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Abstract. For the self-test of semiconductor gas sensors, we combine two multi-signal processes: temperature-
cycled operation (TCO) and electrical impedance spectroscopy (EIS). This combination allows one to discrim-

inate between irreversible changes of the sensor, i.e., changes caused by poisoning, as well as changes in the

gas atmosphere. To integrate EIS and TCO, impedance spectra should be acquired in a very short time period,
in which the sensor can be considered time invariant, i.e., milliseconds or less. For this purpose we developed
a Fourier-based high-speed, low-cost impedance spectroscope. It provides a binary excitation signal through an
FPGA (field programable gate array), which also acquires the data. To determine impedance spectra, it uses the
ETFE (empirical transfer function estimate) method, which calculates the impedance by evaluating the Fourier
transformations of current and voltage. With this approach an impedance spectrum over the range from 61 kHz
to 100 MHz is acquired in ca. 16 ps.

We carried out TCO-EIS measurements with this spectroscope and a commercial impedance analyzer (Agilent
4294A), with a temperature cycle consisting of six equidistant temperature steps between 200°€hdvs0
lengths of 30s (200C) and 18 s (all others). Discrimination of carbon monoxide (CO) and methang) (€H
possible by LDA (linear discriminant analysis) using either TCO or EIS data, thus enabling a validation of results
by comparison of both methods.

1 Introduction By variation of temperature, it is possible to obtain a vir-
tual multi-sensor or virtual sensor array, i.e., to evaluate thg

Metal oxide semiconductor (MOS) gas sensors are highlysensor resistance at different temperatures and thereby ga

. . A selectivity, in a manner similar to the use of multi-sensory|
sensitive to a broad range of reducing and oxidizing gases

and they are available at relatively low cost. Their opera-‘}jlrrays (Stetter and Penrose, 2002; Schitze et al., 2004). Th

L . . ethod, which we denote as temperature-cycled operatio
tion is based on resistance measurements of a sensitive lay ﬁ*C 0), ¢an be used to increase thepselectivityyan d se?nsitivit
which in most cases consists of a granular metal oxide. Th '

resistance of this layer is strongly determined by the adsorp-

. . . . ee and Reedy, 1999).
tion of oxygen, which creates a depletion region at the meta ; L

. . . . Another way to increase the selectivity is the measuremer]
oxide surface leading to an energy barrier between grains

(Tricoli et al., 2010; Morrison, 1982: Kohl, 1989). of the complex sensor impedance by electrical impedanc

The interaction of adsorbed oxygen and reducing or oxi_spectros_copy (E.IS)' One of _the underlymg efffect's Is the
change in capacity at the grain boundaries, which is cause

dizing gases on the grain surfaces depends strongly on te o ) X .
perature and shows different behavior, depending on thn;)y gas, primarily oxygen. The dielectric properties of the

gases and temperatures (Clifford and Tuma, 1982, 1983chem|cal species present in the sensing layer also infly

Morrison, 1987). Temperature is usually controlled by an in_énce the capacitance properties of the sensor layer — the

tegrated heater, e.g., a microstructured platinum resistor orr]neasurement by EIS can thus increase selectivity (Weima

the substrate. and Gopel, 1998; Barsan and Weimar, 2003).

Published by Copernicus Publications on behalf of the AMA Association for Sensor Technology.

of metal oxide gas sensors considerably (Heilig et al., 1997;
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2 Impedance measurement

TCO result EIS result
The complex impedanc (w) can be defined as follows

Temperature Cycled Operation Electrical Impedance Spectroscopy (BarSOUkOV and MaCdonald, 2005)

Flu@®)

Z(jw)=|Z|exp(jo) = @

Check Resul Fli)
Error - > esult Here, F {v(t)} denotes the Fourier transform of the volt-
for consistency of measurement age, andF {i(t)} denotes the Fourier transform of the cur-
rent.
Figure 1. Scheme of the sensor self-test strategy (cf. Schiiler et al., The measurement of impedance can be carried out either
2014). in the time domain, which requires a transformation of the

