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Abstract. Diesel particulate filters are emission-relevant devices of the exhaust gas aftertreatment system.
They need to be monitored as a requirement of the on-board diagnosis. In order to detect a malfunction,
planar sensors with interdigital electrodes on an insulating substrate can be installed downstream of the filter.
During the loading phase, soot deposits onto the electrodes, but the sensor remains blind until the percolation
threshold has been reached (initiation time) and the sensor current starts to flow. In order to detect small soot
concentrations downstream of the filter from small defects, this initiation time needs to be as low as possible.
One may reduce the initiation time by covering the interdigital electrodes with an electrically conductive layer.
Using finite element method (FEM) simulations, the influence of conductivity and thickness of such a coating
on the initiation time are determined. It is found that a thin, screen printable coating with a thickness of 20µm
and a conductivity in the range of 10−3 to 10−1 S m−1 may reduce the initiation time by about 40 %. The FEM
results were verified by a commercially available thick film resistor paste with a conductivity of 0.45 mS m−1,
showing an improvement of about 40 % compared to an uncoated sensor.

1 Introduction

Together with the constantly tightening limits of harmful ex-
haust gas emissions of internal combustion engines, a perma-
nent monitoring of all emission-relevant devices is required
(Europ̈aisches Parlament, 2007; European Union, 2008). For
Diesel engines, NOx abatement and particulate matter (PM)
reduction are of special importance (Johnson, 2007; Twigg,
2007). PM consists of aggregated carbon soot particles, cov-
ered with organics like (polycyclic aromatic) hydrocarbons,
and inorganic oxides (e.g., ashes originating from wear of the
engine or engine oil additives) (Spears, 2008; U.S. Environ-
mental Protection Agency, 2002). Not only due to the small
size of these particles, ranging between only a few tens and
some hundreds of nanometers (Harris and Maricq, 2001), but
also because of the soluble organic fraction (SOF) covering
the surface of these small particles (Otto et al., 1980; U.S.
Environmental Protection Agency, 2002), serious concerns
exist about the effect of PM to human health (Geiser, 2005;
Adar et al., 2010; Grahame and Schlesinger, 2010; U.S. En-
vironmental Protection Agency, 2002).

In order to reduce the mass and the number of PM in the
exhaust, diesel particulate filters (DPF) – typically porous ce-
ramic wall-flow filters (Fino, 2007; Twigg and Phillips, 2009)
– are installed in the exhaust line. When soot is deposited in
the filter, the pores get clogged and the exhaust backpressure
increases with increasing soot load (Alkemade and Schu-
mann, 2006; Duvinage et al., 2001). Therefore, the DPF must
be regenerated from time to time, typically by heating the fil-
ter to several hundred◦C and oxidizing the soot. Currently
the approach is to use the pressure difference up- and down-
stream of the DPF together with an engine map-oriented soot
load model to estimate the soot load and the point in time
when the regeneration needs to be initiated (Alkemade and
Schumann, 2006; Rose and Boger, 2009). Recent research
ideas try to determine the soot content by measuring the elec-
trical impedance of the DPF itself during operation (Feulner
et al., 2013) or by evaluating the soot load-dependent pertur-
bation of the electrical resonance behavior in the GHz range
(Moos et al., 2013; Fischerauer et al., 2010).
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Figure 1. Image of an uncoated blank sensor with interdigital electrodes (IDEs) and feed lines 
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Figure 2. Geometry used for the simulations. The upper row (a and b) depicts the setup for a 
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coating (E) being thicker than the electrodes (coating covers the electrodes). 1, 2 and 3 
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Figure 2. Geometry used for the simulations. The upper row (a
and b) depicts the setup for a coating (E) being thinner than the
electrodes (A) and (B). The lower row (c andd) depicts the case of
a coating (E) being thicker than the electrodes (coating covers the
electrodes). 1, 2 and 3 indicate the growth direction of the soot path
(D). C indicates the electrically insulating substrate.

