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Abstract: There are many gaseous substances that need to be monitored for possible damage to health
or the environment. This requires many sensors. The solution to reducing the number of sensors is to
use one sensor to detect several gaseous substances simultaneously. Efforts to simplify sensor systems
thus lead to the use of a sensor with a suitable sensitive layer and to finding a suitable method of
detecting individual gaseous substances within one sensor. The aim is to find a suitable method
to detect various gaseous substances acting on the sensor. For this purpose, modified impedance
spectroscopy in the high-frequency range is applied, where the scattering parameters of the sensor
based on carbon nanotubes are measured under the action of NO, and NHj gases. For this method
of detection of gaseous substances, a suitable sensor platform structure was designed to enable the
measurement of the electrical properties of the sensor in the GHz range. Based on the obtained
results, it is possible to use one sensor to detect different types of gaseous substances.

Keywords: impedance spectroscopy; scattering parameters; sensor; gas detection; carbon nanotubes

1. Introduction

In the industrial environment, but also in households, the number of different types
of gas sensors needed to ensure the safety or comfort of people is constantly increasing.
Communication technologies enable information sharing of monitored types of gases and
their concentration values. The development trend of gas sensors follows the idea of
multi-sensor systems, where the multi-sensor field uses the sensitivity of individual sensors
to a specific gas. In the case of individual sensors, the chemical analyte is chemically bound
to the sensitive layer. This chemical bond causes a change in the electrical parameters of the
sensor, which are then evaluated, and based on them, the concentration of the acting gas
can be determined. From the point of the view of the simplicity of the sensor’s response
evaluation, the effort is to use mainly chemoresistive sensors, when the impedance of the
sensitive layer changes under the action of gas [1]. Simple measurement of the resistance or
impedance of the sensitive layer is possible with chemoresistive sensors designed to detect
a single analyte. However, in the case of multi-sensor systems, it is necessary to implement
complex measuring and evaluation circuits. Sensors may have specific cross-sensitivities
across the sensor array, which may increase the range of detectable gaseous substances
at each sensor, but thus create requirements for more complex evaluation methods [2].
Another approach leading to the same goal is to identify a typical frequency domain
response and to identify a substance or groups of substances based on a known signal
pattern at a certain frequency. The resolution of the signals in the sensor array is the reason
for looking for signal patterns for different substances.

One of the basic parameters of gas detection sensors is the size of the sensitive layer’s
contact area with the surrounding gas mixture. Therefore, emphasis is placed on the
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structure of the sensitive layer, especially on the ratio between the sensor’s construction
area and the actual surface of the sensitive layer [3]. This requirement is met, for example,
by the application of various modifications of nanocarbon (tubes, fullerenes, graphene).

Modified carbon nanotubes can be used as sensitive layers of gas sensors, which can
show different impedance responses for different gases and at the same time have a large
surface area [4—6]. To identify gases and determine the level of their concentration, it is
necessary to analyze the signal responses of these sensors in a wide range of frequencies.
Although this is a complex method, it can obtain more information about the sensor’s
behavior, where it is possible to identify individual analytes based on one sensitive layer.

For these purposes, the method resulting from impedance spectroscopy was applied,
where the frequency dependence of impedance was not measured directly, but the scattering
parameters of the sensor [7,8]. Based on these measurements, changes in the transmitted
and reflected signals caused by a change in impedance under the action of different gases
were searched. However, commonly used impedance spectroscopy is used in sensors only
in the range of a few megahertz. At these frequencies, the frequency response of the sensor
may not change with different analytes. Changes in the frequency response start to appear
in the gigahertz band; therefore, the scattering parameters are used to detect gases instead
of impedance.

Currently, some sensors use a change in the real and imaginary components of
impedance to detect temperature, relative humidity, and gas substances [9,10]. The eval-
uation of impedance at different frequencies of the measuring signal can be considered
as impedance spectroscopy. In the case of detecting and evaluating the concentration of
various gases using one sensor, it is realized by measuring the change in the impedance
value only at one frequency in the frequency band from hertz to megahertz [11-13].