measured values to the frequency domain, or it can be carried
_ o o out in the frequency domain, e.g., by setting amplitude and
Besides selectivity, long-term sensor stability is a chal-phase of a driving current and measuring the phase shift and
lenge for the use of SC gas sensors, especially in safetyampjitude of the resulting voltage drop across the device un-
critical applications. A variety of factors influence this sta- ger test (DuT). Most commercial high-frequency impedance
bility, including structural and phase transformations, pOi'anaIyzers work in the frequency domain — this approach
soning, degradation of contacts and heaters, bulk di1‘fusionpromiSes good accuracy and does not require sophisticated
sensor design, humidity, temperature changes and interfersigna| processing (Barsoukov and Macdonald, 2005; Agilent
ence effects (Korotcenkov and Cho, 2011). By increasings294A). On the other hand, the measurements take inher-
selectivity, TCO — combined with an optimized signal pro- ently longer, since only one frequency is measured at a given
cessing (Fricke et al., 2008) — addresses especially the influjme. For example, the instrument used for the reference mea-
ence of interference gases and changes in humidity, as welyrements presented here requires at least 3 ms to measure
as temperature changes (provided the actual sensor tempefg, impedance at one frequency (Agilent 4294A); a high-
ture is controlled, not just heater voltage). The combinationyegg|ution impedance spectrum with, e.g., 200 tested fre-
of TCO and EIS can increase the reliability of MOS gas sen-quencies requires at least 0.6 s. This duration is even higher if
sors further, acquiring data which may give additional infor- frequencies below 100 kHz are considered or high precision
mation on the sensor properties. These data not only refleg required. On the other hand, when measurements are car-
poisoning, but also may contain information about structuraljeq out in the time domain, a broad range of frequencies can
and phase properties, contacts and heater state (although the analyzed simultaneously; thus, measurement times can be
heater is usually isolated from the heater electrodes, heatqueaﬂy reduced. However, determination of the impedance
properties may affect the measured data by capacitive couspectrum requires signal processing, e.g., Fourier transfor-
pling), bulk diffusion and humidity (Barsan and Weimar, mation, to transfer data recorded in the time domain to the
2003). These different properties affect the acquired datfﬂequency domain (Barsoukov and Macdonald, 2005).
in different ways, and the generalization of the method de- T4 achieve a compact measurement system with acquisi-
scribed here requires further research. This paper is confineggn times (well) below 1 ms, we built an impedance spec-
to the study of poisoning induced by HMDSO (hexamethyld- troscope which carries out the measurement in the time do-
isiloxane), a compound.wh]c.;h is present asa solventin MaMmain and transforms it into the frequency domain using FFT
polymers and causes significant changes in the properties gast Fourier transform), in order to calculate the impedance.
MOS gas sensors. Previous works have shown that both TC@hjs method is known as ETFE (empirical transfer function
and EIS can be used to discriminate different gases by multizstimate) and is widely used in system identification to es-
variate analysis (Conrad et al., 2007). By checking the contimate transfer functions of LTI (linear time invariant) sys-
sistency of results acquired with both methods, the reliability;ems (Ljung and Glad, 1994). In a general form, the ETFE

of the measurement can be increased (Reimann et al., 2008)pproach can be written as follows (Ljung and Glad, 1994):
This approach is illustrated in Fig. 1. Ys(@)
s(w
2

To perform EIS and TCO measurements simultaneouslyGg () = )
impedance spectra should be acquired in a very short time Us(w)
period (milliseconds or less) during which the sensor temper-Gs(w) is the transfer function of a systeirs (w) is the out-
ature (and other properties) can be considered constant, i.eut in the frequency domain, arlitk () is the corresponding
the sensor as a time-invariant system. For this purpose winput. We can consider the impedance of a sensor as a trans-
developed a Fourier-based high-speed, low-cost impedancker function describing the relationship between voltage and
spectroscope (Schiler et al., 2014). current across the sensor:

U (a)): Usensof®)
I (w) Uref(w)/Rref.

