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Abstract: The response characteristics of carbyne-enriched surface-acoustic-wave (SAW)-based gas
sensors utilizing meander and rectangular microheater topologies were investigated to assess their
desorption and recovery properties. Comparative analysis of contact resistance and interface capaci-
tance before and after heating revealed minimal deviation in contact resistance, signifying strong
thermal stability in the carbyne-enriched layer. However, the interface capacitance varied with
the microheater size. Our analysis reveals that a small meander microheater configuration (line
width: 300 µm) facilitates efficient sensor recovery at ethanol concentration measurements in the
range of 180–680 ppm, maintaining a low deviation in time delay across different concentrations
(~2.3%), resulting in a narrow hysteresis and linear sensor response. Conversely, the large meander
microheater (line width: 450 µm) and rectangular dense microheater induce irreversible changes
in the sensing structure, leading to a widened hysteresis at higher concentrations and increased
power consumption. Recovery patterns display substantial deviations from initial values at different
concentration levels. Higher concentrations exhibit broader hysteresis, while lower concentrations
show narrower hysteresis loops, compared to the small meander microheater. The study offers
insights into desorption rates, power consumption variations, and recovery behaviors related to dif-
ferent microheater configurations. It demonstrates the importance of microheater topology selection
in tailoring recovery properties and response characteristics, contributing to the advancement of
carbyne-based sensor technology.

Keywords: carbyne-enriched layer; SAW sensor; microheater topology; sensor recovery

1. Introduction

Gas sensing technology is integral to a wide range of industrial, environmental, and
healthcare applications, with a growing demand for high-performance sensors capable
of detecting and quantifying trace amounts of specific gases. In industrial settings, gas
sensors are essential for monitoring air quality, detecting leakages of hazardous gases, and
ensuring workplace safety. For example, they are used in manufacturing facilities, chemical
plants, and refineries to detect and mitigate the release of toxic or flammable gases, thereby
safeguarding the wellbeing of workers and preventing potential accidents [1,2]. Within
the environmental monitoring sector, gas sensors are deployed to assess and manage air
pollution levels, detect harmful emissions from vehicles and industrial processes, and
monitor indoor air quality in buildings. These sensors contribute to efforts aimed at
protecting the environment and public health, and ensure compliance with air quality
regulations and standards [3–5].
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In the realm of healthcare, gas sensors are utilized in medical devices and monitoring
systems to measure physiological gases, such as oxygen and carbon dioxide, in patients’
breath and blood. They also find applications in diagnostic equipment for detecting volatile
organic compounds and gases associated with various medical conditions, thereby aiding
in disease diagnosis and management [6–8].

In recent years, surface acoustic wave (SAW) gas sensors have emerged as a promising
technology for detecting and analyzing trace amounts of various gases [9–11]. Incorporat-
ing microheaters and advanced gas sensitive layers, such as carbyne, can greatly enhance
these sensors’ performance. Carbyne, as a gas-sensitive layer, offers unique properties that
can significantly enhance sensor performance [12]. Carbyne, a one-dimensional carbon
allotrope, exhibits exceptional sensitivity to organic vapors due to its high surface area,
molecular reactivity, and potential for gas molecule adsorption. Carbyne can provide high
selectivity and sensitivity when employed as the gas-sensitive layer in sensors. Its stability
and responsiveness to changes in gas concentrations make it an ideal material for gas
sensing applications. To ensure the reversibility of the response characteristics, the carbyne
gas sensors, like most gas sensors, must be equipped with a microheater. This miniature
heating element is strategically integrated into gas sensors to control the temperature of
the gas-sensitive layer precisely. By applying controlled heating, microheaters facilitate
the desorption of gas molecules from the gas-sensitive layer, thereby enhancing the sen-
sor’s responsiveness and recovery characteristics. Additionally, microheaters enable the
modulation of the sensor temperature, which can influence the adsorption and desorption
kinetics of gas molecules on the surface of the gas-sensitive layer, ultimately affecting
the sensor’s sensitivity, selectivity, and response time. As seen from the literature, the
topologies of microheaters in gas sensors can vary based on the specific design require-
ments and performance objectives of the sensor. Some typical topologies include serpentine
microheaters, interdigitated microheaters, dual-element microheaters, spiral-shaped micro-
heaters, and others [13]. Each of these microheater topologies offers distinct advantages in
terms of heat distribution, temperature control, and desorption kinetics, influencing the
overall effectiveness of the gas sensor. The selection of a specific microheater topology
is driven by considerations such as the targeted gas detection requirements, sensor size
constraints, power consumption, and manufacturability, among others. By tailoring the mi-
croheater topology to align with the desired sensor performance characteristics, engineers
and researchers can optimize the functionality of gas sensors for diverse applications and
operational environments.

