- only one gas sensor is installed, average power consumption is
sor heater 88 mW at 400°C for 2s and 60 mW at 300°C for 300s. 43.2 mW. We are optimistic that the power consumption could be
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Fig. 7. Normalized sensor signals during a TCO cycle for 1000 ppb, 100 ppb and 10 ppb of benzene. For each concentration, a cycle with benzene was divided pointwise by a

cycle in zero air without benzene.

significantly optimized by shortening the power-on times of the
devices. For example, if the time the pre-concentrator is switched
on is reduced to 20 s and the time the sensors are set to 300°C is
reduced to 40 s, average power consumption for a 600 s cycle drops
to 10.0 mW for a dual sensor system and 5.7 mW for a single sensor
system.

3. Results

Only the sensor of the dual sensor chip in the far corner of the
package (S2 in the simulations) was evaluated for analyzing the
basic functionality of the prototype system, the raw sensor signal
of a temperature cycle is shown in Fig 6. Before 298 s, the sensor
is switched off and the signal close to zero, due to limitations of
the read-out electronics at low conductivities. At 298, the sen-
sor is switched to a high temperature for 2s and hits the upper
limit of the read-out circuit. At 300s, when the temperature is
switched to 300°C and the pre-concentrator is switched on, the
sensor signal first drops quickly, then rises to a peak after several
seconds and then falls towards a steady signal. In this peak, several
effects are combined. There is the general sensor layer behavior
after a temperature change, the effect of gas desorbed from the
pre-concentrator, and a slight influence of thermal crosstalk from
the pre-concentrator heater. After switching off of the PC heater at
480 s, the signal drops slightly to a steady value until the end of the
cycle indicating gas adsorption in the pre-concentrator.

To separate the effects and extract the signal generated by the
gas pre-concentration, a normalized sensor cycle G/Gg was calcu-
lated by dividing a signal cycle measured with benzene pointwise
by a signal cycle recorded in pure air. This eliminates all influences
but the benzene. This normalization was performed for all three
benzene concentrations; see Fig. 7.

During the adsorption phase, there is no significant signal; the
calculated quotient is quite noisy as the sensor signals are noisy
when the sensors are switched off. The signal peak after heating up
the MOF after 300 s is obvious. It represents the gas desorption from
the pre-concentrator. After a few seconds, all the gas is desorbed
from the MOF so that the sensor signal drops and stabilizes as now

only the applied benzene concentration is inside the package. There
is a slight signal drop when the pre-concentrator is switched off (at
4805), the sensor therefore detects the decrease of the gas concen-
tration inside the integrated device which is caused by adsorption
in the MOF. Thereafter, the signal increases again at least for sev-
eral tens of seconds while adsorption and desorption on the MOF
is approaching equilibrium (cf. the simulated concentration curves
for benzene in Figs. 4 and 5).

The desorption peaks for all concentrations are roughly twice
as high as the steady sensor signals. However, the sensor signal is
not linear; the peak at 10 ppb of benzene reaches a relative change
of conductance of 21%, which is nearly as much as for the steady
sensor signal for 100 ppb of benzene indicating a pre-concentration
factor of almost 10.

4. Conclusion and outlook

We successfully designed, simulated, integrated and tested an
integrated pre-concentrator gas sensor microsystem. Both the sim-
ulations and the gas measurements show that the chosen design is
suitable for the task of generating short pulses with significantly
increased gas concentrations for VOC target gases in the ppb range.

Two MOF materials were tested for their suitability in pre-
concentration applications using inverse gas chromatography
measurements for adsorption and mass spectrometry measure-
ments for desorption. Using iGC, relative affinities of benzene and
toluene towards the two MOFs and a state-of-the-art adsorbent
(Tenax® TA) were determined. The MOFs outperformed Tenax® in
this setup and are thus suitable for pre-concentrating the two tested
compounds benzene and toluene. The affinities of the two gases
differ significantly for both MOFs. This may allow for a dynamic
separation based on the difference in desorption peaks over time
and hereby discrimination of different gases with the integrated
sensor system.

