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Abstract

Impedance spectroscopy is an appropriate technique for studying the complexity of materials, in which their
different frequency relationships can be exploited in such a manner that they can be efficiently separated.
Barium strontium titanate BaSrTiO3 (BST) is a ferroelectric material with unique properties that make
it useful in a range of electronic applications. BST plays an important role in the field of gas-sensing
applications. The potential application of BST material as a gas sensor for detecting nitrogen dioxide (NO;)
in the atmosphere was studied. Impedance spectroscopy studies were conducted across a wide frequency
range from 107! to 10° Hz, in the temperature range of 100°C to 350°C and a relative humidity of 50%,
and both in air and the presence of NO; in concentrations from 0.5 to 5 ppm. The results of the impedance
analysis indicate that the broadband models, which comprise both single and parallel RC elements, can
accurately represent the NO; gas interaction mechanism with the gas-sensitive layer of the BST material.
These models were found to effectively capture changes in parameters associated with the interaction.
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1. Introduction

Impedance spectroscopy (IS) is a technique used to study the electrical properties of materials
over a range of frequencies [1]. The technique involves measuring the impedance of a material as
a function of frequency, which can provide information about the electrical properties and structure
of the material, including the study of solid-state materials [2, 3], biological systems [4—6], and
electrochemical systems [7-9]. In solid-state materials, IS can be used to study the electronic
and ionic transport properties as well as the dielectric properties of materials such as ceramics,
polymers and semiconductors [6, 10]. The impedance spectroscopy method has been successfully
applied to analyse metal oxide (MOX) semiconductor materials, e.g. gas sensors [11-15].
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In general, MOX-based gas sensors utilise the direct current DC mode of measurements;
however, this has disadvantages in comparison with the use of alternating current (AC) [16]. One
such example is the fact that the measurement of electrical properties using the DC method is
greatly hampered by polarisation phenomena that occur in the measurement system. This causes
an overestimation of the measured resistance value, and in the case of low-voltage measurements,
it blocks the current flow [10]. The undoubted advantage of the AC method over DC measurements
is that it provides information about the properties and processes occurring in the electrodes, on the
surface of the material, in the inter-grain region and in the bulk [1, 16, 17]. This approach requires
proper interpretation of the data but provides insight into the chemical and physical processes that
influence the behaviour of semiconductor metal oxide gas sensors.

Nitrogen dioxide, a harmful air pollutant mainly from human activities such as vehicle
and industrial emissions, can lead to health issues, notably for those with existing respiratory
conditions. Linked by the WHO to respiratory infections, reduced lung function, and worsened
asthma symptoms, high NO, levels can also heighten heart disease and stroke risks. Urban areas
with heavy traffic often surpass WHO limits for NO,, as seen in a 2018 EU study where over
80% of cities breached the 40 ug/m? guideline. Efforts to cut NO, include emission regulations,
promoting alternative transportation, and using cleaner fuels such as natural gas [13, 18, 19].

Sensors used for the detection of NO, include electrochemical sensors [20], catalytic sensors,
optical sensors based on infrared absorption (Infra-Red) and semiconductor ones, which are also re-
ferred to as resistance sensors. Moreover, sensors employ a variety of materials such as molybdenum
disulfide (MoS;) [21], carbon nanotubes (CNTs) [22] and graphene oxide [23]. However, it should
be noted that the use of MOX-based NO, detectors is one of the most commonly studied approaches
in the literature [24—26]. Numerous gas sensors are utilised for the detection of NO, [27].

Over the last few decades, gas sensors have been constantly developed with the utilisation
of various gas-sensing materials, as discussed above. However, the 3S parameters of sensitivity,
selectivity and stability remain the subject of research, and therefore novel materials such as
barium strontium titanate (BST) draw the attention of the researchers. BST nanomaterials
offer several advantages over their bulk counterparts, including a high dielectric constant, low
dielectric losses, high piezoelectric coeflicient, high Curie temperature and excellent optical
properties [28,29]. These unique properties make BST nanomaterials ideal for a wide range
of applications, such as capacitors, sensors, energy harvesters, photodetectors, solar cells and
optoelectronic devices [29-31]. Additionally, the ability to precisely control the size, shape,
and composition of BST nanoparticles enables the optimization of their properties for specific
applications, further expanding their potential uses [32, 33]. BST gas sensors have several
advantages over traditional metal oxide gas sensors, including their high sensitivity and selectivity,
low power consumption and rapid response time.

