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Dielectric excitation of Metal Oxide Semiconductor
sensors: an exploratory performances analysis
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Abstract—Metal Oxide Semiconductor (MOX) sensors are
among the most widespread devices in chemical sensing, but
their use is hindered due to several limitations, including cross-
sensitivity to temperature and humidity. Few studies suggested
that the dielectric excitation readout of MOX sensors can
increase the linearity and reduce cross-sensitivity. A bench test
on two commercially available MOX sensors was designed and
used to evaluate the dielectric excitation readout performances
at different concentrations of acetone and ethanol when
temperature and humidity were changed. Results show that not
only both the real and imaginary parts of the sensors' electrical
impedance are strongly frequency dependent, but also the
dynamics of the sensors' response. Furthermore, the calculation
of cross-sensitivity shows that there are regions of the spectra
that allow for a reduction of cross-sensitivity to environmental
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interferences ranging from 2 to 10 times between 50 and 100
KHz.
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I. INTRODUCTION

Metal Oxide Semiconductor sensors are among the most
widespread devices in chemical sensing as they are low-cost,
casy to use, and have good sensitivity and robustness
compared to other technologies [1], [2]. However, they suffer
from several limitations that prevent their extensive use for
gas sensing systems in practical applications [3]. In particular,
MOX sensors have high cross-sensitivity to factors such as gas
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Fig. 1. Schematic of the system for generating and ananlyizing target gas. The mixture to be analzed is the composition of three different contributes:
orange) the gas with analyte is produced with peration tubes in an OVG-4 gas generator. 3 clean dry ari lines are generated using mass flow controllers.
Green) dry air is humidified to regulate humidity. Pink) clean dry air is uded to reduce the analyte concentration and the mixture humidity. The three
contrinutes are mixed in a mixing node and inserted in a thermal box that is temperature controlled and then in the sensors’ chamber
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temperature and humidity, affecting the accuracy of the
analysis [4]. Recently, improved performance of MOS gas
sensors was found when the dielectric excitation mode is used
for reading the sensors' response instead of the common direct
current (DC) excitation mode [5]. The investigation of the
non-resistive behavior of MOS sensors is based on a well-
known model of metal oxide materials that can be
approximated by a resistor-capacitor (RC) circuit, modeling
both the bulk part and the grain boundaries [6]. Previous
results show that the response with dielectric excitation is less
dependent on interferences, i.e. linearity of sensor response
with varying humidity. Since this finding can significantly
affect the future development of devices based on chemical
sensing by MOX sensors, the aim of this study is to investigate
how dielectric excitation can impact MOS sensors' readout of
impedance and its dynamics with respect to cross-sensitivity
to temperature and humidity.

II. MATERIALS AND METHODS

Two MOX TGS-type sensors have been tested (TGS2620,
TGS2603, Figaro Engineering Inc., Osaka, Japan) both in
standard DC readout configuration (voltage divider) and
during dielectric excitation from 100 Hz to 200 kHz. In the
voltage divider configuration, the sensor was connected in
series to a resistor, and the resulting voltage divider was
connected to a 5V power supply. The output of the voltage
divider was acquired with the 10-bit internal ADC of a
microcontroller (Arduino Mega, Arduino, Italy), while the
characterization of the frequency response of the sensors'
impedance was measured by a dedicated integrated circuit
(AD5940ELCZ) mounted on its evaluation board (EVAL-
ADS5940ELCZ, Analog Devices, Massachusetts, USA) and
configured to measure the impedance at 250 different
frequencies distributed logarithmically over the investigated
range. Each measurement of the complete set of frequencies
lasts 0.9 seconds, and it is repeated continuously to
characterize the dynamic response of the sensors to stepwise
changes in the sample gas. Sensors are located in a PTFE
chamber with a gas inlet and a gas outlet. A system for
controlling the mixture temperature, humidity, and tracers'
concentration was designed to compare the two different
sensors' reading modalities. Humidity and tracers'
concentration control is provided by the custom-made system
represented in Fig. 1. The analyte gas is generated by an OVG-
4 calibration gas generator (Owlstone, Inc., Westport, USA)
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Fig. 2 Reactance the variation with concentration changing. The curve
can be divided into trhee parts. “Before”, with concentration of the
analyte equal to 0, “During”, with the concentration reaching a certain
valure different from 0, and “After”, with concentration eqqul to 0.
Fore each curve for each frequency the ratio X,./Xo and the time
constant t of the during are calculated.

based on permeation tubes [7]. Three mass flow controllers
(F-221M, Bronkhorst Instruments GmbH, Germany) are used
to provide three parallel lines of clean, dry air. One of the lines
is connected to a double bubbler system with distilled water
heated to 60° For creating a known flow of heated and
saturated clean air, the second line is used to replace the
analyte gas when reference air is provided to the sensors (see
valve system below), and the third line provides a dry, ambient
temperature airflow. The gas mixture given to the sensors'
chamber results from the final mixing of the three lines, and
its concentration and humidity are controlled in an open loop
by setting the flow rates of the OVG and the mass flow
controllers following equations (1) and (2)

Conc = fanalyte*Concovg (l)
fanaiytetfary+fwet
RH = fwet*100 (2)

fanalyte+fdry+fwet

Where funanve is the flow rate of the analyte (orange), fyer is
the flow rate in the bubbler, and £ is the flow rate of the dry
air. Concoy is the analyte concentration at the OVG output
calculated according to the indications of the OVG producer.
An additional valve system makes it possible to select between
the analyte mixture and clean air lines to create step changes
between clean air and the analyte without affecting the target
gas temperature and humidity. The three lines are mixed in a
mixing node and provided to the sensors' chamber.

