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Abstract. Particle emission from traffic, power plants or, increasingly, stoves and fireplaces poses a serious risk
for human health. The harmfulness of the particles depends not only on their size and shape but also on adsor-
bates. Particle detectors for size and concentration are available on the market; however, determining content and
adsorbents is still a challenge.

In this work, a measurement setup for the characterization of dust and ash particle content with regard to
their adsorbates is presented. For the proof of concept, ammonia-contaminated fly ash samples from a coal-fired
power plant equipped with a selective non-catalytic reduction (SNCR) system were used. The fly ash sample
was placed on top of a heater substrate situated in a test chamber and heated up to several hundred degrees. A
silicon carbide field-effect transistor (SiC-FET) gas sensor was used to detect desorbing species by transporting
the headspace above the heater to the gas sensor with a small gas flow. Accumulation of desorbing species in the
heater chamber followed by transfer to the gas sensor is also possible.

A mass spectrometer was placed downstream of the sensor as a reference. A clear correlation between the
SiC-FET response and the ammonia spectra of the mass spectrometer was observed. In addition, different levels
of contamination can be distinguished. Thus, with the presented setup, chemical characterization of particles,

especially of adsorbates which contribute significantly to the harmfulness of the particles, is possible.

1 Introduction

Particle emission from traffic or huge power plants poses a
serious risk for human health. The harmfulness of the parti-
cles depends mainly on their size, shape and content (Buzea
et al., 2007). In recent years, the amount of nano-sized parti-
cles has increased considerably, which increases the risk for
human beings. (Buzea et al., 2007; NIOSH, 2013).

Particle detectors for size and concentration are available
on the market and are usually based on optical systems, e.g.,
light scattering (Xu, 2014) or charging of particles (Ntzi-
achristos et al., 2011; Lanki et al., 2011; Amanatidis et al.,
2013). Surface acoustic wave resonators (SAWR) have been
used to detect submicron-sized particles with a mass below
1ng (Thomas et al., 2013). For soot detection, sensor sys-
tems based on thermophoresis (Bjorklund, 2010) and electri-

cal impedance spectroscopy (EIS) of interdigital electrodes
(IDE) (Messerer, 2003; Bartscherer and Moos, 2013) are also
presented. Impedance spectroscopy is also being developed
to reveal particle size (Osite et al., 2011; Lloyd Spetz et al.,
2013). Geiling et al. (2013) presented a hybrid particle de-
tector based on low-temperature cofired ceramics (LTCC)
which measures the interaction of single particles with an
electrical field. Not only the particle itself but also its compo-
sition can be harmful, and, in particular, adsorbed substances
raise the potential risk significantly. Particularly in heavy in-
dustry work place environments, workers are exposed to high
concentrations of ash and dust particles, which can affect
their health (Lanki et al., 2011). Identification and quantifica-
tion of such particles or adsorbates may potentially be used
as a method for assessment of their health effects. However,
determining the content of particles is still a challenge.
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Gas-sensitive field-effect transistors based on silicon car-
bide as a substrate material (SiC-FET) are suitable sensors
to operate in harsh environments. Development of different
applications ranging from exhaust monitoring related to ve-
hicles (Larsson et al., 2002) and small- and medium-scale
power plants (Andersson et al., 2007), to ammonia detec-
tion in selective catalytic reduction (SCR) systems (Ander-
sson et al., 2013), to sulfur dioxide detection in huge power
plants (Darmastuti et al., 2014) have been demonstrated in
the last years. The outstanding performance of the sensors in
withstanding these environments is largely due to the chem-
ical inertness of silicon carbide (SiC). In addition, SiC has
a wide band gap (3.2 eV for 4H-SiC), which allows for op-
erating temperatures up to 1000 °C without loss of its semi-
conducting behavior (Lloyd Spetz et al., 1997, 2003). The
SiC field-effect transistor can be made gas sensitive by using
a catalytic gate material, like palladium (Pd), platinum (Pt) or
iridium (Ir) (Lundstrém et al., 2007). The sensing properties
of SiC-FETs depend mainly on the gate material, its structure
(porosity and number of three phase boundaries), the under-
lying oxide and the operating temperature. Gas molecules ar-
riving at the catalytic surface of the gate can directly adsorb,
dissociate and/or react with, for example, adsorbed oxygen.
Adsorbed species on the surface of the sensor change the
gate to a substrate electric field, which in turn influences the
concentration of mobile carriers in the channel of the tran-
sistor. This causes a shift in the IV curve of the sensor. A
detailed description of the sensing mechanism can be found
elsewhere (Andersson et al., 2013).