In addition to the applications mentioned above in which the properties of BST are typically
exploited, BST plays an important role in the field of gas-sensing applications [28,34,35]. An
example of the use of BST-based gas sensors to detect nitrogen dioxide (NOy) is presented in
the work of Patil et al. [36]. The authors tested the performance of BST layers with regard to the
detection of various gases at different operating temperatures; a strong reaction was observed, inter
alia, for nitrogen dioxide (NO;) at room temperature. In addition, the work investigated the detection
of gases at room temperature in terms of Sr doping concentrations in BaTiO3 nanostructures. A
different approach was presented by Stanoiu et al. [34]. The researchers of this work showed that
the electrical resistance of BaSrTiO3 material doped with 5% Cu increases during exposure to
NO, at 3 ppm. Recently, we presented the preliminary results of a BST-based gas-sensing material
that enables the detection of NO, [28]. Recent studies have shown that BST gas sensors can detect
NO; concentrations as low as a few parts per billion (ppb) at room temperature, making them
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useful for detecting NO, pollution in the atmosphere [28]. The sensing mechanism of BST gas
sensors is based on changes in the electrical properties of the material, such as its capacitance,
resistance and impedance, in response to NO, exposure. The performance of BST gas sensors
can be improved by optimising the material properties and the design of the device, such as by
modifying the grain size and crystal orientation of the BST thin films or by incorporating dopants
into the material [34]. Additionally, the use of nanomaterials and composites can further enhance
the sensing properties of BST gas sensors. BST gas sensors have potential applications in a range
of fields, including environmental monitoring, industrial safety and medical diagnosis [36,37].

This work focuses on the studies of gas-sensing responses of BST nanomaterials in the air as
a reference and under NO; exposure from 0.5 to 5 ppm within a temperature range of 100°C to
350°C in relative humidity (RH) 50%. The aim is to find an electrically equivalent circuit model
in the wide frequency range of 107! to 10° Hz (and changes in its parameters) using an impedance
spectroscopy measurement.

2. Materials and Methods

2.1. Gas-Sensor Substrates

A commercially available CC2 (conductometric electrode on corundum ceramic base pure
platinum) electrochemical sensor for conductometric measurement with electrodes was used as
a gas sensor substrate (Fig. 1) [13].
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Fig. 1. (a) scheme: dimensions A = 4 mm; B = 3 mm; C = 3 mm [38] (b) picture of the CC2 BVT gas-sensor substrate
with deposited gas-sensing films.

Following the ultrasonic cleaning process, the gas-sensor substrates were transferred to the
deposition chamber, in which the gas-sensitive layers were applied. Thin films of BST were
deposited via magnetron sputtering onto the CC2 electrochemical sensor. In the catalogue note for
our BVT CC2 electrochemical sensor, the active layer area is given by the formula 2 X B x C,
resulting in a value of 18 mm?. The measured capacitance of the active area is determined to be
7.4 pF. The thickness of the deposited layer is 200 nm.

