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Abstract: The application of carbyne-enriched nanomaterials opens unique possibilities for enhancing
the functional properties of several nanomaterials and unlocking their full potential for practical
applications in high-end devices. We studied the ethanol-vapor-sensing performance of a carbyne-
enriched nanocoating deposited onto surface acoustic wave (SAW) composite substrates with various
electrode topologies. The carbyne-enriched nanocoating was grown using the ion-assisted pulse-
plasma deposition technique. Such carbon nanostructured metamaterials were named 2D-ordered
linear-chain carbon, where they represented a two-dimensionally packed hexagonal array of carbon
chains held by the van der Waals forces, with the interchain spacing approximately being between
4.8 and 5.03 A. The main characteristics of the sensing device, such as dynamic range, linearity,
sensitivity, and response and recovery times, were measured as a function of the ethanol concentration.
To the authors” knowledge, this was the first time demonstration of the detection ability of carbyne-
enriched material to ethanol vapors. The results may pave the path for optimization of these sensor
architectures for the precise detection of volatile organic compounds, with applications in the fields
of medicine, healthcare, and air composition monitoring.

Keywords: surface acoustic wave composite substrates; microfabrication technology; carbyne-enriched
nanocoatings; ion-assisted pulse-plasma deposition; gas-sensing properties

1. Introduction

Following graphene, several new two-dimensional materials have emerged, and their
use is expected to have a high impact in our daily life in the near future, including main-
stream microelectronics devices [1]. However, it is not only graphene that leads the interest
of carbon materials. Other allotropes of carbon exist, including linear molecules, such as
polyene (alternating single and triple bonds, i.e., acetylenic carbon) and cumulene (consecu-
tive double bonds). These allotropes are called carbyne. Carbyne contains alternating single
and triple carbon bonds, as opposed to polyacetylene, which contains alternating single
and double bonds. Carbynes are reported to have a huge Young’s modulus of 32.7 TPa,
which is 40 that of diamond [2]. Carbynes are thus emerging as a new class of very strong,
very tough, and very light material that could be the next revolution of carbon in materials
science, fabrics, sensors, electronics, and many more fields. Such new materials are not only
important for research, but they will have a huge economic impact as well. For example,
the global market for 2D materials is expected to reach USD 400 million by 2025, and this
figure is only for the materials and not for the devices making use of those materials [3].
Carbon-based nanomaterials are critical for sensing applications, as they have physical
and electronic properties that facilitate the detection of substances in solutions, gaseous
compounds, and pollutants through their conductive properties and resonance frequency
transmission capacities. However, the use of carbyne films for sensing applications is
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almost a virgin field with a high potential for innovation and commercial exploitation.
Therefore, the fabrication and study of novel carbyne films and modified carbyne films with
radical sensing properties and the demonstration of their use as novel chemical sensors
would give new insight into the field. To achieve this innovative and wide-spectrum target,
different sensor architectures realizing different sensing mechanisms as a result of analyte
absorption by the carbyne-enriched layers should be produced and their performance
should be compared.