Impedance spectroscopy is a known method used for various gas sensors to determine the
concentration of the acting gas from the amplitude impedance frequency spectrum [14-16]. The
change of the sensor impedance depending on the frequency is caused by the frequency
dependence of the complex permittivity of the whole sensor platform (Figure 1). In the case
of absorption of a certain analyte by the sensor, the complex permittivity of the whole sensor
changes at a certain frequency [17]. These changes may be different at different frequencies
depending on the absorbed analyte [18]. The result of the spectral analysis of impedance
is thus dependent on the change of the frequency-dependent complex permittivity [19].
By applying different analytes to the same sensitive layer, smaller or larger impedance
changes can occur depending on the frequency.
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Figure 1. Frequency dependence of complex permittivity (¢’, £”) [18].

The parameters of the sensors depend on the structure and materials used in the
construction of the sensor elements. The application of multi-sensor systems or sensors
designed to detect interference components, in which it would be possible to detect changes
in the concentration or type of absorbed gases by differences in the frequency spectrum of
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signals, requires a suitable design and material composition of the sensor element. There-
fore, the main goal is to achieve a reliable identification of the change in the composition
of the tested atmosphere (gas) based on the sensor’s frequency response by measuring
the reflected and transmitted frequency spectrum to analyze these changes and find char-
acteristic behaviors related to a change in the monitored gas presence or concentration.
Frequency spectrum measurement allows an overview of the sensor response in a wide
range of frequencies for different gases, which is a new view and way to detect gases. From
the measured frequency responses, a suitable sensor (structure and material composition)
can be found to detect the required gas and define a specific frequency or frequency band
in which the most significant changes in the measurement signal under the action of the
gas are achieved.

2. Materials and Methods

The electrical parameters of the sensor are affected by the geometric structure of the
sensor. The electrode’s area and thickness, the thickness of the support substrate, and the
sensitive layer fundamentally influence the resulting value of the sensor impedance. The
sensor element contains several material transitions between different materials, which
start to apply when the frequency of the measuring signal changes.

Figure 2 shows a simplified equivalent circuit of a measuring chain containing elec-
tronic elements with concentrated parameters [19]. The part between the indicated gates 1
and 2 represents a sensor platform connected to an impedance matched line. The impedance
response of the measured sensor depends on several interrelated components. An integral
part is the substrate response shown by the Cgp, capacity. The influence of the geometric
shape of the electrode system and the thickness of the sensitive layer represents a series
connection of Cgen and C,j; capacities. The sensitive layer’s capacity (Csen) and resistance
(Rsen) depend on the concentration and type of gas acting. Therefore, these components
are the most important in describing the sensor’s functionality and behavior in the high-
frequency range. However, in the high-frequency range, the sensor’s response at specific
frequencies may be more affected by the supporting substrate, i.e., the Cgy, capacity.
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Figure 2. Equivalent circuit of the measuring chain.

Figure 3 shows a frequent form of interdigital electrodes of a sensor platform on the
ceramic substrate for chemoresistive gas detection sensors [19]. However, this electrode
arrangement and ceramic substrate are unsuitable for impedance spectroscopy above 100
MHz. For thin-film applications of sensitive materials, the influence of surface rough-
ness enters the replacement circuit of the sensor [20]. Sensor platforms for impedance
spectroscopy should have a symmetrical shape and a low value of relative permittivity;
therefore, this sensor platform on a ceramic support substrate is unsuitable.
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Figure 3. Design of sensor interdigital electrodes for polymeric substrate (gap width-electrode width).

Since the modified impedance spectroscopy applied to the gas sensors uses measure-
ments in the high-frequency range, more suitable topologies and material compositions of
the sensor platforms were used. Polyethene terephthalate (PET) with a relative permittivity
of ¢; = 3.6 was used as the supporting substrate of the electrode system and the sensitive
layer, its advantage being mechanical flexibility and stability and suitable properties for
high frequency measurements. The interdigital structure electrode system was screen-
printed on a carrier substrate (PET). The influence of the roughness of these materials can
also be ruled out in comparison with ceramic substrates.