Performance of SiC-FETs in terms of sensitivity and se-
lectivity can be enhanced by dynamic operation. It has been
reported that discrimination of typical exhaust gases (Bur et
al., 2012a) as well as quantification of nitrogen oxides (NOy)
(Bur et al., 2012b) is possible when using temperature-cycled
operation (TCO). Additionally, gate-bias-cycled operation
(GBCO) together with TCO can boost the selectivity of the
sensors further (Bur et al., 2014).

In this work, a new method is proposed to study the con-
tent of particles, i.e., substances adsorbed on the particles.
For that, a large-scale laboratory measurement setup based
on a ceramic hotplate and a SiC-FET gas sensor is suggested
in order to measure the content of particles. The results pre-
sented in this paper can be seen as a proof of concept and
are part of the ongoing development of a portable particle
detector (Lloyd Spetz et al., 2013).

2 Methodology

Measuring the content of particles with a cost-effective,
handheld device is a challenging task. Since not only the con-
tent of the particle itself can be harmful to humans but also
adsorbed substances, we propose a setup in which either the
particles themselves or their adsorbates are transformed into
the gas phase in order to be detected by a gas sensor. There-
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Figure 1. Schematic of the measurement setup.

fore, we suggest placing/collecting the test samples/particles
on top of a ceramic heater in order to rapidly heat up the
particles. The outgassing substances are then detected by a
gas-sensitive field-effect transistor located downstream of the
heater. In order to investigate this concept, the measurement
setup shown in Fig. 1 is suggested.

The setup consists of a heater chamber, two valves, a by-
pass to the heater and the sensor chamber. The bypass ap-
proach gives rise to several advantages: (1) the gas sensor is
always under controlled conditions, and thus no disturbances
affect the sensor response, e.g., when placing the particles on
top of the heater; (2) using the valves allows well defined ex-
posure of the desorbates to the gas sensor. (3) Asynchronous
operation of the valves and heater allows for example accu-
mulation of desorbates before exposing them to the gas sen-
sor.

However, when switching the valves we observed that the
sensor response can be affected, which might be due to a
change in pressure and/or flow inside the tubing system.
Therefore, for preliminary measurements (Sects. 4.1-4.4),
we used a simpler setup without the bypass where the sen-
sor is connected directly to the heater chamber. Nevertheless,
our suggested bypass approach is in particular interesting for
an integrated particle sensor which has to accumulate parti-
cles independently on the heater. First results when using the
complete setup (cf. Fig. 1) are presented in Sect. 4.5 and can
be seen as an extension of the paper.

3 Experimental

3.1 Gas-sensitive field-effect transistor

For all measurements n-channel metal insulator semiconduc-
tor field-effect transistors (MISFET) based on silicon car-
bide (SiC-FET) were used (Fig. 2a). The devices are pro-
cessed from 4 in. 4H-SiC wafers with mass production tech-
nology (SenSiC AB, Kista, Sweden, and ACREO AB, Kista,
Sweden). Each sensor chip holds four sensors. As catalytic
gate metallizations, 25 nm thick porous platinum and 30 nm
thick porous iridium films were used. The gate dimension
was 300um wide by 10um long. A detailed description
can be found elsewhere (Andersson et al., 2013). The SiC
chip was glued onto a ceramic heater (Heraeus PT-6.8 M
1020, Heraeus Sensor Technology, Kleinostheim, Germany)
to allow for precise heating of the sensor. As a reference, a
Pt-100 temperature sensor (Heraeus GmbH, Germany) was
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Figure 2. (a) Cross-sectional view of the SiC-FET used. (b) Picture
of the SiC-FET sensor mounted on a TO-8 header. (c) Picture of the
stainless steel heater chamber holding a ceramic header mounted on
a TO-5 header with some ash on top.

placed next to the SiC chip in order to measure the actual
temperature. The SiC-FET chip and the Pt-100 were glued
on the surface of the heater using a high-temperature, non-
conducting ceramic die. The electrical contacts of the heater
substrate and of the Pt-100 were established by spot welding
to two pairs of pins of the gold-plated 16-pin TO8 header (cf.
Fig. 2b). Electrical contacts to the FET structures on the SiC
chip were made via gold wire bonding.

The SIC-FET was operated in a constant drain-current
mode while the drain—-source voltage was recorded as the
sensor signal. Typical values of the current were in the range
of 30 to 60 HA. Gate and substrate contacts of the transistor
were grounded. In general, the baseline of the transistor can
be adjusted by applying a bias to either the substrate or the
gate, whereas the gate bias additionally influences the sens-
ing behavior (Bur et al., 2014).