The growing awareness of environmental problems has accelerated research and de-
velopment in the chemical sensing field and, thus, many high-performing gas and vapor
detection techniques have been developed with the potential to be employed in point-of-
need implementations [4]. Thanks to these research efforts, several transduction principles
have been proposed, implemented, and evaluated in a wide range of applications. When
there is a need for highly sensitive, accurate, and rapid detection techniques for chemical
agents, an attractive solution for cost and size reduction is to consider the use of micro-
machined technologies, which offer the capability for on-chip electronics to lower costs
and provide high production yields. Among these, cantilevers and capacitive/resistive
microsensors have shown huge potential for implementation in our daily life, with some
products available on the market already [5,6]. Capacitive sensors were combined with
several sensing materials and demonstrated the quantitative and reversible sensing of
many gases, such as Hy; Op; NHj3; NO,; NH3; volatile organic compounds (VOCs), such as
ethanol, methanol, and formic acid; and relative humidity [7,8]. Recently, a novel gas sensor
based upon vapor-induced capacitance modulation of chemically functionalized porous
graphene oxide (pGO) was developed [9]. The dielectric pGO matrix was assembled in situ
upon an electrode surface through a combined room temperature annealing/freeze-drying
process. Extraordinary vapor sensing properties were demonstrated, specifically extremely
high sensitivity, wide dynamic range, rapid response and recovery times, fidelity, and
detection of a broad range of molecular targets. However, they suffered several drawbacks,
such as a long recovery time, low linearity depending on the membrane shape, and their
performance was affected by the ambient conditions (temperature, humidity) through the
variation of the sensing layer permittivity [10]. In the case of a cantilever-type sensor, there
are two key components: a gas sorptive layer, such as carbon-based nanoscale materials
and coatings, and a beam transducer. The fundamental resonant frequency of the device
depends on the mass loading of the cantilever beam [11]. The beam structures could be
designed with a range of dimensions (length, width, and thickness) to explore the effect of
the device shape on its resonant frequency and mass sensitivity [12]. The uptake of different
gases is monitored as a shift in the device frequency, which is reversible if the gas-sorbing
layer interactions are reversible. However, the mechanical motion of these sensors requires
specific assembling and packaging processes as compared to static planar devices.

The above-mentioned drawbacks have not been observed for the sensing devices using
surface acoustic waves (SAW). They were commercially exploited years ago in industrial
applications for the needs of communications, automotive electronics, and environmental
sensing [13,14]. Supplying an alternating current (AC) with a certain frequency to electrodes
with a specific pattern excites a piezoelectric material, thus generating an acoustic wave
that propagates along the surface of the material (surface acoustic wave). When an analyte
interacts with this sensing layer physically or chemically, changes occur. Mass and viscosity
changes at the sensitive layer can be detected by recording changes in the acoustic wave
properties, such as velocity, attenuation, resonant frequency shift, or time delay. Such a
structure has been widely investigated for sensing and fluidic applications in advanced
lab-on-chip complex devices [15]. Acoustic wave sensors are able to monitor not only
mass or density changes but also changes in Young’s modulus, viscosity, dielectric, and
conductivity properties, wirelessly and in real time [16].

The aim of this study was the exploration and ethanol-sensing performance evaluation
of SAW-based devices coated with new carbyne-enriched films grown using the ion-assisted
pulse-plasma deposition technique on different electrode topologies. Ethanol is a colorless
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chemical compound, which is not toxic, but its presence could be an indication of problems
with food and drink quality, human medical conditions, industrial manufacturing of raw
materials, etc. Therefore, the precise quantitative measurement of ethanol vapors in the
range of 40—400 ppm is of great importance for many practical applications. The main
characteristics of the sensing device, such as dynamic range, linearity, sensitivity, and
response and recovery time were measured as a function of the ethanol concentration.
To the authors’” knowledge, this is the first demonstration of the detection ability of carbyne-
enriched material to ethanol vapors. The results may pave the way for optimization of these
sensor architectures for precise detection of volatile organic compounds with applications
in the fields of medicine, healthcare, and air composition monitoring.

2. Materials and Methods

For the SAW fabrication, single polished pieces of LiNbO3; wafers, cleaned in ammonia-
based solution, were used as substrates. The substrate was SAW grade, which means 128°
Y-cut of the LiNbOj crystal, which was characterized by good temperature stability of
the electromechanical coupling factor from 20 °C to 500 °C, where the variations of this
factor were <1.8% in this case [17]. This suggested temperature independence of the
SAW distribution. Nickel films with a thickness of 120 nm were deposited using vacuum
sputtering at a base pressure of 10 Torr, sputtering voltage of 1.2 kV, and plasma current
of 160 mA. A conventional photolithographic patterning procedure with wet anisotropic
chemical etching was applied to define the three basic topologies of the samples. The etching
solution of HNO3:CH3COOH:H;SO, = 5:5:2 was prepared. Photos of the prepared samples
are shown in Figure la—c.

input IDT output IDT
; transducer transducer
111

TTT. MTTTTTTT

|‘||| LU sensing layer

(b)

sensing

output IDT ol . transducer
transducer

(©)

Figure 1. Photos and nomenclature of the prepared SAW structures: (a) device 1, (b) device 2, and

(c) device 3.