The careful design and optimization of microheater topologies are instrumental in
tailoring sensor performance to specific application requirements, making them a critical
component in advancing gas sensing technology. A power-compensated poly-Si micro-
heater produced with the LPCVD process and with resistance control via phosphorous
doping, using an ion implantation process, has been proposed in [14]. The uniformly heated
area of the power-compensated microheater was approximately 2.5 times larger than that
of the uncompensated microheater. In this scenario, the region where the temperature
exceeded 90% of the maximum temperature encompassed over 80% of the total heating
area. This points towards a considerable expansion of the heating area, demonstrating
the suitability of the compensation design for the operation of a temperature-dependent
semiconductor gas sensor. A small heating device is responsible for generating the neces-
sary heat by passing a specific current through a resistor in [15]. These devices are utilized
alongside metal oxide gas sensors to provide the required temperature to the film, which
influences the sensor’s sensitivity and selectivity. Additionally, they are employed to hasten
the adsorption process between the sensitive layers and the gas species being detected.
Micro-heaters have been produced from noble metals like platinum and gold because they
offer the most favorable temperature range, accuracy, and stability. Various options for the
topology of meander-type platinum heaters in chemical sensors fabricated on thin dielectric
membranes using MEMS–silicon technology have been reported in [16]. Comprehensive
studies have been conducted on the heater’s current–voltage characteristics, with measure-
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ments of heating rates at various currents. Experimental temperature characteristics have
been obtained for various meander topologies, and heater options have been determined
to ensure optimal heat transfer processes at a low power consumption of approximately
20–25 mW.

Meander-shaped microheaters feature a winding or zigzag pattern that allows for
a compact layout within the sensor’s design while providing efficient heat distribution
across the gas-sensitive layer. This topology maximizes the heating surface area within a
confined space, facilitating precise temperature control and uniform heat dissipation. The
meander-shaped microheater topology is particularly well suited to applications where
space constraints or specific geometric requirements are considered. Its versatile layout
enables the integration of the heating element into diverse sensor configurations, contribut-
ing to enhanced thermal management and improved sensor performance. Exploring the
integration of a meander-shaped microheater with a carbyne-enriched SAW gas sensor can
offer unique perspectives on designing compact and integrated sensor platforms. Investi-
gating the interplay between the exact microheater’s layout, and sensor miniaturization can
contribute to developing highly integrated and space-efficient gas sensing devices tailored
to diverse application scenarios.

An investigation into carbyne-enriched surface acoustic wave (SAW) gas sensors
with incorporated meander-shaped microheaters with different geometrical parameters
is conducted for the first time, to the best of the authors’ knowledge. This paper aims
to explore the relationship between the heater geometry and the performance of SAW
gas sensors with a carbyne-based sensitive layer. Understanding and optimizing the
interaction between the heater design and the gas-sensitive layer is crucial for achieving
a superior sensor performance. The integration of carbyne-enriched materials into SAW
sensor technology and microheater technology represents a novel approach that has not
been extensively explored in the existing literature. Moreover, the effect of the temperature
on the carbyne-based sensor characteristics has not been thoroughly investigated in prior
research. In this way, the work fills a crucial gap in the existing knowledge by exploring
this unique combination for potential advancements in gas sensing applications.