2.2. Gas-Sensitive-Layer Deposition

The gas-sensing layers were deposited using magnetron sputtering technology, during which
a ceramic BST target was used. The industrial perspective drove the decision to apply magnetron
sputtering technology to develop an effective and scalable deposition technology that can be easily
applied in industrial applications that pave the way for large-scale fabrication of the sensors in the
future for automotive applications. Moreover, thanks to the magnetron sputtering the front-end
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electronics parts can be deposited by the same methods if other substrates (e.g. silicon) will be
considered in future applications. RF currents (13.56 MHz) were used to sputter the BST ceramic
disc. To increase the rate of the material deposition, magnetron sputtering technology was used,
where a magnetic trap near the surface of the sputtered disc increases the degree of ionization of the
working gas, causing an increase in the sputtering speed (yield). The BST powder used for the target
fabrication was synthesized through the traditional solid phase method. The particle size reached
around 0.11 um after 24 h of ball milling. The BST target was prepared using a gel injection
moulding process. Firstly, BST suspensions with solid loadings of 30-54 vol% were prepared by
mixing the BST powder, 0.1-0.4wt% Isobam (based on the mass of the BST powder), and water
in polyethylene containers for 24 h. Zirconia balls with diameters of 5-10 mm were used as the
grinding media. The mass ratio between grinding media and BST powder is 1:2. The ball-milled
material and the desired suspensions were cast into a plastic mould and gelled at 25-65°C for 5 h.
The green bodies were de-moulded and put into an 80°C oven to dry for 24 h. Finally, the samples
were sintered at 1400—1500°C for 3 h with a heating rate of 3°C/min and the BST target was
subsequently obtained. The deposition system for co-sputtering has been previously presented [39].
The material characteristics have also been previously reported [28,40-42]. A reactive sputtering
method was used for the application of argon and oxygen at a ratio of 80% Ar/20% O,.. The
sputtering parameters were 5 - 107% mbar, 2 - 10~2 mbar, 205°C and 50W for the base vacuum,
working pressure, deposition temperature, and power deposition, respectively. Due to the ceramic
BST target being used, the RF (13.56 MHz) power supply (Huetinger, Germany) was set with
5W/min for increasing and decreasing the power ramp in pre-deposition and post-deposition
processes. To enhance the gas-sensing properties such as long-term stability, the sensors were
annealed at 400°C in the air for 4 h after deposition.

2.3. Gas-Sensing Measurements

A laboratory setup was utilised to measure the resistance of the sensor signal under changing
conditions of humidity, gas concentration and temperature, as shown in Fig. 2. The measurement
chamber had a volume of around 30 cm? and was heated by a resistive heater powered by an
Agilent 6643 A power source. The chamber contained the sensitive layers being investigated as
well as a Pt100 temperature probe, which was linked to an Agilent 34970A digital multimeter.
Humidity was measured immediately before the gas was added using a Sensirion SHT75 digital
sensor manufactured by Sensirion AG in Zurich, Switzerland. Because the resistance of the sensor
being studied varied significantly, a Keithley 6517 electrometer functioning in the constant voltage
mode was employed. All equipment was controlled using a LabVIEW custom application, which
was connected to a GPIB bus via an Agilent Technologies 82357B USB/GPIB interface card.

Bottles of air and NO; gas under investigation were supplied by the Air Products company and
passed through mass flow valves/meters (model 1179 and 1459C, MKS Instruments, Deutschland,
GmbH) in order to maintain a continuous gas flow. The set humidity level was obtained by
controlling the flow of dry air passing through a bubbler with distilled water. The humidity level
was kept at 1.8% throughout the stabilised conditions. The required concentration of NO, gas was
achieved by controlling the ratio of the gas-to-air flow.

The concentration of nitrogen dioxide (NO,) in the gas phase is affected by temperature due
to the expansion and contraction of gases. According to the ideal gas law, when temperature
increases, the gas expands, potentially reducing the concentration of NO; unless the gas volume
is controlled. Conversely, lowering the temperature compresses the gas, increasing the NO,
concentration in the same volume. This is especially important in systems without constant
volume conditions [43]. The interaction of NO, with sensor materials (e.g., metal oxides) is
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Fig. 2. Schematic diagram of a gas-sensing experimental setup for both AC and DC measurements.