The first method is serial standard, but it has not been
clarified yet whether this method is precise enough to de-
tect reliably small malfunctions of DPFs, like small cracks
or holes that lead to soot slip. Therefore, sensors measuring
the amount of soot in the exhaust downstream of a DPF are
in discussion. Many principles for such sensors have been
investigated, but the conductometric approach is considered
the best choice for PM detection, especially with respect to
the low-cost of a sensor (Riegel and Klett, 2008). A typi-
cal conductometric PM sensor is shown in Fig. 1. It con-
sists of two electrodes that are typically applied as interdig-
ital electrodes (IDEs) on an electrically insulating substrate.
Recent approaches are given by Ochs et al. (2010), Lloyd
Spetz et al. (2012), Groß et al. (2012), Hagen et al. (2010),
Bartscherer et al. (2007), Bartscherer and Schmidt (2008), or
Bartscherer et al. (2008).

Soot is deposited by thermophoresis on the IDE structure.
If a voltage is applied between both electrodes, electrophore-
sis also occurs. It even prevails over the thermophoretic
effect.

If one neglects the substrate conductivity, the current does
not flow before the first percolation path forms between the
electrodes. In other words, the sensor remains “blind” at the
beginning of a loading cycle. This blind time as well as the

Table 1. Electrical conductivities of the conductive layer in mS m−1

used for different layer thicknesses and base currents/resistances.

Wanted sensor Conductivity for different thickness
properties b of the conductive layer

Rnosoot Inosoot 1µm 11µm 20µm 40µm

300 kΩ 0.1 mA 9.01 0.82 0.46 0.25
30 kΩ 1 mA 90.09 8.19 4.61 2.49
3 kΩ 10 mA 900.90 81.93 46.08 24.96

initiation time increases with decreasing PM concentration.
Therefore, it will take some time to detect a DPF defect,
especially for very small defects with very low soot con-
centration downstream of the DPF. To overcome this and to
reduce the blind time, we suggest applying an electrically
conductive layer that connects both electrodes and covers all
the space in between them. By adding such a layer, a soot-
dependent current can be measured even if no soot percola-
tion paths have reached the counter electrode.

It is the object of this study to demonstrate the feasibil-
ity of this idea. The first part of this article describes an
FEM study to estimate suitable parameters with respect to
conductivity and thickness of the conductive film. Later on,
sensors coated with a commercial ruthenium oxide (RuO2)-
based thick-film paste were used to verify the results of the
simulations. RuO2 was only selected to prove the concept.
For a reliable application in the exhaust, material with better
long-term stability have to be applied.

2 FEM Modeling

2.1 Setup and modeling

One part of an IDE (as depicted in Fig. 2) was FEM mod-
eled (FEM software Comsol Multiphysics). To comply with
Fig. 1, the electrode width (w) and spaces (s) between the
electrodes were set to 150µm each and the electrode thick-
ness toh= 10µm. The substrate thickness was set to 500µm.
Further elements of the sensor, like the embedded heater
(Ochs et al., 2012), have not been considered in the model.
All free edges of the sensors were set to an electric insu-
lation (boundary condition). For the substrate conductivity,
10−12 S m−1 was assumed, which is a typical value for tech-
nical alumina at 200–400◦C (Evans, 1995). Four different
thicknesses (b) of the conductive layer were modeled, each
one with three different electrical conductivities (for values
of the conductivities see Table 1). The conductivities were
adjusted in a way that the basic current of the sensor without
soot load,Inosoot, was 0.1 mA, 1 mA, or 10 mA at an applied
voltage ofU = 30 V. Therefore, the conductivity for a thin
layer had to be higher; the conductivity for a thicker layer had
to be lower in order for the four different layers to exhibit the
same base currents for the three different resistance levels.

J. Sens. Sens. Syst., 2, 95–102, 2013 www.j-sens-sens-syst.net/2/95/2013/
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Figure 3. Simulation and real measurement of soot signal for a blank sensor 
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Figure 4. Simulation of the total current, Itotal, for sensors with different conductive coatings 

leading to base resistances (without soot) of 3 kΩ, 30 kΩ, and 300 kΩ, see Table 1,compared 

to a blank sensor. Coating thickness b = 11 µm. 

 

 19

Figure 3. Simulation and real measurement of soot signal for a
blank sensor.

Two geometries of the conductive layer have to be consid-
ered. In one case, the layer is thinner than the electrodes (i.e.
b<h= 10µm) and the electrodes are not covered by the ap-
plied conductive layer (Fig. 2a and b; top row). In this case,
the soot can contact the electrodes directly. In the other case,
the conductive layer is thicker than the electrodes (b>h) and
covers them (Fig. 2c and d; bottom row). In this case, soot
has no direct contact to the electrodes.