2. Materials and Methods

Lithium niobate (LiNbO3) substrates were used to construct the SAW structures. This
crystal is distinguished by the strong temperature stability of the coefficient of electrome-
chanical coupling from 20 ◦C to 400 ◦C, and the changes in this coefficient, in this case,
are 1.8% [17,18]. The substrates were cleaned in an ultrasonic bath with a solution con-
sisting of isopropyl alcohol, acetone, and deionized water in a ratio of 1:1:3. Palladium
thin film with a thickness of 280 nm was deposited via vacuum sputtering at an argon
pressure of 2 × 10−2 Torr and sputtering voltage of 1.5 kV. Photolithographic patterning
was conducted with a positive photoresist ma-P1215 (Micro resist technology) and wet
chemical etching in heated mixture of nitric acid and hydrochloric acid (in a mixing ratio
of 1:3). For the microheaters, reverse photolithography (lift-off) process was applied to
avoid second chemical etching and reduce the quality of interdigitated (IDT) fingers of the
SAW topology. A platinum film with a thickness of 280 nm was vacuum-sputtered on the
backside of the substrates at 2.10−2 Torr, and a sputtering voltage of 0.9 kV was grown
over the photoresistive topologies, determined by three different geometrical parameters
of the meander heaters (Figure 1a–c). The heaters were designed in COMSOL Multiphysics
5.4. (details in Supplementary Material—Figure S1a–d) with an appropriate width (in the
range 300–450 µm for the different topologies), length (1.2 mm for all samples), thickness
(280 nm for all samples), and number of wires (1, 3 and 5), in order to provide maximal
heating temperature of 80 ◦C, taking into account that the adsorbed organic analytes are
volatile and greater temperature is not necessary.
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and the IDT electrodes via pulsed-plasma deposition through ion-assisted stimulation 
with specific energy levels. The distance between the target and the substrates was 1 m;
the number of carbon plasma pulses was 3000; the voltage for an arc discharge ignited 
between the main discharge cathode holding the source of carbon and the main discharge
anode holding the substrate was 300 V; the charge of the main capacitor that formed 
pulses of carbon plasma was 2000 µf at 5 Hz; and the Ar-ion plasma power was 150 W.
The thickness of the carbyne-enriched layer was 150 nm. Bonding was conducted with a 
semi-automatic ultrasonic wire bonder F&S Bondtec at conditions during packaging of
the sensor device as follows: gold wire supplied via ball-wedge “stitch-ball” method (pre-
liminary formation of a ball for beHer stabilization and higher strength of the bond) at 
bond time of 50 ms, ultrasonic power of 50 W, bond force of 70 g, and substrate tempera-
ture of 100 °C. 

Figure 1. Images of the fabricated gas sensors with three different geometries of the microheaters:
(a) small meander; (b) large meander; (c) dense rectangular.

Regarding the selection of the microheater contour shape, the following considerations
were taken into account: for a spiral microheater, it is known from previous research
that this configuration has a constant heating power per active area, which induces a
hot spot in the heater center [19]. A spiral configuration, specifically the square one,
consists of elongated straight tracks with numerous 90◦ turns. Previous studies have
effectively showcased the capability to adjust the heating power within the active area
by modifying the linewidth or the spacing or adjusting both the linewidth and spacing
simultaneously [20], which is a complex approach. It has been proven that the spiral layout
is only suitable for circular or square substrates. In contrast, for a rectangular substrate, a
serpentine (or meander) heater is more compatible with the substrate’s profile. Even for
a square substrate, the modified serpentine heater can achieve a larger isothermal region
than an optimized spiral heater [21]. Spiral microheaters can lead to greater lateral heat
dispersion beyond the sensing area due to their radial nature. This heat diffusion could
potentially interfere with the accuracy and efficiency of the sensing mechanism, leading to
diminished sensor performance [22]. Managing and minimizing radial heat distribution
is therefore crucial for maintaining the optimal performance and longevity of SAW gas
sensor systems.

Afterwards, carbyne-enriched gas sensing film was deposited on the microheaters
and the IDT electrodes via pulsed-plasma deposition through ion-assisted stimulation with
specific energy levels. The distance between the target and the substrates was 1 m; the
number of carbon plasma pulses was 3000; the voltage for an arc discharge ignited between
the main discharge cathode holding the source of carbon and the main discharge anode
holding the substrate was 300 V; the charge of the main capacitor that formed pulses of
carbon plasma was 2000 µf at 5 Hz; and the Ar-ion plasma power was 150 W. The thickness
of the carbyne-enriched layer was 150 nm. Bonding was conducted with a semi-automatic
ultrasonic wire bonder F&S Bondtec at conditions during packaging of the sensor device as
follows: gold wire supplied via ball-wedge “stitch-ball” method (preliminary formation
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of a ball for better stabilization and higher strength of the bond) at bond time of 50 ms,
ultrasonic power of 50 W, bond force of 70 g, and substrate temperature of 100 ◦C.