highly temperature-dependent. At higher temperatures, NO, desorbs from the sensor surface,
reducing its measurable concentration, whereas at lower temperatures, NO, tends to adsorb more,
increasing sensor response. This phenomenon can introduce variability in the stability of NO,
readings across a range of temperatures [44]. As it comes to sensor material properties most NO;
sensors have materials whose electrical properties change with temperature. For example, metal
oxide semiconductors have temperature-sensitive resistance and impedance, which affects their
baseline behaviour and response to gas interactions. Temperature fluctuations can lead to signal
drift, impacting the accuracy of NO, concentration measurements [45,46]. High humidity levels
can interfere with NO, sensor performance. Water molecules in the air can occupy active sites
on the sensor surface, reducing the sensor’s ability to adsorb NO,, and thus leading to an apparent
drop in measured NO, concentration. Additionally, water vapor can alter the dielectric properties
of the sensor material, affecting its impedance and resistance characteristics [47]. In high-humidity
conditions, NO; can react with water vapor to form nitrous acid (HONO) or nitric acid (HNO3),
reducing the available concentration of NO, in the air. This can lead to measurement instability as
the NO; chemically transforms into other compounds. In a dynamic environment where humidity
fluctuates, these reactions can result in significant changes in the detected NO, concentration [48].
Sensors, especially those based on metal oxides, can exhibit changes in impedance when exposed
to high humidity. Water molecules can create a conductive layer on the sensor surface, altering its
electrical characteristics and skewing the sensor’s response to NO;. This effect is more pronounced
in materials with high surface porosity [49]. If the temperature drops below the dew point,
condensation can form on the sensor surface or inside the gas flow system. This can create
a physical barrier that prevents NO, from interacting with the sensor surface, causing a temporary
loss of sensitivity. Condensation can also cause short-circuiting or unpredictable shifts in the
electrical properties of the sensor, leading to erroneous readings [50]. When condensation occurs,
water vapor condenses out of the gas stream, which effectively dilutes the gas phase concentration
of NO,. Since the total volume of gas is reduced, the concentration of NO, may appear to drop, even
though the number of NO, molecules remains the same. This dilution effect becomes significant in
high-humidity environments or when temperature fluctuations are abrupt [51]. As regards corrosion
and sensor degradation, prolonged exposure to moisture from condensation can cause corrosion or
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degradation of sensor materials. Metal-based sensors, in particular, are prone to corrosion under
humid or wet conditions, leading to long-term drift and instability in NO, measurements. These
effects are often irreversible, requiring recalibration or sensor replacement [52].

One of the fundamental parameters that characterise gas sensors is their response to the gas
they are designed to detect. The sensor response (S) is defined by the formula:

§=22 (1)

where:

Ry — sensor resistance without the presence of gas,

R, — sensor resistance in the presence of gas.

The DC measurement was performed in the temperature range of 25°C to 400°C, at a relative
humidity (RH) of 50% (RH 50% was stabilized at 25°C). The total gas flow through the chamber was
500 sccm. The concentration of NO, applied was from 0.5 to 5 ppm. The temperature was rapidly
changed every five measuring cycles of air (15 min) and air with various NO; concentrations (15
min). Both samples responded best to the presence of NO, at operating temperature. To determine
the parameters of BST nanocomposites, a configuration based on an MTS Solartron ModuLab XM
system was prepared. This enabled the determination of the impedance characteristics across a wide
frequency range of 10! Hz to 10° Hz. Impedance spectroscopy measurements were conducted
at different temperatures from 100°C up to 350°C in both air as a reference atmosphere and upon
the introduction of NO; in relative humidity RH = 50%. The AC signal amplitude was setto 1 V.
During the NO; exposure, the record of impedance spectra was analysed using ZView software [53].

In addition, the following factors have an impact on the resistance and impedance mea-
surement method and the influence of the experimental system components and gas samples
on the obtained results:

— Method of Measuring Resistance and Impedance:
Combines the AC method with complex data analysis. The real and imaginary components
of impedance are measured over a wide frequency range. The measured impedance data are
fitted to an equivalent circuit model to interpret the physical processes within the material.
Widely used in electrochemistry, materials science, and biological systems.

— Influence of Experimental System Components and Gas Samples:
The type, material, and surface condition of electrodes can significantly influence the
measurements. Poor contact or corrosion can introduce errors.
Wiring and Connectors: Resistance in wires and connectors can add to the measured
resistance or impedance, leading to inaccuracies.
Temperature Control: Temperature fluctuations can affect the resistance and impedance of
materials, as most materials have temperature-dependent properties.
Gas Samples: Different gases can interact with the material being tested, altering its resistance
or impedance. For example, certain gases might adsorb onto the surface of a sensor material,
changing its electrical properties.
The presence of moisture in the gas can significantly affect measurements, especially for
materials sensitive to water vapor. Changes in gas pressure can alter the density and mobility
of ions or electrons within the material, impacting the impedance.