Since there is not much known about the growth of soot
paths in an electric field, some assumptions had to be made
for the simulation. Light optical microscopy (Fig. 8) revealed
that the soot paths are denser at one electrode – presumably
at the electrode at which the growth is initiated – than on the
other one. Therefore, the growing soot path was assumed to
be wedge-shaped (D in Fig. 2), initially growing vertically
at position 1 and horizontally at position 2 at the same time.
When it reaches the counter electrode (position 3), it stops
growing horizontally and the growth is vertical also at this
position. From this point on, the the soot layer would con-
tribute also to the current of a sensor without a conductive
layer. At the end of the growth, the height of the wedge is
5µm at position 1 and 2.5µm at position 3. Since the elec-
trical conductivity of soot may vary with the type of soot, a
macroscopic approach was conducted. A blank sensor with-
out conductive layer but fully covered with soot shows a cur-
rent of approximately 1 mA, if a dc voltage of 30 V is applied
to the electrode (at a sensor temperature of about 50◦C). This
corresponds to a resistance of 30 kΩ. The electrical conduc-
tivity of the soot in the simulations was chosen in a way that
the resistance of the soot wedge amounted to this value at the
end of the growth. Hence, the electrical conductivity of the
soot should be about 25 mS m−1.

In reality, there is not only one soot path growing from
one electrode to the other but instead many soot paths start
to grow at different times. All paths are parallel connected
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Figure 4. Simulation of the total current,Itotal, for sensors with dif-
ferent conductive coatings leading to base resistances (without soot)
of 3 kΩ, 30 kΩ, and 300 kΩ (see Table 1) compared to a blank sen-
sor. Coating thicknessb= 11µm.

and contribute to the total current according to their state of
growth. To represent that, a Gaussian distribution (Eq. 1) of
the number of paths,npaths, starting to grow at a certain time,
ts, in the simulation was assumed.

npaths(ts) =
1

25·
√

2π
·e−

1
2

(
ts−75

25

)2
·15000 (1)

Since the simulation should reveal only relative results for
the different varied parameters, and due to the many uncer-
tainties of the soot growth and its nature, the simulations
have been done using arbitrary units for the time,ts. Differ-
ent growth rates of the soot paths were not considered. Using
this approach, only one path had to be calculated, but the out-
put current of the whole sensor was obtained by superposing
the currents of each single path according to the Gaussian
distribution. Calculated and measured current progressions
for a blank sensor without conductive layer agree quite well
(Fig. 3) if one assumes appropriate scaling factors for current
and time.

It should be annotated here that this model for the soot path
growth does not consider the physical deposition mechanism
of the soot. However, it will be shown that it is a very useful
approximation that describes the current response quite well.

The measurement procedures for the experiments leading
to Fig. 3 are described in the experimental Sect.3.

2.2 Variations of the layer parameters

In the following, Itotal refers to the total current of a sensor,
including the current through the conductive cover layer (if
present) and the collected soot (the current through the sub-
strate can be neglected because the substrate is insulating),
andInosootrepresentingItotal without collected soot.

www.j-sens-sens-syst.net/2/95/2013/ J. Sens. Sens. Syst., 2, 95–102, 2013
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Figure 5. Current deviation∆I = Itotal− Inosoot, for coatings with
base resistances (without soot) of 3 kΩ, 30 kΩ and 300 kΩ, com-
pared to a blank sensor. For raw data see Fig. 4.

Table 2. Total current and current deviation∆I of a simulated con-
ductive layer (b= 11µm thickness) with different electrical conduc-
tivities.

Rnosoot Inosoot Itotal ∆I

300 kΩ 0.1 mA 0.716 mA 616µA
30 kΩ 1 mA 1.924 mA 924µA
3 kΩ 10 mA 10.977 mA 977µA

Examples for the simulated total current,Itotal, and the
soot-related current deviation∆I = Itotal− Inosoot for a blank
sensor and sensors with a conductive layer ofb= 11µm (see
Fig. 2c and d) are shown in Figs. 4 and 5 for three differ-
ent electrical conductivities in a way thatRnosootcorresponds
to 3 kΩ, 30 kΩ, or 300 kΩ. Table 2 lists the numerical val-
ues. Figure 6 shows the magnification of Fig. 5 to extract the
initiation time ti for these four sensors at a trigger limit of
∆Itrigger= 3µA.