The geometrical dimensions were as follows: device 1 (Figure 1a)—finger length of
the interdigital electrodes (IDT) was 260 um, finger pitch was 50 um, and the number
of fingers in each transducer from the pair (input and output IDT) was symmetric and
equal to 25; device 2 (Figure 1b)—finger length of the interdigital electrodes (IDT) was
150 um, finger pitch was 25 pm, and the number of fingers in each transducer from the
pair (input and output IDT) was asymmetric and equal to 4 and 100, respectively; device 3
(Figure 1c)—finger length of the interdigital electrodes (IDT) was 150 pum, finger pitch was
15 pm, and the number of fingers in each transducer from the pair (input and output IDT)
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was asymmetric and equal to 4 and 166, respectively. Metal frames and reflectors were
additionally formed out of the sensing zone for suppressing wave energy dissipation and
improving the signal-to-noise ratio.

Carbyne-enriched nanolayers were selectively grown on the top of the IDT electrodes
using the ion-assisted pulse-plasma deposition technique, avoiding the contact pad coating.
In previous experiments, new routes to encapsulating oriented linear chains of carbon
atoms were established: monatomic carbon filaments in the matrix of amorphous carbon,
creating bends, and controlling the end groups in the process of ion-assisted pulse-plasma
growth. Within a 2D-ordered linear-chain carbon nanomatrix, the carbon atom wires
(CAWSs) very weakly interact with each other (due to van der Waals interaction), and there-
fore, the properties of such nanomatrices are actually determined by the properties of the
individual CAWs. The ordered array of the one-dimensional carbon chains packed parallel
to one another in hexagonal structures is oriented perpendicular to the substrate surface.
The specific energy of the plasma pulse should exceed the breaking energy of the sp? bonds
(614 k] /mol) and the sp? bonds (348 k] /mol), but should not exceed the breaking energy of
the sp! bonds (839 kJ/mol) in the evaporating carbon chains. The controlled bond breaking
and sp-phase transformation can be provided through the predictive ion-assisted stimula-
tion with specific energy levels. Raman spectroscopy showed that the line near 2040 cm !
corresponded to the oscillation of long carbon chains with sp! hybridization. The obtained
spectra revealed multiphonon replicas of the 2040 cm ! line that was evidently associated
with the presence of defects in carbon chains [18,19]. Furthermore, the methods of X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD, Kratos, UK) and transmission electron
microscopy (Zeiss Leo 912 Omega, Carl Zeiss, Oberkochen, Germany) were previously used,
which allowed one to directly register the contribution of sp!-hybridized carbon bonds,
which occur exclusively in chain structures. XPS characterization results demonstrated that
the carbyne-like sp!-hybridized structures were present in the samples. Microscopy images
taken showed the discontinuity of the coating on the polycrystalline copper substrate due
to adhesion differences, while the monocrystalline silicon allowed for better film quality.
A silicon substrate also provides better coupling of vibration modes, leading to stronger
chain-related Raman signals in the low-frequency region [20,21]. The thickness of the
carbyne-enriched films was ~280 nm for device 1 and device 2 and 140 nm for device 3.
The deposition chamber of the experimental setup is shown in Figure 2, illustrating the
situation of the target carbon source, ion source, substrate position (Figure 2a), the fixing
of the samples (Figure 2b), and the images from the scanning electron microscope (SEM,
LYRA I XMU, Tescan, Kohoutovice, Czech Republic) of the carbyne-enriched coatings with
the different thicknesses (Figure 2c,d). The deposition conditions were the same for all three
samples as follows: distance between the target and the substrates of 1 meter, 3000 pulses,
300 V (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), 2000 pF (param-
eter of the charge of the main capacitor that formed pulses of carbon plasma), 1.5 kV, and
100 mA (parameters of the second argon plasma).