Sensor control and data acquisition was performed using
a combined system developed by 3S GmbH, Saarbriicken,
Germany. The system controls the sensor temperature with
an analog control circuit with a resolution of 1°C. Data ac-
quisition is performed using a 14 bit analog-to-digital con-
verter (ADC) measuring the drain—source voltage with a the-
oretical resolution of approximately 0.4 mV. The drain cur-
rent can be set with an accuracy of less than 1 pA. The acqui-
sition rate for all measurements was 10 Hz.

3.2 Ceramic heater platforms

Sensor substrates from Umwelt Sensor Technik GmbH,
Geschwenda, Germany, without a sensing layer were used as
ceramic heaters. The substrates consist of a platinum heater
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Figure 3. (a) Current-voltage characteristics of the ceramic heater
used. (b) Derived temperature—voltage characteristics.

(Pt-10) on an alumina substrate with outer heater dimen-
sions of 3mm x 3mm x 0.75mm (Fig. 2c). In order to set
the temperature, a voltage—resistance curve for the heater was
recorded by applying a stepwise increasing voltage and si-
multaneously measuring the current. Based on this, a volt-
age—temperature characteristic (Fig. 3) was achieved. Tem-
perature of the heater can be calculated accordingly:

—A+\/A2—4-B.(—R%+1)

2B ’

T =

where R = % is the resistance; Rg is the resistance at 0°C,

here 10€2; and A = 3.9083 x 10~3°C~! and B = —5.775 x
107 °C~2 are the parameters of the standard platinum curve.

3.3 Test samples

In order to study the suggested setup for measuring content of
particles, ammonia (NHz)-contaminated fly ash from a coal-
fired power plant was used. This power plant uses a selective
non-catalytic reduction (SNCR) system to reduce emissions
of nitrogen oxides by injecting urea. The amount of ammo-
nia in the fly ash was analytically determined by SGS Insti-
tute Fresenius, Germany. Test samples with varyingly high
ammonia contaminations, i.e., 34, 64 and 84 mgkg~* (mil-
ligram ammonia per kilogram of ash), were used for testing
the proposed setup.

3.4 Measurement setup

As described in Sect. 2, the measurement setup consists
of a heater chamber, two valves and a sensor chamber.
The heater and sensor chamber are made of stainless steel,
and three/two-way valves with PEEK housing and Kalrez
(FFKM) sealing from Biirkert GmbH, Ingelfingen, Germany
(type 6608), were used. The connections between the dif-
ferent parts were made by 1/4in. stainless steel Swagelok
tubing. Dry synthetic air with a flow of 25 mL min—! was
used as carrier gas. For preliminary testing and validation,
an environmental mass spectrometer (Hiden HPR20 running

J. Sens. Sens. Syst., 3, 305-313, 2014




308 C. Bur et al.: Characterization of ash particles with SiC field-effect transistors

gas sensor
SiC-FET

ceramic heater

synthetic air mass |waste
_— —

spec

heater chamber

sensor chamber

Figure 4. Schematic of the setup used with a mass spectrometer in
the downstream.

MasSoft 7 Pro) was additionally placed downstream of the
heater, i.e., without using the sensor chamber and later on
also downstream of the sensor chamber as shown in Fig. 4.
In this setup the valves and the bypass are not used since the
mass spectrometer measurements are only applied for vali-
dation purposes. In this case, the ash was placed on top of
the heater and the heating process started after the baseline
of the SIC-FET had been stabilized, i.e., a few minutes after
placement of the particles. Besides dry synthetic air, argon
was also used as a carrier gas for mass spectrometer measure-
ments. Using argon as carrier gas provides the possibility to
follow the carbon monoxide (CO, 28 u) signal, which has the
same mass as molecular nitrogen (N2, 28 u).

For each measurement a small pile of ash, approxi-
mately 1 mg, was placed on top of the heater (see Fig. 2c).

4 Results and discussion

In this chapter, results from silicon carbide field-effect tran-
sistors (SiC-FET) together with mass spectrometer data are
presented. In Sect. 4.1 the desorbates from the ash heated
up to several hundred degrees are analyzed by means of an
environmental mass spectrometer. In the following section,
reference measurements with a gas mixing system and the
SiC-FETs are performed in order to allow comparison with
the results presented in Sects. 4.3 and 4.4. The last section
deals with the suggested bypass approach and can be seen as
an extension of the paper.