— Practical Considerations:
Regular calibration with known standards is crucial to ensure accuracy. Calibration com-
pensates for systematic errors in the measurement setup. Proper shielding and grounding
are essential to minimize noise and interference, particularly in AC measurements and
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impedance spectroscopy. Consistent and careful sample preparation ensures reproducibility.
Inhomogeneities or surface contaminants can lead to erroneous results. Maintaining a stable
environment (temperature, humidity, and gas composition) during measurements helps in
obtaining reliable data. Advanced data analysis techniques, such as fitting to equivalent
circuit models, are necessary to interpret impedance spectroscopy data accurately. This
requires expertise in both the theoretical and practical aspects of the system being studied.

By understanding and controlling these factors, more accurate and reliable measurements of
resistance and impedance can be achieved, leading to better insights into the material or system
under investigation.

3. Results

3.1. Characterisation of BST thin films

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) images
were obtained using an INSPECT S50 (FEL Hillsboro, OR, USA) system. The SEM measurements
were performed using an Everhart-Thornley detector (ETD) and the parameters were: HV- 20 kV,
spot 5.0. Information about the elements (EDS spectroscopy) was collected using an Octane Elect
Plus detector. The SEM measurements show that the BST material formed agglomerates with the
size of 5 um and smaller. The EDS measurements enabled the detection of the following elements:
oxygen, aluminium, silicon, sulphur, titanium, strontium, barium, platinum and gold. Oxygen,
silicon, strontium and gold were detected mainly in the area of agglomerates; however, it should be
noted that gold is detected only in the area of smaller agglomerates. Barium, sulphur and titanium
are detected in all areas and aluminium and platinum were detected mainly in the area between
agglomerates. Moreover, it should be mentioned that the quantities of silicon, barium, titanium and
sulphur are small. The Raman spectroscopy measurements were performed using an NTEGRA
Spectra system (NT-MTD, Eindhoven, the Netherlands). Each spectrum was repeated five times in
each area. The time of each measurement was 10 s, and the wavelength of the laser beam was 633 nm.
Characterising the BST sensing layer using Raman spectroscopy offers several valuable insights.
Raman spectroscopy is a non-destructive technique that provides information about molecular
vibrations and the structural properties of gas receptors. When applied to the BST sensing layer, it
can reveal detailed information about its chemical composition and potential changes in the layer’s
structure due to the thin film technology process or interactions with target analytes. The typical
structure of bulk BST material is characterised by a rather complex Raman spectrum. The Raman
spectra of BST consist of a broad peak centred at 235 cm™!, a weak shoulder peak at 305 cm™!, an
asymmetric peak near 519 cm™!, and a broad weak peak at 720 cm™!. The peaks can be assigned
to Al (2TO), E (3TO + 2LO) + B1, A1 (3TO), and E (4LO) phonon modes, respectively [54]. For
the purpose of analysing our receptors, we fabricated thin BST layers on two substrates. In addition
to the proper interdigital electrode (IDT) CC2 substrate, the thin film structure was deposited on
a glass substrate using the same technological process. These structures were then subjected to
Raman spectroscopy analysis. Figure 3 illustrates a compilation of Raman spectra obtained for
the BST layer on the CC2 substrate at three locations — on two electrodes, between the electrodes,
and at two locations on the glass substrate. Raman spectra of BST samples are shown in Fig. 3.

Analysis of the broadband Raman spectrum of BST layers leads to the following conclusions:
a weak Raman signal indicates strong amorphicity of the layers, which is also confirmed by our
SEMV/EDS studies. This is especially supported by the analysis of BST layers deposited on glass.
Measurements conducted on the CC2 substrate electrodes revealed slightly more details due to the
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Fig. 3. Compilation of Raman spectra of BST structures on various substrates and at different locations within the structures:
a) broadband, b) in the spectral range of 200-800 cm™" .