An FEM model of the integrated system has been implemented
in COMSOL for which gas adsorption and desorption in the pre-
concentrator and gas diffusion inside the system as well as gas
exchange with the environment could be studied. It was found
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that the performance of the system is influenced significantly by
the material parameters of the pre-concentrator and the gas, i.e.
the partition coefficient. These parameters determine the amount
of gas that is adsorbed inside the pre-concentrator and thus the
gas concentration at the sensors at desorption. Another parame-
ter that varies significantly with the gas type is the time it takes
for the pre-concentrator to be saturated, i.e. the adsorption time
that is required for relevant pre-concentration. With the measured
values from the iGC material characterizations and the estimations
made for the material parameters for the simulations, gas concen-
trations could be increased by a factor of more than 30. Even though
benzene and toluene have fairly similar affinities to the MOF the
pre-concentration factor for benzene was more than 50% higher
compared to toluene.

The design of the integrated system was successfully tested
with benzene gas measurements. The normalized gas sensor signals
clearly showed significant peaks at pre-concentrator desorption
corresponding to an increase of the gas concentration. For 10 ppb
of benzene, the sensor signal during the desorption peak nearly
reaches the level of the steady state response for 100 ppb of ben-
zene.

The FEM simulation of the system will be used to further opti-
mize the design of the setup and to study possible operating modes
of the system, e.g. to separate gases of different volatilities. The per-
formance of the system will be further enhanced by increasing the
MOF coated area and by applying optimized thermal cycling for
both the sensors and the pre-concentrator.
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8 Discussion of results

In addition to the discussions included in the presented publications, summaries of the
results of the single methods and technologies as well as a comprehensive discussion

of the achieved results are included in this chapter.

The goal of the investigations presented in this thesis was to improve the sensing
performance of MOS gas sensors, especially for very low VOC gas concentrations. A
prerequisite for evaluating sensing performance of gas sensors and gas sensor systems
is a reliable and accurate generation of test gases; the design and setup of a gas mixing
system has been described in chapter 3. The presented system has been tested for its
characteristics at generating gas mixtures in the relevant ranges, and performs with
sufficient accuracy for ppb level concentrations and even sub-ppb levels. The expected
errors in gas concentration due to accuracy of the used fluidic control devices are less
than 5 % of the nominal values, and this maximum value applies only to the lower end
of the total concentration range. Versatile usability of the system has been ensured by
designing it for mixing gases over wide concentration ranges, the dynamic range is
1:10.000 in the presented configuration, and can be increased to 1:62.500 if reduced
accuracy is acceptable. This range is sufficient for many applications; for indoor air
quality the lowest relevant concentrations are at low ppb levels (e.g. benzene), which
can easily be generated from gas cylinders holding sufficiently high gas concentrations
of more than 50 ppm. With the presented system configuration, theoretically a dilution
factor of 1:12.500.000 of the input concentration can be achieved, if a 10 ml/min MFC
line is used, the full MFC setpoint ranges are utilized and the maximum carrier gas
flow (1000 ml/min with humidity fixed at 50 %RH) is chosen.

Suitability of the used materials for tubing has been checked in a comparative test of
different polymer, metal, and coated tube pieces. The investigation found that stainless
steel tubing, which has been installed in the system, shows good performance
regarding sticking effects of VOC gases compared to other possible materials, e.g.

aluminum. In the design of the mechanical components, the issue of dead times and
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tailing effects of gas pulses caused by dead volumes has been addressed and these

effects could be reduced, which is relevant for generating short gas pulses.

A drawback of the chosen setup is its limitation to gas cylinders as possible gas
sources. Other means of initial gas generation, e.g. permeation, are not included. This
means that for some VOCs (e.g. naphthalene), a different test setup must be used.
However, for a wide variety of gases, the gas mixing system offers adequate
performance regarding accuracy, dilution factor, dynamic range, gas compatibility,
number of gases, and switching time between gases or gas concentrations. Combined
with the described control software, a useful tool for convenient and versatile

generation of complex test gases and test gas sequences has been realized.