Impedance of the samples vs. frequency for the three types of samples was measured
using an impedance analyzer (Hioki IM3570, Ueda, Japan) in four terminal mode at a
bias voltage of 1 V and frequency range 100 Hz–120 kHz (the accuracy for this frequency
range is Z: ±0.08%; θ: ±0.05◦; Cs, Rs: ±0.05%; see Figure 2a). The initial value for the
sensor impedance before heating was 6.8 GΩ with a phase angle shift varying in the range
of +209◦ ÷ −213◦, the contact resistance of the electrodes was 4.6 Ω, and the interface
capacitance between the electrodes and the gas-sensitive layer was 11.9 pF. The contact
resistance and interface capacitance between the metal electrodes and carbyne-enriched
detecting layer were monitored before and after desorption, activated with the different
microheaters, to track initiation of local burnout due to potential irregular distribution of
the thermal flow. The details for the functional testing of the SAW samples at different
ethanol concentrations are described in our previous study [23] and shown in Figure 2b.
In our previous study, it was found that a linear response in the sensor can be expected
in the concentration range between 180 ppm and 680 ppm. The hysteresis curves for all
microheater topologies were derived by exposing each sensor to increasing concentrations
of the target vapor and measuring its response at each point. Afterwards, the microheater
was activated for the desorption process, and the sensor exposure was repeated again to
check to what degree its initial state was restored. The most informative parameter of the
SAW sensor (time delay between the input and the output signal at a certain concentration)
was tracked for change and expressed in percentage, aiming for the change to be as small
as possible. The extracted information is new, because of the novel implemented carbyne-
enriched material, highlighted theoretically as a perspective for sensing application, but
still with insufficient practical implementation examples.
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Figure 2. Test setup for the sensor samples: (a) measurement of the samples’ impedance and contact
parameters before and after heating; (b) measurement of the sensor’s response characteristics at
different ethanol concentrations [23].

3. Results

Before testing the sensor structure in heating mode, the piezoelectric properties of
the LiNbO3 substrate were evaluated in the temperature range from room temperature
to the maximum heating temperature of 80 ◦C, provided by the heaters. Understanding
the impact of temperature on the piezoelectric properties of the substrate is particularly
important because it directly influences the sensor’s sensitivity and response characteristics.
The results are presented in Figure 3. It can be seen that at higher temperatures, the
piezoelectric coefficient also increased. This is ascribed to the increased lattice spacing,
which allows for greater freedom of movement for the charged particles within the crystal
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lattice, thus resulting in an enhanced piezoelectric response [24]. Due to the high thermal
stability of the LiNbO3, the contribution of this variation is with a factor of 0.12 for a
temperature range of ∆T = 55 ◦C.
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Figure 4a compares the contact resistance and interface capacitance formed between
the carbyne-enriched sensing layer, the electrodes, and the substrate before (Rs, Cs) and
after heating (Rsh, Csh). As can be seen, the contact resistance deviates by approximately
±0.6 MΩ from the average value of this quantity, no matter the delivered heat flow from
any of the microheaters. Given the excellent thermal stability of the carbyne [25], this
is expected behavior and can be interpreted as a lack of change in the sensing layer’s
microstructure. This is also supported by the change in the sensing layer resistance over
the time graph for several hours exposed to the maximal temperature of the microheaters
without analyte loading (Figure 4b), which is in the same range and close in values. The
carbyne film resistance remains relatively constant over the 10 h duration exposed to the
maximum temperature of the microheaters. The slight difference in the resistance can be
ascribed to the thermal activation of defects, which are stimulated according to the power
of the microheaters. Thus, the most powerful microheater (dense rectangular) activates
deep and shallow traps, which, escaping the defect states, contribute to the conductivity of
the film and reduce its overall resistance. On the contrary, the small meander activates only
shallow traps, caused by impurities, due to its low power. Thus, the carbyne resistance, in
this case, is almost unchanged compared to the film without heat exposure. Regarding the
time dependence, it is visible that there is a trend for the initial release of the trapped charges
during the first few hours. Afterwards, the resistances reach saturation and constant values
are established. An exception can be noted for the small meander microheater, which is
inert and needs more time to release even the small quantities of shallow traps. However, it
can be noted that the interface capacitance increases gradually with the increase in the active
area of the microheater—the lowest value of 6.5 pF was measured for the small meander,
8.65 pF was measured for the large meander, and the highest value of 12.5 was obtained for
the dense rectangular shape, giving the fastest heating concentrated in the middle spot of the
sensor between the two transducers. This behavior can be ascribed to thermally stimulated
charges that were probably trapped in defect formations in the carbyne-enriched layer.
These charges, together with the additional charges of the piezoelectric substrate produced
after temperature increase (Figure 3), contribute to the higher capacitance. Therefore, the
most prolonged time delay in the output signal is expected to be generated for the sensor
with the dense rectangular microheater due to the time needed for the charge and discharge
of the high-value capacitance.
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Figure 4. (a) Comparison of the contact resistance and interface capacitance changes before and after
heating for the three microheaters topologies; (b) change in sensing layer resistance over time at
different microheater topologies.