Surface-Enhanced Raman Scattering (SERS) effect from the Pt/Au electrode material. The Raman
signal above 800 cm™! could not simply be attributed to the Raman vibration peak of BST films and
may have actually been the fluorescence spectrum generated by electronic transitions [55]. Based on
the literature, the peaks at 1370 cm~! and 1400 cm™! were attributed to the fluorescence spectrum
produced by Cr* in Al,O3 [56]. Analysing the spectrum of the BST layers, the Raman spectroscopy
indicates that the films do not exhibit a tetragonal structure. This is attributed to the absence of
Raman active modes at 305 cm™! and 720 cm™! at room temperature. The Raman spectra of the
films grown on CC2 and glass substrates consist of only one of the mentioned peaks — a broad peak
at 235 cm™~!. However, their positions are slightly shifted compared to the bulk target material.
In Fig. 4 (zoomed red plot from Fig. 3), there can be seen one more band in the 520-700 cm™"
spectral range. The 634 cm™! band is recognised as one of the disorder-activated bands [57] arising
from random distribution of Ti ions, which can occupy four off-centre sites in the quasi-tetragonal
phase. This feature reveals that substrates like CC2 and also the technological process enhance
disorder in the ?lms, resulting in a decrease of tetragonality. This spectral property of the BST
sensor structure is also visible for the layer deposited on an amorphous glass substrate, as shown
in Fig. 4b. However, in this case, the optical Raman shift signal of 634 cm™! is very weak without
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Fig. 4. Raman spectra analysis with BST thin sensing film a) in the range 100 — 800 cm™! — BST signal from electrodes in
the area of the CC2 substrate, b) in the range 200 — 800 cm™~! — BST deposited on glass substrate.
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SERS amplification. Utilising Raman spectroscopy for characterization of the sensing layer helps in
understanding the underlying chemical and structural changes occurring during sensing processes.
This knowledge contributes to the development of more effective, selective and sensitive chemical
sensors for a variety of industrial applications.

3.2. Gas-sensing characteristics under NO, exposure

The experiments were initially conducted to determine the operating temperature of the sample.
As can be observed (Fig. 5a, b), the maximum response was obtained around 205°C +/-2°C.
Therefore, further experiments were conducted at different operating temperatures. The calibration
curves (0.2-20 ppm of NO,) in various RH are presented in Fig. 5c, and measurement data is
fitted the with Aj—A,e % formula with R? in the range 0.916-0.956, respectively. The 50% RH
level resulted in an enhanced response in the range of concentrations between 0-5 ppm, which is
the subject of further analysis.

Within the study, a multi-test was performed to verify the stability of the samples over time.
The measurements were made at different operating temperatures (Fig. 5a) and 50% RH. For the
NO; concentration equal to 5 ppm, a stability test was performed for ten measurement cycles of
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Fig. 5. Sensor test results: (a) sample response to 5 ppm NO; at 50% RH as a function of time; (b) sample response to
5 ppm NO; at 50% RH as a function of temperature; (c) the response of the sample at operating temperature to various
concentrations of NO, from 0.2 ppm to 20 ppm at 50% RH; (d) the results of measurements of stability of the sensors.
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30 min/30 min (air/air + NO,) at various temperatures and RH 50%. Figure 6d shows the results
of the stable operation tests. Measurements on the sample were conducted for several weeks at
different temperatures, RH levels, and NO, concentrations; during this time, no change in the
sensor properties of the sample was observed.

3.3. Impedance spectroscopy

The impedance spectra in Bode and Nyquist representation (Z” plotted against Z’) and fitting
results for the prepared sample of BST at the temperatures of 205°C in air and under NO, exposure
(0.5-5 ppm) across a wide frequency range from 10~! Hz to 10 Hz are shown in Figs 6 and 7.
The images of the impedance spectra correspond to the obtained results of the gas characteristics
of the BST layer under the influence of NO, (Fig. 5b). This can be seen at a temperature of 205°C,
where the highest sensor response of the sample was S = 6.20 (Fig. 5a).
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Fig. 6. Impedance spectra of the nanomaterials at an operating temperature of 205°C in air and upon NO, exposure
(0.5-5 ppm): (a) Nyquist representation BaSrTiO3; (b) fitting — Nyquist representation BaSrTiO3.
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Fig. 7. Impedance spectra of the nanomaterials at an operating temperature of 205°C in air and upon NO; exposure
(0.5-5 ppm): (a) Bode representation BaSrTiO3; (b) fitting — Bode representation BaSrTiO3.