Several test measurements with ppb level gas concentrations have been described,
using benzene, formaldehyde, and naphthalene as VOC target gases. To generate more
realistic scenarios, the gas humidity has been varied in most of the measurements and
interferent gases have been added in some of the tests. As explained in the introduction
(chapter 1), the possible applications for ppb level sensing usually deal with complex
and varying gas conditions, therefore testing of gas sensors and gas sensor systems
also needs to include complex gas environments. In such testing conditions, the
presented examples of MOS gas sensors operated in TCO showed very promising
results. In all tests, trace gas concentrations of different gases could be distinguished or
quantified by using pattern recognition signal processing based on features extracted
from the dynamic signals. The results show that the gas sensors respond to the
investigated gases at different temperatures (chapter 5), therefore operation with
temperature variation seems advantageous compared to static heating of the sensors.
Additionally, the increase of sensitivity resulting from temperature variations (chapter
2.1.2) can be exploited effectively only in TCO. With the extracted features, advanced
signal evaluation could be utilized; the two presented methods were successfully
applied to different output data structures: LDA was used for classification of data
sets, e.g. identification of gases, and PLSR was used for concentration quantification.

However, for the lowest concentrations of the respective gases in complex
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backgrounds, LDA classifications still showed significant errors, especially if the

measurement runs of different target compounds are combined.

The effect of different sensing materials can also clearly be seen from the presented
measurements. The commercial sensors used in chapter 5 show good responses to all
applied gases, while the PLD WOs3 layers (chapter 4) offer good selectivity towards
one of the three VOCs used in the test run. Effects like this can be helpful in designing

systems for specific compounds, which is relevant for some applications.

In addition to characterization of the sensor elements, the effects of installing the
sensors in autonomous sensor systems have been identified and described in chapter 5.
Improvements for the design of such devices have been derived and incorporated in
the next generation of systems. However, the shown second generation uses relatively
expensive solutions for certain issues (e.g. metal front plate) and must be revised to

allow mass production as a low-cost system.

General performance and stability of MOS gas sensors for specific application
scenarios have been proven by the inter-laboratory tests of a sensor system which has
been trained and tested for benzene quantification in a simulated outdoor scenario
using TCO and PLSR. Using features extracted from three low temperature segments
of a SnO: gas sensor, benzene could be quantified in a concentration range from 1 to
10 ppb. The results confirm the TCO model presented in chapter 2.1.2; after rapid
temperature reductions the conductance value of the sensing layer rises in a
logarithmic fashion, and the slope changes with the temperature and the present gas
atmosphere. The temperature dependence of the sensitivity is another obvious feature
of the presented results. Using PLSR, a model was derived which predicts the benzene
concentration of the input signal. The error in quantification was below 2 ppb with the
most complex background variation, and was reduced to approx. 0.2 ppb with only
low interferent gas variation. While an accuracy of 0.2 ppb is sufficient for indoor air
quality monitoring (cf. Table 1), an accuracy of 2 ppb is technically too low for this
application, with a desired detection threshold of about 1 ppb for benzene. However,
since low-cost sensor systems for such requirements are so far not commercially

available, the performance of the system can be rated as sufficient. For outdoor air
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monitoring, the performance is adequate, as higher concentrations of benzene occur,
especially in cities [47]. For concentrations up to 20 ppb, an accuracy of 2 ppb is

satisfactory.

Regarding the transferability of a calibration from one laboratory to measurements
from a second laboratory, the system shows deviations of up to 4 ppb; however, this
error results, for the most part, from a constant offset. This can most likely be
explained by the difference in gas humidity and residual contamination in the two
measurement runs. In general, the projected data sets from the second test show good
consistency in quantification of the different benzene concentrations, the predicted

values increase linearly with linear increase of the actual concentration.