To explore the response characteristics of the sensors with the three microheaters
topologies, their output voltage attenuation vs. input reference signal was measured and
the time delay of the output electric signal referred to the input one was determined for
two cases: the first detection of ethanol with concentration in the range of 180–680 ppm (be-
fore heater activation) and the next detections after the heaters were periodically switched
on to desorb previously absorbed molecules. The curves related to the activated heaters are
averaged from five consequent desorbing cycles. The difference between the separate mea-
surements is less than 1%, which falls into the tolerance of the fabrication process accuracy.

Figure 5 shows the time delay and voltage attenuation of the sensor with the small
meander microheater before (a) and after activating the heater (b). The attenuation of the
output voltage ∆V compared to the input reference signal was in the same range before
and after the activation of the small meander microheater. Therefore, the meaningful
quantity for the sensor recovering estimation can be the time delay τ between the two
signals. Figure 5 also shows the time delay and voltage attenuation of the sensor with the
large meander microheater before (c) and after activating the heater (d). The maximum
attenuation of the output voltage after desorption increased by approximately 100 mV,
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which can be related to a change in the carbyne adsorption capacity due to the induced
redistribution of the waves because of the broader thermal field spot, which can be related
to alterations in the viscoelastic properties of the materials due to the broader thermal field
spot. It could impact the acousto-electric transformation and lead to such a great change in
the output voltage attenuation. Another possible explanation is that the altered thermal
field may influence the adsorbate–surface interaction, potentially leading to enhanced
adsorption or desorption kinetics and altering the acoustic properties of the surface [26].
Figure 5e,f show the time delay and voltage attenuation of the sensor with the dense
rectangular microheater before and after activating the heater, respectively. The maximum
attenuation of the output voltage after desorption increased by approximately 60 mV, and
its absolute value is greater than for the two meander structures, which is related to the
narrow dynamic range of the sensor.