The change in the sensing layer thickness for device 3 was imposed using the attenua-
tion of the surface acoustic wave. The sizes of the SAW devices were calculated, following
methodology described elsewhere [22], considering the density and thickness of the coating
as related to the IDT electrodes’ period and patch, as well as the line length for SAW dis-
tribution. The thickness was experimentally confirmed by measuring the magnitude and
frequency shift of the output signals as compared to the input signals for all three devices
after the sensitive layer growth. They were equal for each combination of IDT’s patterns
before ethanol vapor absorption and this was the starting point of each measurement.

For the sensing device characterization, a laboratory-made measurement chamber
was used. The measurement setup is illustrated in Figure 3.
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Figure 2. Deposition of carbyne-enriched nanocoatings on the SAW samples: (a) deposition chamber,
(b) fixed samples during the process, (¢) SEM image of the coating with a thickness of 280 nm, and
(d) SEM image of the coating with a thickness of 140 nm at the same magnification of 6480x.
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Figure 3. Measurement setup for the functionality testing of the SAW devices with carbyne-enriched
nanocoatings and response measurement during ethanol exposure.
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Inside a heater was situated so that it was thermally insulated from the chamber.
On the top of the heater, there was a Petri dish with a capacity of 3 mL. A current controller
with thermocouple feedback set the current through the heater for precise control of
the temperature rate change, thus establishing a specific evaporation rate for the 96%
concentrated liquid ethanol and converting it into ethanol vapor distributed in the chamber
via control of the vaporization time. An additional reference ethanol sensor was mounted
close to the device under examination. The SAW structures were first excited with a
generator, generating a signal with an amplitude of 20 V from peak to peak and a frequency
between 100 kHz and 1 MHz according to the IDT topology (the finest were excited
with the highest frequency and vice versa). The output voltage magnitude and shape, as
well as the voltage difference and delay time between the output and the input signals,
were measured using a Tektronix oscilloscope. The effective output voltage was measured
using a multimeter. The control (reference) ethanol sensor was an MQ-3 (MEQ75) with the
necessary resolution.

3. Results and Discussion

As can be seen in Figure 2c, the carbyne-enriched coating was characterized by a
fine-grained structure and developed surface, which is favorable for sensing applications
and was expected to facilitate vapor absorption.

Figure 4 shows a comparison between the output voltages of all three SAW devices as
a function of the stationary conditions in the chamber for each temperature of the heater,
resulting in a specific concentration of ethanol vapors in the defined volume of the mea-
surement chamber. One of the Y-axes in each of Figure 4a—c represents the concentration
of the ethanol vapors in the closed chamber when ethanol liquid evaporated at a specific
temperature. The temperature increased with a slow rate of 0.3 °C/min and could be main-
tained at an accuracy of 0.01 °C, resulting in a gradual increase in the ethanol concentration
with a uniform rate of vaporization of 12 ppm/°C up to 72 °C, where the entire quantity
of ethanol was fully vaporized. This setup provided a linear relation of the ethanol vapor
concentration with respect to the temperature that was used to estimate the linearity of the
response of the SAW devices.

As can be seen in Figure 4a, the output voltage of the sample with the largest IDTs
displayed atypical behavior, as the number of absorbed ethanol molecules caused an
increase in the voltage, which suggested an increase in the intensity of the surface acoustic
wave. This was possible only if the device fell into a new resonance mode due to the mass
loading with ethanol vapors that provoked an up to 5 times greater amplitude of the output
voltage. However, this phenomenon was observed in a limited concentration range and
could not be applied to the whole range of the measured concentrations. Although the
exact reasons for this electromechanical behavior are still not fully clarified, device 1 needs
attention because of the promising sensitivity of 270 uV/ppm, which was the highest out of
the three kinds of samples. The dynamic range of this device was found to be ~50-550 ppm
and the deviation from the linearity in this range was determined to be 0.94%. As this
was the narrowest dynamic range from the studied devices, it might be considered that
the topology of the sample, which was characterized by the lowest number of IDTs and
the greatest patch distance in between the neighboring electrode fingers, led to the lowest
excitation frequency of 100 kHz. The lowest operational frequency, in combination with
the greatest interelectrode gap coated with carbyne-enriched materials, probably resulted
in the formation of multiple reactive capacitive components along the length of the SAW
line that could strongly affect the resonant frequency change of the device and could
partially explain the atypical direction of change of the output voltage. This was due to the
accumulated charges on the microcapacitors that were formed by the multiplying effect at
the end of the sensing line.
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Figure 4. Peak-to-peak voltage of the sensors’ outputs at different temperatures in the chamber, cor-
responding to different evaporated concentrations of ethanol in its volume: (a) device 1, (b) device 2,
and (c) device 3.