With commonly used interdigital electrodes, not all signal paths have the same geo-
metric length from the contact points. This limits the use of interdigital electrodes when
measuring high-frequency signals, as signal phase shifts occur at different lengths of the
electrode system. For this reason, a new interdigital electrode topology was designed,
where the contact points on the collecting electrodes are diagonally placed on the electrode
pattern (Figure 3). The designed topology considers the requirements for increased symme-
try and uniform geometric length of the signal paths of the entire sensor platform and is
suitable for measuring signal responses at frequencies of the order of tens of GHz. Coaxial
SMA (Sub-Miniature version A) connectors were used to connect the sensor platform to the
measuring instrument that is suitable for high-frequency measurements. The individual
sensors were connected to a network vector analyzer (VNA) as a two-port system. The
VNA principle consists in measuring the reflected and transmitted signals at the tested
sensor in a defined frequency band. The shields of the connectors and the connecting cables
were interconnected together. The electrode system was made by screen printing method.
Graphene Ink carbon paste, C2131121D3 purchased from GWENT Group (Borough, UK)
with sheet resistance of 10 ohms/sq at a 25 pm and content of solid particles 41%, was used.
Subsequently, printed electrodes were curried at 130 °C. The resulting interdigital electrode
has a resistance from 32 to 40 () along the entire length of the path.

The advantage of a carbon electrode is removing the metal-sensitive layer junction
and the suppression of catalytic electrode contributions (e.g., Pt). Carbon electrodes ensure
a sufficiently high conductivity for impedance spectroscopy compared to the expected
conductivity of sensitive materials.

Proven procedures for applying sensitive layers of sensors with the conductivity
principle were used in the deposition of sensitive material [21]. An important property
is the thickness and homogeneity of the layer. This affects the basic measurable electri-
cal parameters and the rate of their changes when the concentration of the acting gases
changes. The thickness of the sensitive layer is proportional to the number of individually
applied layers, and the homogeneity is influenced by the evaporation rate of the solvent
or the application method. The Aerosol JET deposition system was used for the selective
application of sensitive material to interdigital electrodes. The advantage of the selective
application is the reduction in the real part of the impedance of the sensor element. The
reason for this procedure is to maximize the sensor response.

Functionalized carbon nanotube (CNT) used for sensitive layers marked CNTRENE
C 100 LM was purchased in disperse form from Brewer Science company (BS, Rolla, MI,
USA). The dispersion contains 75% of Single wall carbon nanotubes (SWCNT) and 25% of
multi-wall carbon nanotubes (MWCNT). These CNTs are functionalized with pyrene which
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is covalently decorated by three sulfonic (SOs3H) groups and one amino (NHj;). Pyrene
molecules with the side groups are noncovalently attached to surface of the nanotubes via
0-1m bonds. Due to the CNTs functionalization, the sensitive layer is much more suitable
for detecting NO, and NHj gases, than raw SWCNT [6]. In general, raw CNTs without
structural defects are insensitive to gases. The gas molecules can bind either at the site of
defects in the nanotube structure or at suitably selected functional groups. The functional
groups, typically carboxyl (COOH) and sulfonic (SO3H), contain oxygen at their ends
where the interaction between the gas molecule and the functional group can occur [22].
Carbon nanotubes are essentially P-type semiconductors. Any reducing or oxidizing gas
bound (through a functional group) on their surface changes the concentration of free
charge carriers depending on their nature. In this case, the interaction of the gases with the
sensitive layer results in a change in impedance. Ammonia is a reducing gas and serves as
an electron donor and therefore the impedance of the sensor increases. In contrast, nitrogen
dioxide is an electron acceptor, and the impedance of the sensor decreases [23].

Measurement of scattering parameters depending on the frequency (spectral response)
of the sensors was performed using a network vector analyzer LECROY SPARQ-3002.
Individual sensors were connected to the analyzer using coaxial cables and SMA connectors.
The sensors were placed in a stainless-steel chamber, which allowed the flow of clean air or
gas of the required concentration. At the same time, the chamber acted as a shield against
external interfering signals.