The differences in the total current arise from the different
resistances of the conductive layers (as they depend on the
cover layer materials conductivity and on the thickness of
the cover layer), which add up to the resistance of the soot
path. A low conductivity of the conductive layer yields high
serial resistances, and therefore limits the current. It appears
implausible at first glance that the current of the fully soot
loaded but uncovered sensor (Fig. 4) should be higher than
the 300 kΩ-covered one. However, one has to consider that
the conductive layer (which in case of a 300 kΩ layer exhibits
poor conductivity) also covers the electrodes, prevents direct
contact between soot and electrodes, and therefore limits the
current.

The improvements that can be obtained with the conduc-
tive layers are summarized in Fig. 7. Here, (1−ti/tref)/% indi-
cates the percentaged reduction of the initiation time,ti , com-
pared to the initiation time,tref, of the uncoated blank sensor.
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Figure 6. Magnification of Fig. 5 to determine the initiation time,
ti , for coatings with different base resistances (without soot).

As shown by the simulations, an improvement of about 40 %
should be possible.

Thin layers with a high conductivity show the best perfor-
mance, especially for the 1µm layer. Since such thin layers
with b<h (Fig. 2a and b) do not cover the electrodes, soot
can contact the electrodes directly without any limiting serial
resistances between electrode and soot. However, the calcu-
lated improvements in reduction of the blind time between
coatings of 1µm and 20µm thickness as well as with coat-
ings between a resistance of 3 kΩ and 30 kΩ (for the data of
the sensor with respect to conductivity and film thickness,
see Table 1) can be considered insignificant, so that the al-
ready mentioned disadvantages of thin layers or low resis-
tance without soot outweigh the slight advantages regarding
the current signal. Considering an economical screen print-
ing process, typical layer thicknesses of 5µm or more can
be achieved. Hence, a functional layer with an electrical re-
sistance of 30 kΩ and a thickness of 5 to 20µm seems to
be a good tradeoff between improved measurement duration,
manufacturability and usability of inexpensive measurement
equipment.

3 Experimental verification

In Sect. 2, the advantages of a conductive layer were worked
out using simulation. In this section, we will describe exper-
imental results and compare them with our simulations.

Experiments

For this study, the platinum IDEs were screen-printed on alu-
mina film-covered yttria stabilized zirconia (YSZ) substrates.
Due to the setup in planar tape technology, a heater could be
integrated into the YSZ monolithic substrate. Further details
can be obtained from Ochs et al. (2012).

J. Sens. Sens. Syst., 2, 95–102, 2013 www.j-sens-sens-syst.net/2/95/2013/
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Figure 7. Simulated percentaged reduction of the initiation timeti
for different layer thicknesses and conductivities, see Table 1.tref is
the initiation time of the uncoated sensor.

Figure 8 shows a typical IDE (without additional coating)
during electrophoretic soot deposition. Electrically conduc-
tive soot paths grow from one electrode to the other, resulting
in an ohmic current (Ochs et al., 2012; Hagen et al., 2010).
The initiation time,ti , i.e., the time the current needs to reach
a trigger limit (for instance a current of 3µA) can be used as
a measure for the amount of PM in the exhaust gas. After a
deposition cycle, the sensor is heated to above 600◦C to burn
the soot on the IDE. After cooling, the sensor is regenerated
and the subsequent loading cycle can start.

To verify the results from the simulation and to proof the
concept of improving the particle sensor by applying a con-
ductive layer, a commercial resistor paste which is typically
used in LTCC and thick-film technology, was applied (Her-
aeus, type R8281). It consists of RuO2 embedded in a glass
matrix (for literature see, e.g., Pike and Seager, 1977, or Ni-
coloso et al., 1995). The nominal square resistance accord-
ing to the data sheet was 100 MΩ for a fired film thickness
of 22µm. This leads to a conductivity of 0.45 mS m−1, which
is close to the optimum determined in the simulation. For
the test sensor, this small deviation is not important, because
even for a slightly deviating electrical conductivity, the re-
duction of the initiation time should be significant. It should
be clarified that RuO2 embedded is a glass matrix is a good
fabrication approach for thick-film resistors in electronics but
it is not suitable to be applied in automotive exhausts at el-
evated temperatures. It is known that RuO2-based materials
show reversible as well as irreversible changes in resistance,
depending on temperature, mechanical stress and electrical
field (Pike and Seager, 1977). Since the temperature during
regeneration can reach or even exceed the firing temperature
of the RuO2/glass layer, the glass matrix may soften each
time the soot is burned off at regeneration temperatures. This
may result in plastic deformation of the conductive layer that
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Figure 8. Light optical microscope image of a soot loaded interdig-
ital electrode structure. The soot accumulates in form of percolation
paths, growing from one electrode to the other. Exhaust gas hits the
sensor perpendicular to the surface and spreads as indicated by the
arrows.