As can be seen in Figure 4b, device 2 showed typical behavior of attenuation regarding
the output voltage, and thus, the energy of the acoustic wave with the increase of the con-
centration of the absorbed ethanol molecules. Following the assumptions for the previous
device 1, it can be concluded that the IDT electrode gaps were sufficiently small to not
affect the distribution of the energy conversion by the piezoelectric substrate. Despite the
slightly lower sensitivity of device 2 of 221 uV/ppm as compared to device 1, the dynamic
range was ~330 ppm (30-660 ppm), which was a broader range with a linear response.
A non-linearity of ~3.9% was obtained for this device. Figure 4c shows the voltage response
characteristic for the sensing device 3, which was characterized by smaller IDT features
than device 1 and device 2 but also had a carbyne-enriched nanolayer with half the thick-
ness to avoid attenuation of the SAW. It exhibited the lowest sensitivity out of all studied
devices of ~80 uV/ppm, which confirmed the assumption for the van der Waals adsorption
sensing mechanism. In this case, the sensitivity was limited by the thinner sensing film,
which limited the adsorption capacity of the device. The non-linearity of the device was
found to be 0.97%, which was close to device 1, but in contrast to this sensor, device 3 was
characterized by the broadest dynamic range of ~428 ppm (59-487 ppm) and an attenuation
of the output signal with the ethanol mass loading effect increase.
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The response time was determined using the well-known methodology for pulsed
signals, where the time for establishing 10% to 90% from a certain equilibrium condition
is called the rise time and the time for the switching of the equilibrium conditions in the
opposite direction is called the fall time (see Figure 5a). For device 1, a response time (rise
time) of 28 s and a recovery time (fall time) of 20.1 s were measured for an ethanol concen-
tration of C = 400 ppm, corresponding to the middle zone of linear response characteristic.
This can be classified as a slow response time. The time response characteristics were
relatively symmetric regarding the rise and fall times. For device 2 (Figure 5b), a response
time of 20 s and a recovery time of 14.1 s were measured for the middle zone of linear
response. A slightly faster response time was measured than for device 1, and a faster
recovery time with a small difference between both times. For device 3 (Figure 5c), 31 s
was measured for the response time and 15 s for the recovery time in the middle zone of
the linear response. This was the longest response time of all the tested samples and there
was a large difference between both times.

80
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o ] < 100+
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2 491 g
4 301 8 801 |
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Figure 5. Response and recovery times for the ethanol concentration selected as a middle point of the
linear zone of the sensors’ responses: (a) device 1, (b) device 2, and (c) device 3.

All three devices exhibited relatively good recovery ability after unloading from the
ethanol molecules (Figure 5a—c). The unloading effect was achieved by a simple blowing
of the chamber with an inert gas without additional heating of the sensing components.
It was suggested that the van der Waals interaction between the vapor molecules and
the carbyne-enriched film was boosted by the highly developed surface of the coating,
as shown in Figure 2c. Thus, the higher sensitivity of devices 1 and 2, as compared with
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device 3, was ascribed to their higher thickness of the sensing layer, which was related to a
higher capacity for physical adsorption. Therefore, full recovery of the initial state of each
device can be expected if post-measurement heating of the samples is applied.