Due to the action of the gas on the sensor, the gas molecules are absorbed, and thus,
the electrical parameters, such as the impedance of the sensitive layer, change. These
impedance changes result in a difference in the signal response of the sensor (S-parameters),
such as the attenuation of the passed (S1; or Sp1) and reflected signal (S1; or Spp). These
signal responses were analyzed using a network vector analyzer. The sensor connected
to the measuring circuit behaves as a passive symmetrical structure, then S1; = Sy, and
S12 = Sp1. For this reason, only parameters S11 and S1, were measured and analyzed. The
input conditions of the experiment (Figure 4) are the sampling pulses of the excitation
generator (upper left graph) and the time series of changes in the test gas concentration
(c (ppm)), (upper right graph). In the central part, a sensor platform with an excitation
wave input and measured responses S11 and Sy; is schematically shown. The resulting
spectral response in the frequency domain (middle graph) covers the entire measured
spectrum.
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Figure 4. Context visualization of the experiment.
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The components of the complex attenuation can be transformed into a time response
in the selected frequency band (change of the attenuation amplitude at the bottom left
and change of the phase angle at the bottom right). The corresponding time frame of the
components of the change of the complex attenuation proves the dependence of the sensor
response on the change of the concentration of the monitored gas.

Testing was performed in the frequency band 0-30 GHz. The test gas mixture consisted
of synthetic air in the first five-minute exposure and a mixture of synthetic air with NHj
(50 ppm) or NO, (10 ppm) for the next five minutes. These selected values of test gas
concentrations were chosen concerning the permissible exposure limits. From the measured
values, difference spectra were created to determine the frequencies at which the signal
attenuation changes in connection with the change in gas concentration.

3. Results and Discussion

In the first phase, the influence of geometric dimensions, i.e., different distances of
interdigital electrodes, on the signal response was determined. Sensors with electrode
spacings of 500 um, 200 um, 150 pm and 100 pm were created and tested. The resulting mea-
sured frequency dependences of the scattering parameters are shown in Figures 5 and 6.
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Figure 5. Influence of IDE gap on Sy parameters.

These spectral responses of scattering parameters show the dependence of the change
in the transmission and reflection of the excitation signal of the sensor platform. The
measurement of the frequency response of a sensor without a sensitive layer with different
electrode distances was performed due to the need to determine a suitable frequency
band for gas detection that is not affected by the geometry of the sensor element. The
influence of different dimensions (gap) of interdigital electrodes is visible in both mentioned
graphs and is mainly caused by the different capacities of the sensor element at different
electrode distances. These changes are particularly evident at 9 GHz. From these graphs,
the frequency range was localized for a given geometry of the sensor element, in which
the signals are not attenuated by the geometry of the sensor element, and it is, therefore,
possible to identify changes in this band caused by the analyte.
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Figure 6. Influence of IDE gap on Sy; parameters.

The application of sensitive material will cause further changes in the spectral response
for the sensor platforms (Figure 7). The sensitive layer changes the course of the spectral
response in accordance with its change in resistivity and permittivity (capacitance) of the
whole sensor platform. Due to the action of the gas, changes in the electrical parameters of
the sensitive layer can be expected, and again, changes in the spectral response of the sensor.

Frequency [GHz]
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

-10
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-30

-50
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-65
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-70

Figure 7. Influence of sensitive layer on S1; parameters for sensor with space between electrodes of
100 pm.

The performed experiments show significant sensor responses to the acting gas only
in certain frequency bands. Frequency changes occur within narrow frequency bands.
Figure 8 shows the apparent change in amplitude and frequency in response to NO, gas
absorption and desorption. The response to 10 ppm NOj is characterized by a change in the
resonant frequency (shift from point 1 to points 2 and 3) and a difference in the amplitude
of the scattering parameter at a given resonant frequency. To detect a certain gas, resonance
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at a particular frequency is crucial to identify. Resonance causes a change in the amplitude
values of the scattering parameters. Generally, during the action of NO, and NHj3 gases on
the sensitive layer, the resonant frequencies shift and the amplitude values change in the
spectrum of the reflected (S11) and transmitted (S1,) signal.

Frequency [MHz]
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—1. Air without nitrogen dioxide
-35 ’ —2. Nitrogen dioxide absorption
3. Nitrogen dioxide desorption
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-40

Figure 8. Frequency and amplitude shift in response to the composition of the tested gas mixture.