Figure 6a shows the degree of recovery of the initial sensor state, or sensor hysteresis
in the case of the small meander geometry of the microheater. The deviation of τ from the
initial value is 3.3% at the beginning of the measurement for low concentrations, 2.7% at
the end of the measurement for high concentrations, and 2.3% in the range of 450–600 ppm
(with no difference at 550 ppm), where the sensor response is linear, and its sensitivity
is the greatest (the highest slope of the characteristic). The hysteresis is narrow, and it
can be concluded that there is a satisfactory degree of recovery in the sensor properties
after desorption, indicating the appropriate topology of the microheater and a proper
technological flow that does not affect the other layers. The microheater successfully
performs its function to cause the desorption of ethanol molecules without causing a local
concentration of heat, which could induce defects in the crystal lattices of the materials
and affect the sensitivity or dynamic range of the sensor. The power consumption of
the microheater is 1.92 mW. Figure 6b shows the degree of recovery of the initial sensor
state for the large meander microheater topology. It can be noted that the time delay is
greater with two orders of magnitude longer than for the case of small meander. When
the sensor is heated for desorption, the density of the gas-sensing layer is altered, leading
to a modification in its interaction with the SAW. This altered interaction could result in
a greater time delay as the SAW propagates through the piezoelectric substrate and the
modified gas-sensing layer. This phenomenon can be ascribed to changes in the acoustic
impedance or the velocity of the SAW due to the modified surface properties following the
desorption cycle. The deviation of τ from the initial value was 18.7% at the beginning of
the measurement for low concentrations, 35.7% at the end of the measurement for high
concentrations, and an average of 25% in the range of 450–600 ppm (with no crossing in the
whole range), where the sensor response is linear. The hysteresis is broader than the small
meander case, and it can be concluded that there is a weaker degree of recovery in the
sensor properties after desorption. The broader hysteresis loop in the high concentration
range and the consistent deviation from the initial value could indicate that the gas-sensing
layer undergoes non-reversible changes, possibly affecting the interaction between the gas
molecules and the sensor surface. These changes in the surface interaction could lead to
the observed broadened hysteresis and the non-linearity in the sensor response at higher
concentrations. This behavior could be linked to phenomena such as saturation effects or
changes in the surface chemistry of the sensor, affecting its response characteristics, which
require additional investigation. At higher concentrations, the broader hysteresis loop may
indicate that the desorption and re-sorption processes lead to more significant and slow
changes in the sensor’s surface properties. This can result in a slower recovery to the initial
state, causing a broader hysteresis loop in the output transducer’s time delay compared
to the input transducer. Conversely, at lower concentrations, the narrower hysteresis loop
may suggest that the desorption and re-sorption processes have less impact on the sensor’s
surface properties, leading to a faster and more complete recovery to its initial state. Further
studies on the specific surface processes and interactions occurring during desorption and
sorption cycles would be needed to elucidate the underlying scientific mechanisms fully.
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The power consumption of the large meander microheater is 4.63 mW due to the 2.5-fold
higher resistance of the large meander compared to the small one.
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the large meander microheater; (c) for the dense rectangular-shaped microheater.

For the dense rectangular topology, it can be noted that the time delay is the highest
among all three types of microheaters (Figure 6c), but with the same order of magnitude
as for the large meander. The deviation of τ from the initial value is 30% at the beginning
of the measurement for low concentrations, 12.1% at the end of the measurement for high
concentrations, and an average of 26% in the range of 450–600 ppm (with crossing at
500 ppm), where the sensor response is linear. The hysteresis is broader than in the small
meander case, but narrower in the range of high concentrations than in the large meander
case. The desorption rate for the rectangular microheater is 0.73 µs/ppm vs. 0.33 µs/ppm
for the large meander and 0.03 µs/ppm for the small meander. The power consumption
of the rectangular microheater is 10.65 mW due to the 4.8-fold higher resistance of the
rectangular meander compared to the small one.

The basic sensors parameters and the effects of the microheater topology on them are
summarized in Table 1.

Given the new information, the observed behavior between the accuracy and sen-
sitivity of the sensors with different microheater designs suggests that the interaction
between the microheater’s heating pattern and the sensing element plays a critical role.
The meander microheater likely provides a more uniform temperature distribution across
the sensing area, contributing to a higher accuracy. In contrast, with localized heating,
the spot high-density rectangular filled microheater results in a non-uniform temperature
distribution, affecting the accuracy negatively. The meander microheater exhibits more con-
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trolled and predictable heat transfer dynamics, leading to a more consistent and accurate
response to changes in gas concentration. Meanwhile, the spot high-density rectangular
filled microheater probably introduces unpredictable or non-linear heat transfer behavior,
impacting the accuracy to a greater extent. The small meander-shaped microheater exhibits
slower response times and reduced sensitivity to changes in temperature. Its thermal
design delays the heating and cooling process, impacting the sensor’s ability to detect rapid
changes in gas concentration, which can be the reason for the lower sensitivity. It seems
that the dense rectangular microheater positively affects the sensor’s ability to accurately
detect small fluctuations in gas concentration.

Table 1. Effect of the microheater topology on the sensor performance for the middle of the detecting
range of ethanol vapors (430 ppm).

Microheater Topology Voltage Sensitivity
Change ∆Sv, %

Measurement Accuracy
Change ∆ε, %

Small meander
22 mV before heating
14 mV after heating

∆Sv = −36%
∆ε = 2.7% (hysteresis 2.5%)

Large meander
330 mV before heating
255 mV after heating

∆Sv = −22%
∆ε = 25% (hysteresis 23.3%)

Dense rectangular
370 mV before heating
330 mV after heating

∆Sv = −10.8%
∆ε = 21% (hysteresis 19%)

Some results available in the literature related to the microheaters’ parameters are
summarized and presented in Table 2 for comparative purposes, considering the best
results achieved in this work. In most of the studies, although the film for the microheater
has similar properties (thickness, material composition) and operational temperature, the
size of the microheater is larger and the design is more complex. As a result, the power
consumption is also higher than that of the proposed structures at a similar hysteresis.