changes the electrical characteristic. Furthermore, high tem-
peratures may affect the conductivity of RuO2 due to oxi-
dation and loss of volatile reaction products (Colomer and
Jurado, 1997). All these factors affect the conductivity of
RuO2-based resistor pastes and may lead to a drift of the
sensor current that is not tolerable for a sensor that should
operate for many years in the exhaust gas. However, in or-
der to verify the concept, these shortcomings are not relevant
and the already mentioned paste was selected despite all its
disadvantages.

For the test sample, blank sensors were manufactured as
described briefly above and in detail in Ochs et al. (2012).
Some of the sensors were coated with the screen-printed
paste, dried for 10 min at 80◦C and fired at 850◦C according
to the manufacturer’s specifications. A fired film thickness of
about 35µm was obtained. The sensors were built into the
exhaust pipe of an artificial soot source (CAST2, Matter En-
gineering) together with an uncoated blank sensor serving as
a reference. The gas stream was 5 L min−1 with an average
particle size of 85 nm. During soot deposition, the sensors
were not heated, i.e. soot collection occurred at about 35◦C.

Figure 9 shows a typical measuring cycle. Att1, the
IDE voltage (30 V dc) was applied to determine a possible
temperature-based drift of the sensor base signal. Att2, about
2 min later, the artificial soot source was switched on. After
the current of both sensors (coated sensor and blank sensor)
exceeded the triggering limit (3µA) significantly, the artifi-
cial soot source was switched off at t3. At t4, the IDE voltage
was also switched off and shortly after that, the regeneration
was initiated (att5). Using the applied heater, a temperature
above 750◦C was achieved and the collected soot was oxi-
dized. After turning off the sensor heating att6, the sensor
was allowed to cool down to a stable temperature before the
subsequent cycle started.

The raw signal of a coated and an uncoated, blank sensor
is shown in Fig. 10. Due to the reasons mentioned above, the
coated sensors showed a baseline drift even if no soot was
present. A linear extrapolation of the drift (line A in Fig. 10)

www.j-sens-sens-syst.net/2/95/2013/ J. Sens. Sens. Syst., 2, 95–102, 2013
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Figure 9. Typical measurement and regeneration cycle.t1: sensor
voltage over the IDE is applied,t2: artificial soot source is switched
on, t3: artificial soot source is switched off, t4: sensor voltage is
switched off, t5 to t6: heater current for regeneration is applied.

yielded an increasing baseline. It was used to correct the initi-
ation timetc as depicted in Fig. 10. The coated sensor showed
a baseline of almost 300µA, which is equivalent to a resis-
tance of about 100 kΩ in the soot-free state. Furthermore, the
coated sensor reached the trigger limit of∆I ≈ 3µA about
100 s earlier than the uncoated sensor, and, as predicted from
the simulations, the coated sensor showed a smaller slope
dI /dt. This behavior can be explained by the serial resistance
of the conductive coating that reduces the contribution of the
soot to the total current.

The very low (but not zero) current of the reference sen-
sor before applying the soot source may originate from some
soot that had been deposited between the feed lines during
antecedent cycles (see Fig. 1). Since the sensor feeds are not
heated, this part was not regenerated. However, this leakage
current can be neglected.

The tests were repeated with five different sensors with 1
to 5 cycles for each sensor. The results for each sensor with
the standard deviation of the percentaged reduction of the
initiation time are shown in Fig. 11. Despite not being op-
timized, the initiation time with a conductive layer can be
reduced by between 25 and 50 % compared to the uncoated
sensor. The results are even slightly better than predicted by
the simulations (25 to 40 %).