Z(w)= 3
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Figure 2. Hardware setup of the FOBIS measurement system (cf. f (Hz)

Schiler et al., 2014).
) Figure 3. Measurements of test impedanceg1(@/100k<2 high-

precision resistors with small parasitic capacitance®.4 pF)),
carried out with a commercial high-precision impedance analyze
In Eq. (3),Z (w) is the impedancd/ (w) resp.Usensof®) (Agilent 4294A) and the FoBIS measurement system.
the voltage, and (w) the current/ (w) is not set or directly

measured, but determined from the voltdgegs (w) across a _ ) ) _
resistor of known impedance{ey). (signal-to-noise ratio) decreases inherently. On the othe

Figure 2 shows the corresponding hardware setup: a bib@nd, the quickness of the measurement principle (acquis
nary signal of broad frequency range is generated by a fieldlion time ~16.4 uis) enables measurements in temperature
programmable gate array (FPGA) and transmitted using th@ycleq operation even for mmrp;tructured sSensors vylth ther
BLVDS_25 differential signaling standard, which generatesmMal time constants in the millisecond range (Elmi et al.,
a current of defined value. This current causes a voItag@OOS)-
drop of£1.2 'V across the resist®give (75 2), and thereby
also across the voltage divider consisting of the sensor and Experimental
Rref Which is connected in parallel (Reimann et al., 2008).

Thus, due to the much higher impedance of the voltage di-To evaluate the self-test strategy sketched in Fig. 1, med
vider compared toRgrive, @ Voltage of£1.2V is applied surements were carried out with the UST Umweltsensortech
across the voltage divider to drive the sensor. The branchesik GGS 1330, an Snf&based sensor sensitive towards a
of this voltage divider are connected to high-speed ADCsbroad range of reducing gases. At first, we characterized th
(analog-to-digital converters; model ADS62P49EVM, Texasunimpaired sensor. The measurements were carried out
Instruments) via differential amplifiers (AD8130, Analog temperature-cycled operation with the Agilent 4294A, and
Devices), which enable a robust signal transmission, as welthe FoBIS system. To enable temperature-cycled operatio
as low-pass filters, which eliminate frequencies above cawith the Agilent 4294A, we implemented the temperature
100 MHz. We use an MLBS (maximum length binary se- cycle shown in Fig. 4, consisting of six equidistant temper-|
guence) excitation signal with a length of 16.384 ps, which isature steps between 200 and 480 with lengths of 30s
sampled at a frequency of 250 MHz. The bandwidth of such a200°C) and 18 s (all others). The impedance analyzer Ag
signal ranges from 61 kHz to 125 MHz (Schiler et al., 2014).ilent 4294A requires 10.8 s to record one impedance speq
However, since frequencies above 100 MHz are removed irtrum with a range from 200 Hz to 110 MHz with 201 sup-
order to prevent aliasing effects, the bandwidth of the meaporting points with logarithmic distribution at the second-
surement system ranges from 61 kHz to 100 MHz. (Schilethighest precision available (“measurement bandwiekti).

etal., 2014). Acquisition of the impedance spectra was triggered 5s aft

The introduced measurement method is denoted as FoBlI&r each temperature change, when the sensor has alm
(Fourier-based impedance spectroscopy). Figure 3 showseached a steady state (the impedance relaxation induced
measurements of test impedances carried out with the Fathe temperature change is mostly complete, cf. Fig. 7). Af
BIS system on the one hand, and with the commercial highter these initial characterization measurements, the sens
precision impedance analyzer Agilent 4294A on the otherwas exposed to 70 ppm HMDSO for 10 min in temperature
hand. Obviously, the FoBIS system cannot compete in termgycled operation. After this poisoning, the characterization
of absolute accuracy. Due to parasitic capacitances, the signaheasurements were repeated. Figures 5 and 6 show a sect
intensity decreases at higher frequency and thereby the SNBf the characterization measurements carried out before ar
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Figure 4. Temperature set points and timing of impedance mea-
surements during temperature cycle.
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after poisoning. The presented values are quasi-static set
Sor responses, i.e., sensor response values which were g
quired at defined time/temperature points within the temper-
ature profile. The sensor response is defined as follows:

Z .
o \Zarl _
| Zgad

where|Z 4| is the magnitude of the impedance in air, ac-
quired for each temperature in the first temperature cycle 0 6
and|Zga4 is the impedance value at a given time during the
measurement.