Table 2. Comparison of the basic parameters of gas sensor microheaters.

Microheater
Geometry/

Dimensions

Microheater
Material and

Thickness

Operational
Temperature

Power
Consumption

Transient
Response

Sensor
Hysteresis Reference

Spiral/
10 µm PolySi/1 µm 300 ◦C 12.63 mW 11.5 ms 4.8% [27]

Spiral square/
1.5 mm × 1.5 mm NiCr-Pt/10 µm 100 ◦C 6.5 mW 7 ms 3.4% [28]

Meander/
1 mm × 400 µm

PolySi-Au/500
nm 110 ◦C N/A N/A 2.9% [15]

Interdigitated/
1.2 mm × 1 mm Invar/400 nm 100 ◦C 90 mW N/A N/A [29]

Interdigitated/
6 mm × 6 mm Pt/200 nm 140 ◦C N/A N/A 10.3% [30]

Small meander/
1.2 mm × 300 µm Pt/280 nm 80 ◦C 1.92 mW 0.33 ms 2.7% This work

4. Conclusions

Based on the results achieved, it can be concluded that the carbyne-enriched sensing
layer, in conjunction with varying microheater topologies, demonstrates distinct behavior
in response to the desorption and subsequent sorption of gas molecules. The investigation
revealed that the contact resistance showed minimal deviation after heating, suggesting
excellent thermal stability in the carbyne-enriched layer without any accompanying change
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in microstructure. However, the interface capacitance did vary with the size and strength
of the microheaters, potentially indicating the presence of thermally stimulated charges
and additional charges from the piezoelectric substrate, resulting in higher capacitance.
The analysis of sensors with different microheater topologies revealed distinct response
characteristics. The small meander microheater presented efficient recovery properties, in-
dicated by a low deviation in time delay at low and high concentrations, ultimately leading
to a narrow hysteresis and linear sensor response. In contrast, the large meander and dense
rectangular microheaters demonstrated a greater difference in time delay compared to the
small meander with a broader hysteresis, potentially indicating non-reversible changes in
the sensing structure. The significant increase in output voltage attenuation after desorp-
tion could be linked to alterations in the viscoelastic properties of the materials due to the
broader thermal field spot. By considering the microheater topology factor, it is possible
to gain a better understanding of why the meander-shaped microheater exhibits a loss of
sensitivity, despite potentially providing other advantages, such as improved accuracy.
This nuanced evaluation can guide further optimization efforts for the microheater design
to achieve the desired balance between sensitivity and accuracy in the gas sensor system.

By analyzing the influence of the microheater’s heating pattern on the sensor’s re-
sponse time, recovery kinetics, and repeatability of the sensing cycles, the investigation can
provide novel insights into the dynamic behavior of carbyne-enriched SAW sensors with
organic volatile compounds under varying exposure conditions. The variation in the micro-
heater topology presents an avenue for optimizing the performance of the carbyne-based
sensors, influencing their response characteristics toward organic vapors. Understanding
the specific and detailed mechanisms underlying the interaction between the thermal field,
the carbyne-enriched coating as a sensing material, and the desorption process require
further investigation into the dynamics of heat distribution and their impact on desorption
kinetics, which will be explored in our future work.

Our further research will be related to the further optimization of microheater parame-
ters to reduce the measurement inaccuracy and avoid effects on the sensitivity of the sensors.
Some error values can be ascribed to the direct connection of the microheater to the power
supply without a control mechanism for the temperature and without compensation for
the fluctuations in the supplied voltage and, as a consequence, the temperature. Therefore,
a suitable control system for the microheaters will be built as a next step. Implementing
advanced control algorithms to regulate the microheater’s temperature can reduce fluctua-
tions and enhance stability. In addition, implementing effective thermal insulation around
the microheater can reduce heat loss and improve the heating rate, thereby enhancing the
overall response time of the sensor.
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