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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 thicknesswf 20

and a conductivity in the range of 10to 10"t S nT! may reduce the initiation time by about 40 %. The FIEM
results were verified by a commercially available thick film resistor paste with a conductivity of 0.45mSm
showing an improvement of about 40 % compared to an uncoated sensor.

1 Introduction In order to reduce the mass and the number of PM in th

exhaust, diesel particulate filters (DPF) — typically porous cef

Together with the constantly tightening limits of harmful ex- ramic wall-flow filters (Fino, 2007; Twigg and Phillips, 2009)
haust gas emissions of internal combustion engines, a perma- gre installed in the exhaust line. When soot is deposited i
nent monitoring of all emission-relevant devices is requiredthe filter, the pores get clogged and the exhaust backpresst
(Europaisches Parlament, 2007; European Union, 2008). Foincreases with increasing soot load (Alkemade and Scht

Diesel engines, NQabatement and particulate matter (PM) mann, 2006; Duvinage et al., 2001). Therefore, the DPF mus

reduction are of special importance (Johnson, 2007; Twiggpe regenerated from time to time, typically by heating the fil
2007). PM consists of aggregated carbon soot particles, cover to several hundretlC and oxidizing the soot. Currently
ered with organics like (polycyclic aromatic) hydrocarbons, the approach is to use the pressut@eténce up- and down-
and inorganic oxides (e.g., ashes originating from wear of thestream of the DPF together with an engine map-oriented so
engine or engine oil additives) (Spears, 2008; U.S. Environ{oad model to estimate the soot load and the point in time
mental Protection Agency, 2002). Not only due to the smallyhen the regeneration needs to be initiated (Alkemade an
size of these particles, ranging between only a few tens an&chumann, 2006; Rose and Boger, 2009). Recent resear
some hundreds of nanometers (Harris and Maricg, 2001), bueas try to determine the soot content by measuring the ele
also because of the soluble organic fraction (SOF) coveringrical impedance of the DPF itself during operation (Feulne
the surface of these small particles (Otto et al., 1980; U.Set g, 2013) or by evaluating the soot load-dependent pertu
Environmental Protection Agency, 2002), serious concerngation of the electrical resonance behavior in the GHz rang
exist about the féect of PM to human health (Geiser, 2005; (Moos et al., 2013; Fischerauer et al., 2010).
Adar et al., 2010; Grahame and Schlesinger, 2010; U.S. En-

vironmental Protection Agency, 2002).
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Table 1. Electrical conductivities of the conductive layer in mS'm
used for dfferent layer thicknesses and base curyesdgstances.

Wanted sensor Conductivity forfiierent thickness
properties b of the conductive layer
Rnosoot Inosoot lpm  1lum  20um  40um
300k 0.1mA 9.01 0.82 0.46 0.25
30k 1mA 90.09 8.19 4.61 2.49
Figure 1. Image of an uncoated blank sensor with interdigital elec- 3kQ  10mA 900.90 81.93 46.08 24.96

trodes (IDEs) and feed lines.

. initiation time increases with decreasing PM concentration.
I i 3 Therefore, it will take some time to detect a DPF defect,
N S E R : a ET 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
A 4 conductive layer that connects both electrodes and covers all
i iz i V77 the space in between them. By adding such a layer, a soot-
T‘ E 3 3 [ IT dependent current can be measured even if no soot percola-
— tion paths have reached the counter electrode.
c It is the object of this study to demonstrate the feasibil-
i ity of this idea. The first part of this article describes an
Figure 2. Geometry used for the simulations. The upper raw ( FEM S“?d_y to estimate suitable parametgrs With respect to
and b) depicts the setup for a coating (E) being thinner than the conductivity and thickness of the conductive film. Later on,
electrodes (A) and (B). The lower row &ndd) depicts the case of ~Sensors coated with a commercial ruthenium oxide (BuO
a coating (E) being thicker than the electrodes (coating covers théased thick-film paste were used to verify the results of the
electrodes). 1, 2 and 3 indicate the growth direction of the soot pattsimulations. Ru@ was only selected to prove the concept.
(D). C indicates the electrically insulating substrate. For a reliable application in the exhaust, material with better
long-term stability have to be applied.