4.1 Characterization of fly ash

As a first step, the heater chamber was directly connected to
a mass spectrometer in order to analyze desorbing substances
from the ash. Six different substances of interest, i.e., ammo-
nia (NHsz, 17u), water vapor (H20, 18u), nitrogen monox-
ide (NO, 30u), carbon dioxide (CO3, 44 u), nitrogen diox-
ide (NO», 46 u) and sulfur dioxide (SO2, 64 u), were cho-
sen to be monitored during the measurements. Although it
is known that the ash samples are ammonia-contaminated,
NOx and SOy are probably also contained in the ash since
it is a byproduct of combustion processes. Figure 5 shows
the mass spectra when a small pile (~1mg) of ammonia-
contaminated ash (here: 84 mg kg~—1) is heated up to 430 and
860 °C. At 430 °C ammonia and water can be desorbed from
the ash (cf. Fig. 5a), whereas there is no signal for the other
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substances. The change in mass spectra corresponding to the
second heating pulse greatly decreased, which is plausible
since most of the contaminations had already desorbed by
the first pulse. In addition to ammonia, there is also water va-
por adsorbed to the ash particles, which is probably from the
lab atmosphere. However, the signal for water is overlapping
and similar in shape to the ammonia signal. This can partly
be due to measurement errors, since both molecules have al-
most the same molecular weight (ammonia 17 u and water
18 u). However, water is most probably present and then also
influences the sensor response.

When the ash sample was heated up to 860 °C not only
NH3 and H,O were desorbed but also large amounts of NO»,
SO, and CO; (cf. Fig. 5b). Similar to ammonia and water,
the peak heights decrease for the second and third heating
pulse but the signal is still quite high. Whereas CO» has al-
most no influence on the SiC-FET signal, NO, and SO, in
contrast to ammonia, are known to be detected as oxidizing
gases. Thus, when heating up the samples to high temper-
atures, both reducing and oxidizing gases will be desorbed.
The effects from oxidizing and reducing gases on the sensor
signal may partly cancel out when these gases are simultane-
ously desorbed from the particles since they give rise to op-
posing sensor responses. However, since the heater that was
used has a time constant of a few seconds, there is a period of
temperature increase at the beginning of each pulse. There-
fore, ammonia and water are released first, followed by the
other substances.

Since there is a large amount of CO, outgassing, it is
likely that CO, which can be detected by the SiC-FETS, is
also present. However, when using synthetic air as a car-
rier gas, one cannot follow carbon monoxide due to the fact
that it has the same mass as molecular nitrogen (N2, 28 u).
A small change due to degassing CO cannot be resolved by
the mass spectrometer when using synthetic air. Hence, ar-
gon was used as a carrier gas instead. For heating pulses
up to 430°C, neither CO, nor CO is released from the ash
(Fig. 6a). However, at higher temperatures (e.g., 860°C) CO
appears, which is a reducing gas as well (Fig. 6b). In sum-
mary, the heating temperature needs be chosen carefully in
order to desorb the correct target gas. However, specific tem-
peratures or a temperature ramp can be used for selective des-
orption and fingerprint detection of desorbants.

4.2 Reference measurement of ammonia and humidity

Before measuring desorbates from ash samples, reference
measurements were performed with a platinum gate SiC-
FET. Figure 7a shows the sensor responses to 1, 2.5, 4,
5.5 and 7 ppm ammonia in synthetic air under dry condi-
tions. The sensor response of a Pt-gate SiC-FET at 220°C
is 110 mV for 1 ppm ammonia. The response of an Ir-gate
SiC-FET at 280 °C is much lower, i.e., 53 mV for 1 ppm am-
monia; however, Ir is more selective over, for example, hy-
drocarbons as compared to the Pt-gate SiC-FET (Andersson
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Figure 6. Mass spectra of ammonia-contaminated fly ash (84 mg kg—1) when heating up the ash to 430 °C (a) and 860 °C (b). Carrier gas is

argon.

et al., 2004). Iridium-gate SiC-FETs have been successfully
used as ammonia sensors in diesel engine selective catalytic
reduction (SCR) systems (Wingbrant et al., 2005).There-
fore, iridium-gate SiC-FETSs should also be considered in this
work.

As shown in Fig. 7b, humidity only has a minor impact on
the sensor response (Wingbrant et al., 2005). There is a large
difference in baseline between 0 and 10 % relative humid-
ity; however, with increasing humidity the impact becomes
smaller. Since there is, besides ammonia, also water vapor
desorbing from the ash particles, the corresponding sensor
response is to some extent also due to a change in humidity.