Figure 6a—c shows the changes in the time delay and voltage attenuation between the
output and input signal of the IDT electrodes. These parameters determine the resonance
frequency shift and damping as a function of the film mass or density shifts due to the
ethanol concentration. Their behavior was distinct for each of the electrode topologies pre-
viously outlined: (a) For device 1, the time delay decreased linearly with the concentration
increase from zero to 100 ppm and later from 250 to 320 ppm, while the damping or voltage
difference was nearly constant, with the exception of the 430—440 ppm, where there was
a maximum corresponding to strong and stable detection. (b) For device 2, the voltage
difference changed more rapidly several times with the concentration with different magni-
tudes, while the time delay increased from the unloaded resonator value to the fully loaded
value and was established at a constant level. This could mean that the upper surface of
the film uniformly absorbed the vapor pressure and led to a larger deformation in the
film, causing the instability of the signal. (c) For device 3, the two measured quantities
increased relatively rapidly and were stable with the concentration. Some unexpected
variations around 280-450 ppm that occurred in the time delay and voltage attenuation
could be attributed to the changes in the mode of wave propagation due to the device’s
fine geometry.
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Figure 6. Voltage differences between the output and input signals of the SAW and time delay of the
signal vs. ethanol concentration: (a) device 1, (b) device 2, and (c) device 3.
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Figure 7a—c shows the oscillograms of the output voltage to demonstrate the lack
of signal distortions that might affect the measurements. The total harmonic distortions
(THDs) were calculated for the cases of interest and it was found that for most of the
cases, they are less than 1%, except for device 1 for the cases after ethanol loading with
a concentration of 200 and 300 ppm, where the THDs were 1.41% and 1.7%, respectively.
Therefore, the reflectors designed according to the used IDTs topologies seemed to be
suitable for suppression of the possible induced noise. The noise-susceptible structures
exhibited significant stability to random effects that could induce an atypically large
variation. This could be observed as a smooth output signal, not only for the devices
before loading but also for the concentrations of ethanol close to the middle linear zone of
detection for each topology.

[Cursor 7
20.00s
10.0mY
[

/\

JJ./J

At 200 ppm At 300 ppm

(b)

JL I Trig” 1 Po: 0ns

\/ VW ’\/\/\/\f

M 1,00,

Before ethanol loading At 200 ppm At 300 ppm
(c)

Figure 7. SAW'’s output signal shapes and distortions at different ethanol concentrations: (a) device 1,
(b) device 2, and (c) device 3.

Summarization of the values of the basing sensing parameters and characteristics for
the three studied devices can be found in the comparative Table 1.
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Table 1. Main ethanol detection parameters of SAW devices with different IDT patterns and using
carbyne-enriched coating as a sensing material.

Parameter/
Device No.

Geometry and Sensing Film Sensitivity, Dynamic Range,
Thickness, nm uV/ppm ppm Time, s Time, s

Linearity, % Response Recovery

Device 1

Coarse combs /280 nm 227 184 0.94 28 20.1

Device 2

Fine combs /280 nm 221 330 3.9 20 14.1

Device 3

Fine combs/140 nm 80 428 0.97 31 15

References

4. Conclusions

The prepared sensing structures exhibited strong dependences on the detection pa-
rameters of the electrodes’ topologies. It was found that the finer comb geometry was
preferable for the broad dynamic range and linear response of the device. One of the
benefits related to this principle of ethanol measurement was that the optimal operating
temperature of such sensors was preferably low, thus having a low power consumption.

Although the dominant interaction mechanism between the organic analyte and the
carbyne-enriched coating seemed to be physical adsorption, full recovery of the samples’
initial state after exposure to certain vapor concentrations was not observed. Therefore,
future optimization of this parameter can be achieved via the integration of a heating
component on the backside of the piezoelectric substrate, facilitating the desorption process.

Due to the most promising results for sensing device 3, it is worth further investigation
and optimization. Future studies will be focused on the exposure of the devices to a
variety of volatile organic compounds and humidity in order to investigate their selectivity.
Moreover, future experiments will be related to full restoration of the initial condition of the
sensor, which is possible with full desorption of the ethanol molecules. For this purpose,
the integration of a heater on the backside of the substrate is planned and the effect of the
temperature on the sensor’s full restoration (unloading) will be studied.
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