The first method is serial standard, but it has not been2 FEM Modeling
clarified yet whether this method is precise enough to de-
tect reliably small malfunctions of DPFs, like small cracks 21
or holes that lead to soot slip. Therefore, sensors measuring
the amount of soot in the exhaust downstream of a DPF ar®©ne part of an IDE (as depicted in Fig. 2) was FEM mod-
in discussion. Many principles for such sensors have beemled (FEM software Comsol Multiphysics). To comply with
investigated, but the conductometric approach is considere&ig. 1, the electrode widtha) and spacess| between the
the best choice for PM detection, especially with respect toelectrodes were set to 15fh each and the electrode thick-
the low-cost of a sensor (Riegel and Klett, 2008). A typi- ness tdr = 10um. The substrate thickness was set to m®0
cal conductometric PM sensor is shown in Fig. 1. It con- Further elements of the sensor, like the embedded heater
sists of two electrodes that are typically applied as interdig-(Ochs et al., 2012), have not been considered in the model.
ital electrodes (IDEs) on an electrically insulating substrate.All free edges of the sensors were set to an electric insu-
Recent approaches are given by Ochs et al. (2010), Lloydation (boundary condition). For the substrate conductivity,
Spetz et al. (2012), GroR et al. (2012), Hagen et al. (2010)10?S nT! was assumed, which is a typical value for tech-
Bartscherer et al. (2007), Bartscherer and Schmidt (2008), onical alumina at 200-40@ (Evans, 1995). Four fierent
Bartscherer et al. (2008). thicknessesh) of the conductive layer were modeled, each

Soot is deposited by thermophoresis on the IDE structureone with three dferent electrical conductivities (for values
If a voltage is applied between both electrodes, electrophoreef the conductivities see Table 1). The conductivities were
sis also occurs. It even prevails over the thermophoreticadjusted in a way that the basic current of the sensor without
effect. soot load,lpso0s Was 0.1 mA, 1 mA, or 10 mA at an applied

If one neglects the substrate conductivity, the current doewoltage ofU = 30V. Therefore, the conductivity for a thin
not flow before the first percolation path forms between thelayer had to be higher; the conductivity for a thicker layer had
electrodes. In other words, the sensor remains “blind” at theto be lower in order for the four ferent layers to exhibit the
beginning of a loading cycle. This blind time as well as the same base currents for the threffatient resistance levels.

Setup and modeling
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Figure 3. Simulation and real measurement of soot signal for a Figure 4. Simulation of the total current.,, for sensors with dif-
blank sensor. ferent conductive coatings leading to base resistances (without sogt)
of 3kQ, 30k, and 300 K (see Table 1) compared to a blank sen-
sor. Coating thickneds= 11um.
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=10um) and the electrodes are not covered by the ap_and contribute to the total current according to their state o

plied conductive layer (Fig. 2a and b: top row). In this Case’growth. To represent that, a Qaussian distribution (Eq 1)qd
the soot can contact the electrodes directly. In the other casdh® number of pathsipans starting to grow at a certain time,
the conductive layer is thicker than the electrodes ) and s In the simulation was assumed.
covers them (Fig. 2c and d; bottom row). In this case, soot 1
has no direct contact to the electrodes. Mpathdlts) = ———-€"
Since there is not much known about the growth of soot 25 Vor
paths in an electric field, some assumptions had to be madgijnce the simulation should reveal only relative results fo
for the simulation. Light optical microscopy (Fig. 8) revealed the diferent varied parameters, and due to the many uncef
that the soot paths are denser at one electrode — presumabiyinties of the soot growth and its nature, the simulations
at the electrode at which the grOWth is initiated — than on thehave been done using arbitrary units for the tingeDiffer-
other one. Therefore, the growing soot path was assumed tent growth rates of the soot paths were not considered. Using
be wedge-shaped (D in Fig. 2), initially growing vertically this approach, only one path had to be calculated, but the out-
at position 1 and horizontally at position 2 at the same time.pyt current of the whole sensor was obtained by superposirig
When it reaches the counter electrode (position 3), it stopghe currents of each single path according to the Gaussian
growing horizontally and the growth is vertical also at this distribution. Calculated and measured current progressions
position. From this point on, the the soot layer would con- for a blank sensor without conductive layer agree quite wel
tribute also to the current of a sensor without a conductive(rig. 3) if one assumes appropriate scaling factors for curre
layer. At the end of the growth, the height of the wedge is gnd time.
5um at position 1 and 2.om at position 3. Since the elec- |t should be annotated here that this model for the soot pat
trical conductivity of soot may vary with the type of soot, a growth does not consider the physical deposition mechanism
macroscopic approach was conducted. A blank sensor withof the soot. However, it will be shown that it is a very useful
out conductive layer but fully covered with soot shows a cur- approximation that describes the current response quite we

rent of approximately 1 mA, if a dc voltage of 30V is applied  The measurement procedures for the experiments leading
to the electrode (at a sensor temperature of abot€»0rhis  to Fig. 3 are described in the experimental Sact.