Interested readers are referred to Andersson et al. (2004,
2013), in which the sensor response towards, for example,
ammonia and carbon monoxide over a wide temperature
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range is studied. As mentioned earlier, the selectivity of the
SiC-FET can be increased by dynamic operation (Bur et al.,
20123, b, 2014).

4.3 SIiC-FET response

For preliminary measurements with a gas-sensitive SiC-FET,
the setup shown in Fig. 4, where the sensor chamber is di-
rectly connected to the heater chamber, was used. In Fig. 8
the sensor response of a Pt-gate SiC-FET at 200 °C is given.
In this example, the carrier gas stream has been humidified
using a commercial PermaPure tube (Perma Pure, 2014) to
the humidity level of the laboratory environment (approxi-
mately 30 %). This reduces the influence of degassing water
vapor since SiC-FET sensors show almost no sensitivity to
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variations in humidity for RH higher than 10 % (Wingbrant
et al., 2005). Ammonia-contaminated fly ash (84 mgkg—1)
was placed on top of the heater which was mounted in the
heater chamber. First, two heating pulses up to 430 °C with
30s each and a break of 120 in between were applied, fol-
lowed by two pulses up to 860°C. The first pulse desorbs
most of the ammonia as proven by mass spectrometer mea-
surements. The response of the SiC-FET decreases by ap-
proximately 80 mV due to the release of ammonia and water.
The two high-temperature pulses lead to desorption of nitro-
gen dioxide and sulfur dioxide, as well as additional ammo-
nia, water and carbon monoxide (shown in Fig. 6b). Thus,
the response of the SiC-FET decreases first (reducing gases)
due to the long thermal time constant of the heater (approx-
imately 3-4s), but shortly thereafter the response increases
significantly, which is due to the reaction of oxidizing gases.
The response is lowered for the second heating pulse, which
suggests that substances are indeed desorbing from ash par-
ticles.

In order to see the influence of the heating pulses, the tem-
perature of the heater was increased stepwise from 180 to
860°C. As can be seen in Fig. 9, some ammonia can al-
ready be desorbed at low temperatures; however, the maxi-
mum sensor response is reached around 400 °C. Of course,
with each pulse, ammonia is released and the amount of am-
monia still adsorbed to the ash decreases. Nevertheless, in
comparison with other results, higher temperatures (above
600 °C) cause the release of oxidizing (here unwanted) gases.
This is also visible in the SiC-FET response in Fig. 9. The
decreasing peaks in the response corresponding to 700, 780
and 860 °C pulses are due to reducing gases, probably carbon
monoxide, as shown in Fig. 6b. However, the influence of the
oxidizing gases is still visible as indicated in Fig. 9.
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In further measurements, SiC-FETs with platinum as well
as with iridium were used as the gate metallization. Results
shown in Fig. 10 (without a PermaPure tube) indicate that
iridium has a shorter recovery time after exposure to ammo-
nia and is slightly more sensitive since the sensor also detects
the release of ammonia from the second and third pulse. The
operating temperature of the sensor was 280 °C and there-
fore higher than for platinum, which is due to the fact that
iridium is less catalytically active than platinum, making a
higher temperature necessary (Andersson et al., 2004).

When applying 650 °C pulses to the ash sample, the Ir-
gate FET only shows a decreasing response which corre-
sponds to reducing gases (cf. Fig. 11), i.e., ammonia and
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carbon monoxide. For the Pt-gate SiC-FET there is almost
no response for the second and third pulse. In general the
response for the second and third pulse decreases greatly as
compared to the first pulse, which is due to the fact the first
pulse already releases most of the adsorbates. However, the
FET sensors detect oxidizing gases, but only if the sample is
heated up to more than 700 °C (cf. Figs. 8 and 9).

The results in Figs. 10 and 11 suggest increasing the
operating temperature of the sensor in order to reduce
the recovery time, i.e., to clean the surface. However, at
higher temperatures the sensitivity to ammonia is lower.
Thus, temperature-cycled operation (TCO) could be used
with a temperature cycle consisting of two phases: a low-
temperature phase, i.e., 220 °C for platinum and 280 °C for
iridium-gate SiC-FETSs, at which the sensing takes place, and
a high-temperature phase just for cleaning the sensor surface.
When using TCO, the temperature cycling of the FET needs
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Figure 11. Top: sensor responses of Pt- and Ir-gate SiC-FETSs at
220 and 280 °C, respectively. Bottom: heating pulses up to 650 °C.
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Figure 12. Top: difference signal of an Ir-gate FET at 280 °C to
different concentration of ammonia (34, 64, 84 mg kg~1). Bottom:
heating pulses up to 430 °C.

to be synchronized with the heating and as appropriate with
switching of the valves. Future work will address TCO.