4 Concluding remarks

The simulations showed that the conductivity of a conduc-
tive coating of the electrode area of a PM sensor greatly
influences the sensor performance. Conductivity and layer
thickness can be further optimized. On the one hand, higher
conductivities are preferred because they reduce the current
through the serially connected soot only a little. However, the
benefit of a high conductivity gets smaller for higher conduc-
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Figure 10. Raw signal for a coated (left axis) and an uncoated
(right axis) sensor. The current drift for the coated sensor was com-
pensated using linear extrapolation. The artificial soot source is
switched on att2. The coated sensor reaches the trigger limit of
3µA at tc, the uncoated sensor reaches the trigger limit attref.
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Figure 11. Reduction of the initiation time due to coating, proven for five different sensors. 

Figure 11. Reduction of the initiation time due to coating, proven
for five different sensors.

tivities. Comparing the simulated low and medium conduct-
ing layers, an improvement of the initiation time of about
12 % can be obtained with a conductivity change of a factor
of 10. Increasing further the conductivity of the layer by a
factor of 10 yields an additional reduction of only about 2 %.

Besides the sensor performance with respect to a shorter
initiation time, system aspects as well as manufacturing pro-
cess issues deserve consideration. How can such a conductive
coating be applied, what electronic measurement equipment
is needed? Both aspects may limit the application.

The conductive layers are preferably applied in thick-film
technology. This technique is process compatible, inexpen-
sive and well-known for ceramic exhaust gas sensors (Riegel
et al., 2002). Layer thicknesses between about 5 to 50µm can
be manufactured reliably. Thin film techniques like CVD or
PVD are more expensive and are not preferred.
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Cost issues of the measurement circuit play a crucial role.
The higher the required resolution, the more expensive it will
be1. If the conductivity of the layer is too high, a 12 bit A/D
converter may not be sufficient due to the high base current
without soot. In case of the highly conducting coating, a reso-
lution of 15 bit would be needed. For the medium conductiv-
ity, 12 bit would be sufficient and for the lowest conductivity
9 bit would suffice. With respect to the required resolution, a
low conductivity would be preferable.

As a tradeoff, medium conductive layers are considered
best. The demands on the A/D converters are moderate, and
the initiation time is short. A higher conductivity does not
show a huge advantage regarding the initiation time, but will
result in much higher cost of the measuring equipment. A
material with an electrical conductivity of 10−3 to 10−1 S m−1

would be suitable for a functional layer of 20µm thickness
and 12 bit resolution.

The functional demonstration with a RuO2-based coating
showed even more potential to reduce the initiation time than
expected from the simulation. But it also showed the cur-
rent limiting effect of a serial connection between soot and
functional coating. With a reduction of the initiation time of
about 45 % with a non-optimized system, an even higher ef-
fect can be expected by using an optimized material and coat-
ing, therefore a continuation of these investigations seems
promising.

A reduction in the initiation time enhances the accuracy
of the sensor and therefore allows a much better prediction
of the particle filter condition, meaning that smaller defects
may be more reliably detected. However, it is challenging to
find a material with a suitable electrical conductivity and the
robustness to withstand the harsh conditions in automotive
exhausts.

Recently, dosimeter-type resistive gas sensors are sug-
gested for gas concentration measurements (Geupel et al.,
2010; Groß et al., 2012). Both soot sensor and dosimeter-type
resistive gas sensor rely on the same principle: with sorption
of gas (or soot) the resistance changes and as soon as sat-
uration effects occur, sensor regeneration is required, typi-
cally induced by heating the sensitive film far above working
temperature. Recently, Hennemann et al. (2012), even sug-
gested a dosimeter-type gas sensor based on percolation ef-
fects. H2S percolation paths are formed on nanofibers leading
to a steep resistance decrease when a defined dose is applied.
This behavior is very similar to the conductometric soot sen-
sor where a defined amount of soot yields a similar behav-
ior. It is suggested to transfer the idea of a conductive layer

1 If one accepts a resolution for the A/D converter of 12 bit, than
the measuring range can be resolved in 212=4096 equidistant steps.
The steps should be about 10 times smaller than the value to be
measured. Hence, a trigger limit of 3 A requires steps of at least
0.3µA. If the layer conductivity is too high, a 12 bit A/D converter
may not be sufficient due to the high base current without soot.

also to such percolation-type conductometric dosimeter gas
sensors.
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