3.4. Modelling the equivalent circuit

Basic electrical circuits are employed to produce synthetic impedance graphs that depict
the experimental data. These circuits may comprise resistors, capacitors, inductors or non-ideal
components like constant phase elements (CPE). Once the impedance characteristics are plotted,
comparisons can be made with typical or established equivalent electrical circuits, leading to an
initial comparison with the experimentally measured impedance. Understanding the occurring
physicochemical processes and maximising the simplification of the obtained results is a prerequisite
for accurate use of circuit modelling. In the analysis of experimental data, one can usually
encounter many equivalent circuits that numerically match the obtained results. However, only
one of them can provide a realistic picture of electrical characteristics of the sample. Two types of
models were proposed for the obtained results (Fig. 8).

Figure 9 presents a graphical representation of the obtained parameters of the equivalent circuit
models (R1, R2, C1, C2).
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Fig. 8. Proposition of equivalent circuit models: a) model for operating temperature of 205°C upon NO, exposure (1.5, 2
and 5 ppm) and 350°C upon NO; exposure (2.5 ppm); b) model for the other of operating temperatures and NO; exposures.
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Fig. 9. Graphical representation of the obtained parameters of the equivalent circuit model (R1, R2, C1, C2) at an operating
temperature of 205°C in air and upon NO; exposure (0.5-5 ppm) and error columns [%].

4. Discussion

The use of impedance spectroscopy to study electrical properties of materials and systems
allows for a direct comparison of behaviour of a real object with its substitute system, known
as an equivalent model. The substitute impedance system always refers to a physically realized
impedance. The analysis and fitting of experimental data to the response of the mathematical
model are based on the least squares method. Simulation and fitting are most commonly performed
using computer programs developed by Macdonald and Boukamp. However, there is a risk that the
developed model may not accurately reproduce reality. This is because the measured characteristics
can often be described by different equivalent systems, while only the simplest of them represent
specific physical processes.

Approximating the impedance of a physical object using an equivalent model, regardless of
the measurement method, allows for verification of the accuracy of the model by comparing char-
acteristics in a specified frequency range. In AC measurements, real and imaginary components of
impedance or admittance of the measured object are usually obtained. It should be assumed that the
measurement provides information about the components of impedance or admittance. The proper
selection of the equivalent model is also important, which should not only approximate the measured
characteristics but also physically describe the phenomena occurring in the tested object [58].

In the presence of gas, at selected temperatures (e.g. at 205°C (Fig. 6)), characteristics appear
in the shape of two interconnected semi-circles. However, the ratio of these two semi-circles is not
as equal as is found with other temperatures. This may be due to the different time constants of
these circuits. Moreover, some of that data has shoulders at around 103 to 10* Hz. The shoulders
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around the frequencies around 103 Hz and 10* Hz result from the selected model of parallelly
connected R and C elements with different values. One semicircle flows smoothly into the other,

which results from their separate time constants. This is also visible on the Nyquist and Bode
representation of BaSrTiOj3 in Figure 10.

10° g

BaSrTiO, o Air

10‘ i T T T T T T T T .
102 10" 1w w0t 102 10 10t 108 10f 10
Frequency (Hz)

Fig. 10. Impedance spectra of the nanomaterials at an operating temperature of 205°C in air — fitting Nyquist and Bode
representation of BaSrTiO3.

Similar experiments were considered in work [14], where various equivalent circuits, including

circuits with RC elements, were analysed and interpreted using impedance spectroscopy for
semiconductor oxide-based gas sensors.