The measured values of the scattering parameters are not very legible, and it is
complicated to identify any changes from them. Therefore, difference spectra were created,
from which changes in the scattering parameters at individual frequencies are noticeable.
These difference spectra were determined as the difference between the frequency response
of the sensor without the active gas and the frequency response of the sensor exposed to
NO; and NHj3. Only frequencies where there are significant differences in the values of
scattering parameters were selected. The resulting difference spectra are shown for the
change in attenuation in the reflected part of the spectrum S;; in Figure 9. The change
in attenuation in parameter Sy; is presented in Figure 10. These figures show the most
significant differences in the scattering parameters in the frequency spectrum (signal
attenuation or transmission), obtained as the difference between the measured scattering
parameters of sensors located in the gas chamber with continuous NO; or NHj3 gas flow and
measured values under air flow. A change in the electrical parameters of the sensitive layer,
particularly a change in the relative permittivity, causes these differences in the scattering
parameters. Some differences in scattering parameters are positive (solid line), while some
are negative (dashed line). This means that the signal is attenuated at a given frequency
for specific frequencies, while for some frequencies, the signal passes through the sensor
structure. The individual measurements were repeated (10 cycles), and the given difference
values were determined from the average of the measured values at the frequencies. From
the above difference spectra, the scattering parameters change at different frequencies for
different types of gases. This result, therefore, allows the use of one sensor with the same
sensitive layer to detect various gases.
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Figure 10. Differential spectrum of sensor response for monitored gases—S,; parameter amplitude.

Another possible method of evaluation based on spectral measurements is the realiza-
tion of difference spectra of the phase angle of scattering parameters (Figure 11). The results
of the changes in the amplitude and phase angle of the measured scattering parameters
are not identical, despite possible expectations. The dynamics of the change of the phase
angle and the amplitude of the scattering parameters are different; the stabilization of the
phase angle is achieved in the order of seconds; the stabilization of the amplitude is in the
order of minutes. The moment of sampling during the measurement thus occurs for both
quantities in different transient phases.
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Figure 11. Differential spectrum of sensor response for monitored gases—S;; parameter phase.

When the gas acts on the sensitive layer, the polarization of the sensitive layer changes,
which is the main component for the most significant sensor response in the frequency or
time domain. The response of the sensor is composed of the contributions of the events
taking place in the volume, on the surface, at the interfaces of the electrodes and the
sensor pad. In the volume of the sensitive layer and the substrate, the migration of charge
carriers, the orientation of the permanent dipoles and the formation of induced dipoles
can be assumed. The manifestations of all components of polarization are frequency
dependent. The influence of slower events decreases with increasing frequency; they cease
to affect polarization.

The spectra shown in the overview graphs are an approximate representation of the
most significant changes in the response in spectral measurements to the presence of the
tested gases. This is only a fraction of the information about the changes taking place on the
exposed sensor element. This method provides initial information on frequency domains
suitable for more detailed investigation. These must be performed in a narrower frequency
band with a shorter sampling period.

Verification of the gas-detection method using one sensor has only been performed for
NO, and NHj3;. However, it can be assumed that the described methodology can be used
to detect other gases absorbed by a sensitive layer based on carbon nanotubes with the
described modification. This could include other gases of reducing and oxidizing nature.
Practical verification will be part of the continuation of research in this area. In the case
of other gas sensors, it will be necessary to solve the sensitivity adjustment by another
modification of the carbon nanotubes.

4. Conclusions

Frequency-dependent properties of materials and electronic components are often
determined using impedance spectroscopy. In this work, modified impedance spectroscopy
was applied to detect different gaseous analytes on a sensor with the same sensitive layer.
This detection method analyzes changes in the scattering parameters of the measured
sensors in the frequency domain. Based on the specific frequency response to a certain gas,
different types of acting gases can be detected using the same sensor. The transmitted and
reflected high-frequency signals are affected by the topology and dimensions of the elec-
trode structure of the sensor. Nevertheless, using modified carbon nanotubes as sensitive
layers, it is possible to detect NO, and NHj3 gases from the measured signal spectra. The
evaluation of changes in scattering parameters in the entire frequency band for individual
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gases was performed using differential spectra. From these difference spectra, the action of
individual gases changes the attenuation or phase angle at different frequencies.

Detectable changes are significant in certain frequency bands. In the spectral responses,
it is possible to identify changes caused by monitored gases even at low concentrations.
Thus, the research work confirmed the suitability of impedance spectroscopy as a possible
way to monitor changes in the composition of the gas mixture using one sensor with a
suitable sensitive layer. One sensor can thus detect different gases, as each gas causes a
specific frequency response of the sensor.
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