Figure 5 shows quasi_static Sensor responses at200Hz arﬁipure 5. Laboratory measurement, carried out with commercial
62.8 kHz, acquired with the Agilent 4294A before and after impedance analyzer Agilent 4294A. The graphs show sensor reac-

poisoning. The gas concentrations are shown in the bottor‘rllions for each step of the temperature cycle at 200 Hz and 62.8 kHz

row of Figs. 5 and 6. In this paper, we consider two Concen_with the unimpaired as well as with the poisoned sensor.

trations each of methane (GH550 and 1100 ppm) and car-
bon monoxide (CO: 50 and 100 ppm); whereas the gas pro-
file also contained hydrogen gH5 and 10 ppm) and ethanol ~ For temperatures of 25€ and above, the sensor reac-
(CoHsOH: 5 and 10 ppm) (Schiiler et al., 2014). All gases tions match well for both frequencies, confirming earlier re-
were applied in zero air with 50 %rh (relative humidity). search which has shown that the response at frequencies up
The sensor reactions differ for the different gas—to 100kHz corresponds to the DC resistance which is usu-
temperature combinations in a typical manner (at35ahe  ally measured (Reimann, 2011). However, at 200 the
sensor reactions of GHand CO are comparably high, while sensor reaction measured at 62.8kHz differs significantly
at 200°C, carbon monoxide causes a significantly higherfl’om the one measured at 200 Hz. The reason for this dif-
sensor reaction), which enables selective measurements. THerence is a typical resonance effect in the frequency spec-
quasi-static sensor responses of the unimpaired sensor ateim of the UST GGS 1330, which has been described in
very high during the first cycles in presence of methane, esReimann (2011). The frequency, at which this resonance
pecially at high temperatures. This phenomenon might bepeak appears, depends on the measurement setup and the
caused by a reaction of a surface species taking place desistance of the sensor, it shifts towards lower frequencies
higher temperatures in presence of methane, in which théor high resistances. At 20@ the resonance peak is at ca.
species causing the reaction is being consumed or desorbed00 kHz in air, and the impedance measured is strongly in-
The measurement after poisoning does not exhibit this befluenced by the resonance. When resistivity drops due to the
havior. presence of a reducing gas, the shift of the resonance peak
towards higher frequencies is added to the actual drop in re-
sistance, leading to an extraordinarily high sensor response at
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Figure 7. Sensor impedance of UST 1330 at 61 kHz, in air (50 %rh,
black lines) and in air with 50 ppm CO (red lines) during temper-
ature cycle. The solid lines show the impedance of the unimpaire
_________ sensor; the dashed lines show the impedance values of the sa
0 o . . . . ’ . sensor after its exposure to 70 ppm HMDSO (hexamethyldisilox-
ane) during 10 min.
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o L oo — ] Table 1. Features used for EIS-based LDA.
— 0 : CUTTTTTTT "“"";' :
’E‘ i 3 Quantity/frequency range (all at 23Q) Mean Slope
& 1000 E value
& 100 : . -
E E Abs. value of impedanceZ| (61-183 kHz) X
o CH
C L - - - Abs. value of impedancgZ| (456 kHz—4.6 MHz) X X
60 120 180 Abs. value of impedanciZ| (4.9-6.4 MHz) X
. . Abs. value of impedancgZ| (6.4—8.9 MHz) X X
time (min) Abs. value of impedanceZ| (8.9-27.4 MHz) X
) ) . Abs. value of impedancgZ| (40.8-103 MHz) X X
Figure 6. Laboratory measurement, carried out with FOBIS system.  |mpedance angle) (Z) (594 kHz—5.3 MHz) X

The graphs show sensor reactions for each step of the temperature
cycle at 61 kHz for the unimpaired as well as for the poisoned sen-

sor.
region in direct vicinity of the electrodes, where the senso

reaction takes place and is measured with high sensitivity.