The Debye response is a key element of impedance spectroscopy characterised by a single
time constant denoted “7”. This response consists of a parallel capacitance C with a combination
of resistor R. The resistance R models dissipation effects. The capacitor C represents the stored
charge. Finally, the relaxation time or time constant can be determined by the equation 7 = RC [10].
When a substrate is present, it is desirable to separate its capacitance from the measurements
to focus on the response of the oxide particles. This is especially important when dealing with
thin films and nanowire devices for which the capacitance can be very small compared to the
substrate [23]. In addition, relaxation frequencies depend only on the intrinsic properties of the
material and not on the sample geometrical factors [3] (Tab. 1).

Table 1. Time constant 7 = RC and relaxation frequencies fr at an operating
temperature of 205°C in air and upon NO, exposure (0.5-5 ppm).

Temperature 205°C

. NO; - 0.5 NO; -1 NO; - 1.5 NO; -2.5 NO; -5
Air
[ppm] [ppm] [ppm] [ppm] [ppm]
Element Value fr Value fr Value fr Value fr Value Ir Value fr
[s] | [Hz] [s] | [Hz] [s] (Hz] | [s] | [He] | [s] | [Hz] [s] | [Hez]
R1 [Q] 5.19 3.07 5.17 3.08 2.86 5.56 2.51 6.35 2.92 5.45 1.73 9.18
CI[F] E-03 | E+01 | E-04 | E+02 | E-05 | E+03 | E-05 | E+03 | E-05 | E+03 | E-05 | E+03

R2 [Q] 1.29 1.24 4.40 3.62 2.72 5.85 2.14 7.43 2.46 6.47 1.36 1.17
C2 [F] E-04 | E+03 | E-05 | E+03 | E-04 | E+02 | E-04 | E+03 | E-04 | E+02 | E-04 | E+03
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At higher temperatures, the participation of processes occurring at high frequencies can
be seen. This is due to the processes occurring in the inter-grain region and in the bulk. The
characterisation of various regions of a sample according to their electrical relaxation times and
time constants can be achieved by examining a range of frequencies (10~ Hz to 10° Hz). In certain
situations, the overall impedance of electrically inhomogeneous materials may be dominated
by the resistance at the grain boundary, indicating that these materials are not uniform in their
electrical properties. Based on our findings and the impedance spectrum analysis of the equivalent
circuit, we hypothesised that the elements C1 and R1 correspond to the capacitance and resistance
of the grain bulk, respectively, while C2 and R2 correspond to the capacitance and resistance of
the BST grain boundaries.

5. Conclusions

The acquired BST-based gas-sensing layers demonstrated the highest responses at around
205°C and exhibited satisfactory performance within the 0.5-20 ppm range. Nevertheless, beyond
10 ppm, the sensor response plateaued (as illustrated in Fig. 5¢). The paper presents the results that
are the basis for stating that the obtained BST layer is gas-sensitive to the presence of gaseous NO;.
In addition, an attempt was made to create a broadband impedance model, which was analysed
and discussed. The impedance analysis showed that the selected broadband models consisting of
single and parallel RC elements in all analysed cases reflect the mechanism of NO, gas interaction
on the tested gas-sensitive layer of the BST material by changing the parameters. The model
is characterised by a fitting error of a few percent at 100°C, 205°C and 300°C.The exception
is the high temperature of 350°C, where discrepancies between the actual and reference values
begin to be visible. This is caused by, among other factors, the loss of properties of the obtained
layer at temperatures above 350°C, and consequently by its degradation and destruction. The
data collected from the measurements enables the identification of the most effective working
parameters of impedance sensors, including the optimal temperature, frequency, and amplitude
of the measurement signal. This information can be utilised in the design of a sensor structure
comprising a ceramic substrate, heater, gas-sensitive layer, electrodes and wires, thereby improving
the sensitivity and selectivity of the sensors. The direction of further research is to create a sensor
and model that will be characterised by such features as high 3S: sensitivity, selectivity and stability.
Additionally, the sensor’s response was observed to be highly consistent (Fig. 5d), indicating the
potential for the use of BST of NO, gas sensors in industrial settings.
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