4.4 Different concentrations

Figure 12 shows the sensor response to differently contami-
nated ash particles when they are heated up to 430 °C. As can
be seen, the absolute value of the sensor response changes
with the ammonia concentration. However, not only the ab-
solute response but also the shape of the response depends
on the ammonia concentration. Shape-describing features in
particular can be used in pattern recognition for discrimina-
tion purposes (Marco and Gutiérrez-Galvez, 2012; Bur et al.,
2012a, b, 2014).

For lab measurements performed here, the amount which
is placed manually on top of the heater is quite well defined.
However, in general the amount of ash put on the heater is
crucial and strongly affects the height of the sensor response.
This issue will have to be solved for a miniaturized portable
particle analyzer.
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4.5 Measurements with valves

As mentioned in the beginning, our first idea was to use a
bypass approach (shown in Fig. 1) in order to always have
a well-defined and controlled flow over the gas sensor for
baseline stability purposes. This section will briefly show the
possibilities the proposed setup shown in Fig. 1, and thus the
section should be seen as an outlook. While the ash sam-
ple is placed on the heater, the carrier gas is flowing through
the bypass to the gas sensor. During that time the baseline
of the sensor stabilizes. Before the heating starts, the valves
need to switch once in order to exchange the air in the heater
chamber since there is a huge difference in baseline if lab air
or synthetic air is used. Figure 13 shows the SiC-FET sensor
response for a measurement where the bypass is used. As can
be seen, the sensor signal decreases during the first switch-
ing of the valves (not heating at this point). This is mainly
the influence of the trapped lab air in the heater chamber.
The actual measurement with fly ash can first begin when
the baseline has stabilized again. After that, there are several
options how to perform the test, which will be the aim of fu-
ture work: heating and switching of the valves can be done
asynchronously, which means that ammonia can first be ac-
cumulated and then be transferred to the gas sensor. Another
option is to open the valves right before starting the heating
process (shown in Fig. 13). Not only the measurement pro-
cedure itself but also the heating process can be changed.
In Fig. 13 a heating ramp was used instead of the pulses
used before. However, from our experience, a quick raise of
temperature is more adequate to desorb substances from the
particles. With a temperature ramp the ammonia is desorbed
slowly, whereas a quick heating-up leads to a rather sharp re-
lease. As mentioned earlier, the different ammonia concen-
trations can be distinguished not only by the absolute value
of the SiC-FET response but to some extent also by the slope
of the response. For the later one, a temperature ramp would
not be possible, but a heating cycle with a few defined tem-
peratures may still be useful, especially together with smart
data evaluation, in order to detect different gas molecules.
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5 Conclusions and outlook

In this work a measurement methodology for investigating
content of particles has been presented. It was shown that
attached substances were desorbed by heating up particles
(here: fly ash) with a small ceramic heater to temperatures
up to 860 °C. Mass spectrometer measurements proved that
ammonia and water are released from these particular par-
ticles mainly at lower temperatures, whereas temperatures
above 600 °C lead to the formation and/or release of carbon
monoxide, nitrogen- and sulfur dioxides, as well as carbon
dioxide. The released gases were detected by silicon carbide
field-effect transistors (SiC-FETSs) with platinum or iridium
as gate materials.

Future work will address the optimization of the gas sen-
sor, e.g., operating temperature and operating mode. For
discrimination and quantification, temperature- and/or bias
modulation of the gas sensor is an appropriate method. How-
ever, since the release of ammonia is quite short, the corre-
sponding temperature or bias cycle of the gas sensor needs
to be short as well. Another benefit of the dynamic opera-
tion is that a high-temperature phase in the cycle can be used
to clean the surface of the sensor and thus shorten the re-
covery time. Alternatively, the gas sensor can be operated
at constant temperature and discrimination/quantification of
outgassing substances can tentatively be achieved by us-
ing features describing the shape of the response similar to
temperature-cycled operation (Bur et al., 2012a, b). The pre-
sented method is currently under development for integration
into a low-temperature cofired ceramics (LTCC)-based pack-
age (Sobocinski et al., 2014) by our colleagues at the Univer-
sity of Oulu, Finland.
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