Figure 6 shows the quasi-static sensor responses of th
62.8 kHz. The poisoned sensor has a significantly lowered remeasurement carried out with the FoBIS system before po
sistance, at which the resonance peak is shifted towards muctoning. Here, the shown values were calculated by averagin
higher frequencies, which explains the lower sensor respons&0 measurements at the end of each temperature step. T|
measured at 200 after poisoning. Overall, the sensor reac- reason that 10 data points per temperature step were averag
tions are higher for the poisoned sensor. A decrease in sensivas to achieve better comparability of the FoBIS measure
tivity is not what one would implicitly expect from a sensor ments with those carried out with the Agilent 4294A, which
poisoning mechanism which deactivates surface states on thean only acquire one spectrum per temperature step. Figure
sensor. However, some reflections on the functioning of theshows the sensor responses at 61 kHz. At this frequency, th
sensor give plausibility to the phenomenon: the poisoning reSNR of the FOBIS spectroscope is relatively high and the
action of HMDSO with sensor surfaces takes place primarilysensor responses towards all gases are clearly recogniza
at the locations which are exhibited most directly to the sen-at all temperatures.
sor poison, deactivating these in the first place. The metal ox- Figure 7 shows sensor impedance values at 61 kHz ove
ide layer is contacted at its very bottom by electrodes; thusthe temperature cycle, in pure air with 50 %rh, as well as in
the measured resistance is influenced most strongly by thpresence of 50 ppm CO. The solid lines represent the unimnj
sensor reactions taking place near those electrodes. The pgeaired sensor; the dashed lines represent the measurem
soning of the upper sensor layers inhibits sensor reactions ooarried out after poisoning. In air, the poisoning has little
the more “electrically insensitive” outer surface and enablesinfluence on the impedance values at lower temperature
the target gas to penetrate to the more “electrically sensitive’whereas at high temperatures, the impedance of the poison
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] 0k o A CO (unimpaired)
= o Air (poisoned)
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Figure 8. LpA of 10 EIS featurc_as (mean values/slopes) for unim- Figure 9. LDA of 10 EIS features (mean values/slopes) for the
paired (solid symbols) and poisoned (open symbols) sensor, acypimpaired (solid symbols) and the poisoned (open symbols) sen-
quired with Agilent 4294A impedance analyzer. sor, acquired with FOBIS impedance spectroscope.

Table 2. Results of leave-one-out cross validation using a kNN clas-

sifier (k = 3) with Euclidian distance. ] S ]
to the different gases to allow discrimination of the different

Percentage of correct gases independent of the gas concentration. The transforma-

Measurement method  Sensor state ) qsifications tion calculated by the LDA maximizes the distance between
Air CH4 co data sets from different classes and minimizes the variance

(spread) within the single classes. Although LDA reduces

unimpaired 100 % 100%  100% . . . . . -
EIS-IA poisori,ed 100% 625% 0% the dimensionality, the number of dimensions in the feature

vector should be limited to a number much smaller than the
number of measurements in order to achieve a stable discrim-

i i 0, 0, 0,
EIS-FOBIS unimpaired 100% 81.25% 87.5%

poisoned 100 % 0% 100% . . . e
— - - - ination, i.e., to prevent overfitting (Luo et al., 2011).
TCO-IA unimpaired  100%  100%  100% We carried out LDAs with EIS and TCO data, using
poisoned 100 % 100 % 0% L. .
— the commercial impedance analyzer Agilent 4294A and the
TCO-FOBIS unimpaired  100%  100%  100% FoBIS impedance spectroscope. Hereafter, the LDA eval-

oisoned 100 % 50 % 100 % .
P i i °  uations are denoted as follows: EIS-IA (EIS data, com-

mercial impedance analyzer), EIS-FoBIS (EIS data, FoBIS

) ) ) impedance spectroscope), TCO-IA (TCO data, commercial
sensor is strongly reduced compared to the unimpaired SeNmpedance analyzer), and TCO-FoBIS (TCO data, FoBIS
sor. This results in a clearly recognizable change of the Shapﬁnpedance spectroscope).
of the impedance over the temperature profile. In presence of The feature vectors for the EIS-IA and EIS-FoBIS LDA
50 ppm of carbon monoxide, the shape of the impedance ovefere generated by extracting mean values and slopes in se-
the temperature cycle changes less strongly, whereas there|iscieq frequency intervals. Table 1 outlines the features used
a strong decrease in the magnitude of the impedance aftgp, these LDAs. which were obtained from the Z&Dtem-
poisoning, which actually leads to an increase in sensitivitypermure step only. At this temperature, the signal in air is

vs. CO at low sensor temperatures. only slightly influenced by the poisoning. Figure 8 shows
the EIS-IA LDA. The solid symbols represent measurements
4 Feature extraction, signal processing and results carried out with the unimpaired sensor; the open symbols