corresponds to a resistance of 3®.kThe electrical conduc-
tivity of'the soot in the simulations was chosen in a way that2.2 Variations of the layer parameters
the resistance of the soot wedge amounted to this value at the
end of the growth. Hence, the electrical conductivity of the In the following, liotq refers to the total current of a sensor,
soot should be about 25 mStn including the current through the conductive cover layer (if
In reality, there is not only one soot path growing from present) and the collected soot (the current through the sup-
one electrode to the other but instead many soot paths stastrate can be neglected because the substrate is insulating),
to grow at diferent times. All paths are parallel connected andl,sootrepresentingdota Without collected soot.
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Figure 5. Current deviationAl = I — Inosoos fOr coatings with
base resistances (without soot) of(3,k30 kQ and 300 K, com- Figure 6. Magnification of Fig. 5 to determine the initiation time,
pared to a blank sensor. For raw data see Fig. 4. t, for coatings with diferent base resistances (without soot).

Table 2. Total current and current deviati@d of a simulated con- . . . 0
ductive layer b = 11um thickness) with dferent electrical conduc- AS Shown by the simulations, an improvement of about 40 %

tivities. should be possible.
Thin layers with a high conductivity show the best perfor-
Ruosoot  Inosoot ltotal Al mance, especially for theydn layer. Since such thin layers
300k2 01mA 0716mA 61GA with b<h (Fig. 2a and b) dq not cover the elec_:trQ(_jes, sqot
30 kQ 1mA  1.924mA  924iA can contact the electrodes directly without any limiting serial
3kQ  10mA 10.977mA  97FA resistances between electrode and soot. However, the calcu-
lated improvements in reduction of the blind time between
coatings of um and 2Qum thickness as well as with coat-
ings between a resistance ofQland 30 K2 (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 qfrb or more can
e achieved. Hence, a functional layer with an electrical re-
sistance of 30K and a thickness of 5 to 20m seems to

Examples for the simulated total curremfy,, and the
soot-related current deviatiohl = lotq — Inosoot fOr a blank
sensor and sensors with a conductive laydy efl1um (see
Fig. 2c and d) are shown in Figs. 4 and 5 for threfedi
ent electrical conductivities in a way thag,sgo:Corresponds
to 3k, 30k, or 300kK2. Table 2 lists the numerical val-
ues. Figure 6 shows the magnification of Fig. 5 to extract th
initiation time t; for these four sensors at a trigger limit of

Altigger = 3UA. be a good traddgbbetween improved measurement duration,

T_he diferences in the tOt'_aI current arise from thefient manufacturability and usability of inexpensive measurement
resistances of the conductive layers (as they depend on th

cover layer materials conductivity and on the thickness Ofngpment.

the cover layer), which add up to the resistance of the soot

path. A low conductivity of the conductive layer yields high 3 Experimental verification

serial resistances, and therefore limits the current. It appears

implausible at first glance that the current of the fully soot In Sect. 2, the advantages of a conductive layer were worked
loaded but uncovered sensor (Fig. 4) should be higher thaeut using simulation. In this section, we will describe exper-
the 300 IQ-covered one. However, one has to consider thatimental results and compare them with our simulations.

the conductive layer (which in case of a 3@0 layer exhibits

poor conductivity) also covers the electrodes, prevents direcfzxperim ents

contact between soot and electrodes, and therefore limits the

current. For this study, the platinum IDEs were screen-printed on alu-
The improvements that can be obtained with the conduc-mina film-covered yttria stabilized zirconia (YSZ) substrates.

tive layers are summarized in Fig. 7. Here; (/tef)/% indi- Due to the setup in planar tape technology, a heater could be

cates the percentaged reduction of the initiation titmepm- integrated into the YSZ monolithic substrate. Further details