The sensors' chamber is placed inside a thermostatic box
with temperature control using an 80W heater (Hztyyier,
China) and a commercial temperature controller (PID REX-
C100, Auveach, China). All the connecting tubing is in PTFE,
and they are all thermally insulated with a thermal sleeve.

The system is operated by a custom-made control software
made with LabVIEW (National Instruments, Texas, US). The
software allows for controlling all the modules (mass flow
controllers, valves, and the OVG-4 module), acquiring gas
sensors' signal, and collecting the temperature and humidity
of the sensors' chamber by an SHT20 sensor (Sensirion, Stafa,
Switzerland). Each test is defined by selecting a given
temperature, humidity, and analyte concentration. It is made
of three phases, five minutes each. First, sensors are exposed
to clean air (before phase), then are exposed to the analyte
(during phase), and finally to clean air (affer phase). Each test
is repeated four times. In each test, a different sensor is
measured in dielectric excitation mode, and the other three are
measured in standard (DC) mode. Two target gases have been
used as analytes (acetone and ethanol) with six levels of
humidity (from 5 g/m? to 27 g/m?) and three temperatures
(from 35°C to 55°C). For DC measurement and for each
frequency of dielectric excitation, the values |Zmax|/|Zo|,
Rmax/Ro, and Xmax/Xo are computed for each experiment. Four
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Fig. 3 Representative traces of reactance change in sensor TGS2603,
due a change in concentration of 9 ppm of acetone. Curve is
reconstructed fore each frequency.

experiments were selected to explore the changes of cross-
sensitivity with frequency. The first is considered as the
reference (r). The others are (c) the same temperature and
humidity of the reference and increased concentration, (h) the
same temperature and concentration of the reference and
increased humidity, and (t) the same humidity and
concentration of the reference and increased temperature. The
reciprocal of cross-sensitivity (1/CS) indicates how much the
ratio between sensors' response due to change in concentration
with respect to the one due to change in temperature (t) or
humidity (h) was calculated by (3) and (4):

1/CSy = |3 3) /¢S, = || )

Finally, for each frequency, an exponential fitting of the
during phase was performed in Python to investigate how the
different frequencies impact the time constant of the sensor
reading (T).

III. RESULTS

Figure 3 reports representative traces of sensors' response
to 9 ppm of acetone at selected excitation frequencies. It is
possible to see that changing excitation frequency impacts
markedly the shape of the sensors' response, leading to
different static and dynamic features of the response curve.
Figure 4 shows an example of the variation of the time
constant of sensor response with frequency for the selected
test.
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Fig. 4. Representation of the time constant of the “during” for sensor
TGS2603, with a target gas with 9 ppm of acetone.

Figure 5 reports exemplificative traces from sensors,
TGS2603. The ratio between the baseline and maximum point
of both resistance (R) and reactance (X) changes with
frequency and different patterns for the two sensors. Panels ¢
and f of Figure 5 report reactance 1/CS against the values
measured with DC excitation. This parameter is also
frequency-dependent, showing regions where it is increased
compared to that for standard DC measurements and regions
where the performances are worse than standard excitation
mode. This pattern is also different between the two selected
sensors. Furthermore, for both the considered sets of tests, the
regions where reactance 1/CS is maximized are also where the
highest variation of the resistance response is. In general, the
data shows that, for each considered condition, there are
regions in the spectrum of analyzed frequencies where the
1/CS is increased as compared to the one calculated under DC
conditions.

IV. DISCUSSION

The preliminary results show that the usage of dielectric
excitation can lead to a change in sensors' performances that
is related to the excitation frequency, both considering
response amplitude and dynamical features. Evaluation of
1/CS suggests an increase in performances both against
humidity and temperature variation for selected frequencies.
For example, by selecting an excitation frequency of 98kHz,
1/CS resulted in 4.4 and 2.2 times greater than the one in DC
mode for humidity and temperature, respectively, when
sensors TGS2620 is considered, while for TGS2603 it resulted
in 2 and 3.5 greater at the same excitation frequency.
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Fig. 5 Representative trace of TGS2603. For each sensor a reference experiment is chosen (r) with a concentration of 2 ppm of ethanol, an absolute
humdity of 15 g/m® and a temperature of 43°C. From this an experiment where concentraion is increased to 5 ppm (c) and all the other parameters are
constant, an experiment where humdity is increased of 3 g/m* and an experiment where temperature is increased of 15 degrees are selected. Ratio
between maximum and baseline resistance is calculated for each frequency for resistance (a) and reactance (b). Reactance 1/CS is calculated for each
frequency considering humdity and temperaturee (c) and compared to the 1/CS calculated with standard voltage divider (DC)
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Furthermore, features of the time courses of sensors' response
that are commonly used as input of multivariate pattern
recognition algorithms [8] are frequency dependent, providing
additional data for potentially increasing the performances of
the algorithms, and [5] preliminary data suggests that the
optimal frequency is sensors dependent, and it can be related
to the relaxation peak, but further studies should be done to
confirm this hypothesis. Despite the promising results, this
study is a preliminary report that requires further studies to
identify the best excitation frequencies for different analytes,
sensors, and operating conditions for improving the rejection
of humidity and temperature cross-sensitivity. Moreover, the
repeatability and reproducibility of results need to be
investigated. Finally, complex analyte mixtures should be
tested to show the potentiality of such a measurement in real-
life applications.

V. CONCLUSIONS

This preliminary work suggests the potential of dielectric
excitation in MOS sensors readout. On one side, changing the
excitation frequency can lead to a different sensor response,
on the other, this technique suggests a reduction in the effects
of high-impact confounding factors like temperature and
humidity of the sampled gas, potentially improving MOS
sensor applications in commercial devices. Further studies
should be performed to confirm the benefits of such a
technique, also addressing stability, repeatability, and
reproducibility of the measurements.
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