The last presented method is a novel approach on pre-concentration of gases. While a
lot of research has been done and is still going on in this topic (cf. chapter 2.2), the
approach presented here has a different focus. The goal was to build and characterize a
low cost MEMS system with an integrated pre-concentrator / gas sensor design, which
uses passive diffusion based gas transport. This goal was achieved; a miniaturized
system was set up and tested with benzene as target gas. Thermal desorption of the
MOF pre-concentrator layer generated distinct pulses of higher gas concentrations,
which could be detected by the gas sensor. Due to the placement of the two elements
in direct vicinity, the diffusion based gas transport is fast enough for creation of short
gas peaks. While the pre-concentration factor obtained with the presented miniaturized
setup is much lower compared to the larger examples presented in chapter 2.2.3, the
effect is still significant and increases the quality and decreases the limit of detection
for the target gas. For the application of indoor air quality monitoring, the performance
has to be optimized further, as 1 ppb of benzene in varying conditions could probably
not be detected reliably with the tested setup. Especially the effect of gas humidity,
which is always present in real atmospheres but has been eliminated in the shown
measurements, will probably decrease the accuracy of benzene detection by
influencing both the pre-concentrator and the sensor, as other measurements have
shown [232].
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Metal-organic frameworks have been identified as suitable materials for gas pre-
concentration; their thermal stability, large surface area and large variety make them a
promising group of substances for further studies and developments in this area of
application. With the created simulation model, the characteristics of the setup can
easily be studied further without performing complex measurement series.
Characterization and optimization of a larger scale setup has already been carried out
based on the MEMS system model [175].

A device like the presented one could be manufactured in high numbers and at low
cost. Due to its small size and low energy consumption, it could be used in a wide

range of applications, including portable systems for air quality monitoring.

Both temperature cycled operation and micro pre-concentrators have been successfully
applied for detection of trace level VOC concentration measurements in laboratory
conditions. For transfer of these techniques into field tests and real applications,

further optimizations and refinements will be necessary.
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9 Conclusion and outlook

In this thesis, several methods for improving the performance of MOS gas sensors at
low target gas concentrations have been applied to trace VOC measurements, but are
potentially also useful for other gaseous compounds such as permanent gases. An
important prerequisite for performing such measurements has been created by the
successful design, setup and characterization of a gas mixing system. The system has
been optimized for generating very low gas concentrations, which are necessary for

calibration and characterization of gas sensors and gas sensor systems.

In several test measurements, the performance of low-cost MOS gas sensors and
sensor systems for the intended applications have successfully been tested in
laboratory conditions. Temperature-cycled operation in combination with sophisticated
signal processing techniques was shown to be an effective approach when using MOS
gas sensors for ppb level gas detection. Both gas identification and target gas
quantification could be performed successfully using TCO in combination with feature
extraction and LDA or PLSR. Adding gas pre-concentration in an integrated gas
sensor / pre-concentrator device also yielded very promising results in terms of sensing

performance.

In future research, many of the applied methods could be improved further or
combined with other techniques. For signal processing with extracted features, a large
number of methods are available; some might be more suitable for certain applications
than the ones used here. The topic of integrated pre-concentration in particular has
many opportunities for further investigations and optimizations. One possibility is the
combination of one pre-concentrator with several different sensors or one sensor with
several different pre-concentrator chips. These setups could improve especially the
selectivity of gas detection. Furthermore, the operation of the pre-concentrator was
included in a very simple manner so far. Instead of straightforward on/off operation,
more complex adsorption/desorption processes are possible, e.g. using several

desorption steps at different temperatures or using ramps for heating of the pre-
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concentrator layer. This could further be combined with more complex operation of
the gas sensor. In the presented test measurement, a very basic mode of temperature
modulation was used for the sensor. Therefore, the introduced methods for advanced
signal processing could not be fully applied. Changing the operating mode of the
sensor could further improve the performance significantly, and in combination with
the mentioned operating modes of the pre-concentrator, the overall performance of
such a device could possibly be boosted significantly. Regarding the pre-concentrator
design, the samples used in this thesis were not optimized for performance; the
achievable pre-concentration factor and the timing of adsorption/desorption cycles
could also be improved greatly. Parameters like layer thickness, layer area, distances
between chips etc. can all be tweaked for improving the gas measurement capabilities

of such an integrated system.

The methods presented in this thesis, and combination of these methods in particular,
will allow realization of advanced gas sensor systems for various applications such as
air quality, breath, or odor monitoring and analysis; all of which require selective

detection and quantification of trace gases, especially of VOCs.
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