pared to the initiation timef, of the uncoated blank sensor. can be obtained from Ochs et al. (2012).
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Figure 7. Simulated percentaged reduction of the initiation time ) o )
for different layer thicknesses and conductivities, see Taijg s~ changes the electrical characteristic. Furthermore, high ten
the initiation time of the uncoated sensor. peratures may féect the conductivity of Ru@due to oxi-
dation and loss of volatile reaction products (Colomer and
Jurado, 1997). All these factorgsfect the conductivity of
Figure 8 shows a typical IDE (without additional coating) RuO,-based resistor pastes and may lead to a drift of the
during electrophoretic soot deposition. Electrically conduc-sensor current that is not tolerable for a sensor that shou|d
tive soot paths grow from one electrode to the other, resultingpperate for many years in the exhaust gas. However, in of-
in an ohmic current (Ochs et al., 2012; Hagen et al., 2010)der to verify the concept, these shortcomings are not relevant
The initiation time;, i.e., the time the current needs to reach and the already mentioned paste was selected despite all jts
a trigger limit (for instance a current off@\) can be used as disadvantages.
a measure for the amount of PM in the exhaust gas. After a For the test sample, blank sensors were manufactured as
deposition cycle, the sensor is heated to above6d0 burn  described briefly above and in detail in Ochs et al. (2012).
the soot on the IDE. After cooling, the sensor is regeneratedsome of the sensors were coated with the screen-printed
and the subsequent loading cycle can start. paste, dried for 10 min at 8@€ and fired at 850C according
To verify the results from the simulation and to proof the to the manufacturer’s specifications. A fired film thickness of
concept of improving the particle sensor by applying a con-about 35um was obtained. The sensors were built into the
ductive layer, a commercial resistor paste which is typically exhaust pipe of an artificial soot source (CAST2, Matter En
used in LTCC and thick-film technology, was applied (Her- gineering) together with an uncoated blank sensor serving as
aeus, type R8281). It consists of Ru@mbedded in a glass a reference. The gas stream was 5 LThiwith an average
matrix (for literature see, e.g., Pike and Seager, 1977, or Niparticle size of 85nm. During soot deposition, the sensors
coloso et al., 1995). The nominal square resistance accordwere not heated, i.e. soot collection occurred at abof€35
ing to the data sheet was 10@Mor a fired film thickness Figure 9 shows a typical measuring cycle. At the
of 22um. This leads to a conductivity of 0.45 mS twhich IDE voltage (30V dc) was applied to determine a possible
is close to the optimum determined in the simulation. Fortemperature-based drift of the sensor base signaj, About
the test sensor, this small deviation is not important, becaus@ min later, the artificial soot source was switched on. Aftel
even for a slightly deviating electrical conductivity, the re- the current of both sensors (coated sensor and blank senspr)
duction of the initiation time should be significant. It should exceeded the triggering limit (83) significantly, the artifi-
be clarified that Ru@embedded is a glass matrix is a good cial soot source was switcheffatts. At t4, the IDE voltage
fabrication approach for thick-film resistors in electronics but was also switchedfband shortly after that, the regeneration
it is not suitable to be applied in automotive exhausts at el-was initiated (ats). Using the applied heater, a temperature
evated temperatures. It is known that Ru@ased materials above 750C was achieved and the collected soot was oxi
show reversible as well as irreversible changes in resistancelized. After turning & the sensor heating &, the sensor
depending on temperature, mechanical stress and electricalas allowed to cool down to a stable temperature before the
field (Pike and Seager, 1977). Since the temperature duringubsequent cycle started.
regeneration can reach or even exceed the firing temperature The raw signal of a coated and an uncoated, blank senspr
of the RuQy/glass layer, the glass matrix may soften eachis shown in Fig. 10. Due to the reasons mentioned above, the
time the soot is burned®at regeneration temperatures. This coated sensors showed a baseline drift even if no soot was
may result in plastic deformation of the conductive layer thatpresent. A linear extrapolation of the drift (line A in Fig. 10)

=
1
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] ) ) Figure 10. Raw signal for a coated (left axis) and an uncoated
Figure 9. Typical megsuremen.t and regeneration CyGlesensor (gt axis) sensor. The current drift for the coated sensor was com-
voltage over the IDE is applie: artificial soot source is switched  hensated using linear extrapolation. The artificial soot source is

on, t: artificial soot source is switchedfot,: sensor voltage is  gyyitched on at,. The coated sensor reaches the trigger limit of
switched df, ts to ts: heater current for regeneration is applied. 3uA att,, the uncoated sensor reaches the trigger limitat

yielded an increasing baseline. It was used to correct the initi- 100+
ation timet; as depicted in Fig. 10. The coated sensor showed

a baseline of almost 3QMA, which is equivalent to a resis- 804
tance of about 100k in the soot-free state. Furthermore, the

coated sensor reached the trigger limitAdf~ 3uA about .