represent the measurements after poisoning. Air is clearly
To evaluate the measurements and enable a classificatiattiscriminated from both gases by the first discriminant func-
of the results, we use LDA (linear discriminant analysis), tion (DF1), which contains 99.99 % of the discriminatory in-
a supervised algorithm for dimensionality reduction. LDA formation. For the unimpaired sensor, CO andGire dis-
calculates a linear transformation, which maps a multi-criminated in the second discriminant function (DF2), which
dimensional feature vector to a vector with— 1 dimen-  contains only 0.01 % of the discriminatory information, and
sions, N being the number of classes to be discriminatedis therefore very sensitive to small changes in the sensor sig-
(Backhaus et al., 2000). In our case, the classes corresponthl. In DF1, there is only a small shift for all groups after
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% = Air (unimpaired)
7 15 E ® CH4 (unimpaired)
r . @\ . A CO (unimpaired)
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I A (2 )|
7] ®o 5F E
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] w OF P E
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CO (unimpaired) E ]
Air (poisoned) E 3
CH4 (poisoned) 10 E 3
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DF1 (98,75%) DF1 (94,77%)

Figure 10. LDA of five TCO features (absolute impedance value Figure 11. LDA of five TCO features (absolute impedance mean

differences) for unimpaired (solid symbols) and poisoned (openvalue differences) for unimpaired (solid symbols) and poisoneg

symbols) sensor, acquired with Agilent 4294A impedance analyzer(open symbols) sensor, acquired with the FoBIS impedance spe
troscope.

. . . . . Discrimination poisoned-unimpaired using TCO features
poisoning. Along DF2, however, the shifts are relatively big- 70 . . ‘ ‘

ger for the gas measurements. These shifts are different fc L__Ipoisoned
CO and CH: the CO measurements shift relatively far, those [ B nimpired
measured at 100 ppm further than the ones taken at 50 ppn
The different methane concentrations (550 ppm/1100 ppm
shift in crosswise manner. These shifts might result from the
long measurement time of the Agilent 4294A, during which £
the sensor characteristics might change, combined with g
higher sensitivity of DF2 to small changes in the sensor sig-
nal. We carried out a leave-one-out cross-validation, using ¢
k nearest neighbor (KNN, = 3) Euclidian distance classifier
for the different LDAs (Francois et al., 2011). The results are ;|
shown in Table 2. It shows that after poisoning discrimina- H
tion between Cld and CO is no longer possible. However, 0
gir (ijs_ cle_lss_ifietd (;:?rrec'[tl)y t(:]ven after poisoning, and can thus '° 10 Discminant Function (100%)
e discriminated from both gases.

Figure 9 shows the EIS-EOBIS LDA. Similar to the EIS- Figure 12. LDA discriminating measurements carried out with the
IA LDA, this evaluation shows only a small shift in the mea- Poisoned (bright bars) and unimpaired (dark bars) sensor using fiy
surements acquired in pure air caused by poisoning. In thd CO features (_absolu_te impedance_mean value differences). Th
presence of CO or CHthe measurements shift along both data were a}c_quwed using th_e FoBIS impedance spectroscope; me
discriminant functions after poisoning. For the EIS-FoBIS sured conditions are pure air plus two concentra(t)lons each qof CH
LDA, the shifting directions are rather parallel, unlike in (550, 1100 ppm) and CO (50, 100 ppm), all at 50 %6rh.
the EIS-IA LDA, where a crosswise shift was observed. In

this LDA, the discrimination between GHand CO is im- To extract the features for the TCO-based LDAs shown ir
perfect even before poisoning, with 81.25% and 87.5%, réxjgs 10 and 11, we calculated the differences of the norma

spectively, of measurements classified correctly. After poi-j;eq absolute impedance values at 61 kHz at adjacent ten
soning, all CH measurements are classified incorrectly. Al- Perature steps, i.e.

though the evaluation results are not completely equivalen

for both measurement systems, the differences between thgz (61 kHz, T;)| — | Z (61 kHz, T;_1)| (5)
gas measurements of unimpaired and poisoned sensors can_ 1...5, Ty= 200°C, Ty= 250°C, To= 300°C,

be recognized in the LDAs carried out with impedance data
from either system, and pure air can be discriminated from
gas even after poisoning.

40t

20+

1 . .

T3=350°C, T»= 400°C, Ts= 450°C.
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