100 s earlier than the uncoated sensor, and, as predicted fror  60-
the simulations, the coated sensor showed a smaller slopé

dl/dt. This behavior can be explained by the serial resistance=_ wd ™ {

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- 20

sor before applying the soot source may originate from some

soot that had been deposited between the feed lines during 0

antecedent cycles (see Fig. 1). Since the sensor feeds are not Sensor1 Sensor2 Sensor3 Sensor4  Sensor5

heated, this part was not regenerated. However, this Ieakaglg

current can be neglected. '
The tests were repeated with fivdfdrent sensors with 1

to 5 cycles for each sensor. The results for each sensor with

the standard deviation of the percentaged reduction of th(?ivities. Comparing the simulated low and medium conduct-

initiation time are shown in Fig. 11. Despite not being op- ing layers, an improvement of the initiation time of about

tlrrg;zed(,j tttle blnlttlatlon 2t;sme ;wg(]) ; condUCthéa tla)t/r?r can b‘i 12 % can be obtained with a conductivity change of a factor
reduced by between 25 an o compared to the uncoatégy 4 Increasing further the conductivity of the layer by a

sensor. The results are even slightly better than predicted bYactor of 10 yields an additional reduction of only about 2 %.

the simulations (25 to 40%). Besides the sensor performance with respect to a shorter
initiation time, system aspects as well as manufacturing pro-
4 Concluding remarks cess issues deserve consideration. How can such a conductive
coating be applied, what electronic measurement equipment
The simulations showed that the conductivity of a conduc-is needed? Both aspects may limit the application.
tive coating of the electrode area of a PM sensor greatly The conductive layers are preferably applied in thick-film
influences the sensor performance. Conductivity and layetechnology. This technique is process compatible, inexpen-
thickness can be further optimized. On the one hand, highesive and well-known for ceramic exhaust gas sensors (Riegel
conductivities are preferred because they reduce the curremt al., 2002). Layer thicknesses between about 5 tgb0an
through the serially connected soot only a little. However, thebe manufactured reliably. Thin film techniques like CVD or
benefit of a high conductivity gets smaller for higher conduc- PVD are more expensive and are not preferred.

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

J. Sens. Sens. Syst., 2, 95-102, 2013 WWW.j-sens-sens-syst.net/2/95/2013/



P. Bartscherer and R. Moos: Improvement of the sensitivity of a conductometric soot sensor 101

Cost issues of the measurement circuit play a crucial rolealso to such percolation-type conductometric dosimeter gas
The higher the required resolution, the more expensive it willsensors.
bel. If the conductivity of the layer is too high, a 12 bifB
converter may not be flicient due to the high base current
without soot. In case of the highly conducting coating, a reso-acknowledgements. The authors thank Ralf Schmidt, Frank
lution of 15 bit would be needed. For the medium conductiv- Rettig and Gerd Teike for discussions and their help on the
ity, 12 bit would be stficient and for the lowest conductivity simulation and model building, as well as Ulrich Hasenkox and
9 bit would sufice. With respect to the required resolution, a Helmut Marx for the support during the measurements. The autho
low conductivity would be preferable. also thank Robert Bosch GmbH, where most of the work have bee

As a trade@, medium conductive layers are considered done, for supporting this work and for the permission to publish the
best. The demands on theDAconverters are moderate, and esults.
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 1®to 101 S nt?
would be suitable for a functional layer of gén thickness
and 12 bit resolution.
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to a steep resistance decrease when a defined dose is appliedsionen von leichten Personenkraftwagen und Nutzfahrzeuge
This behavior is very similar to the conductometric soot sen- (Euro 5 und Euro 6) undiber den Zugang zu Reparatur-
sor where a defined amount of soot yields a similar behay- und Wartungsinformationeriif Fahrzeuge, Amtsblatt der Eu-

ior. It is suggested to transfer the idea of a conductive layer ropaischen Union, L171, 1-16, 2007. o
European Union: Communication on the application and future de-

velopment of Community legislation concerning vehicle emis-
sions from light-duty vehicles and access to repair and mainte
11f one accepts a resolution for thg@converter of 12 bit, than nance information (Euro 5 and 6) fi@ial Journal of the Euro-
the measuring range can be resolved'f=24096 equidistant steps. pean Union, 200& 18208, 2008.
The steps should be about 10 times smaller than the value to b&vans, B. D.: A review of the optical properties of anion lattice
measured. Hence, a trigger limit of 3 A requires steps of at least vacancies, and electrical conduction in,@4: their relation to
0.3uA. If the layer conductivity is too high, a 12 bit/B converter radiation-induced electrical degradation, J. Nucl. Mater., 219
may not be sfiicient due to the high base current without soot. 202-223, 1995.
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