Ethanol detection and monitoring using Surface Acoustic Wave Sensor
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ABSTRACT

Surface acoustic wave (SAW) sensors are a promising microelectromechanical systems (MEMS) technology for gas
detection due to their high sensitivity, stability, and rapid response. This study presents the development of a room-
temperature SAW sensor for ethanol detection, a critical VOC. The sensor incorporates ZnO particles, fabricated via the
electrospray deposition technique, as the sensing layer on a flexible polymer substrate and utilizes 3D printed two-port
electrode configurations. Real-time experiments demonstrate a linear relationship between ethanol concentration (0~500
ppm) and resonant frequency shift, with a sensitivity of 0.407 + 0.008 kHz/ppm. The sensor, in its default state, detects
mechanical strain through frequency shifts, while the incorporation of a sensing layer extends its functionality to gas
detection, highlighting its multifunctional potential for aerospace environmental monitoring and safety applications.
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1. INTRODUCTION

The increasing demand for multifunctional sensors has driven significant advancements in microelectromechanical
systems (MEMS)-based technologies, particularly in aerospace, biomedical and environmental monitoring applications'
3. Effective real-time monitoring of environmental and structural parameters such as gas concentrations and mechanical
strains is essential for ensuring safety and operational efficiency. However, conventional sensing approaches often require
separate devices for different measurements, increasing system complexity, power consumption, and integration
challenges. Surface acoustic wave (SAW) sensors, a leading MEMS technology, have emerged as a promising platform
for multifunctional sensing due to their high sensitivity, rapid response time and stable operation*°. By integrating multiple
sensing capabilities within a single device, SAW-based systems offer a compact, scalable and energy-efficient solution for
real-time monitoring applications.

Aerospace applications, particularly in space exploration, present a unique set of challenges where environmental and
structural health monitoring (SHM) is essential. Long-duration space missions require continuous assessment of air quality
and material integrity to ensure crew safety and mission sustainability. Ethanol, a prominent volatile organic compound
(VOCQ), constitutes a significant fraction of chemical contamination in spacecraft atmospheres, often representing over
70% of total alcohol concentration inside the International Space Station (ISS)’. Ethanol levels in confined space
environments can result from metabolic processes, off-gassing of onboard materials, or contamination from operational
sources. Effective real-time monitoring of ethanol levels is therefore crucial for maintaining a safe and controlled
environment®,

The performance of SAW-based ethanol sensors depends heavily on the choice of the sensing layer. Zinc oxide (ZnO) is
widely recognized as a sensing material for detecting gases like carbon dioxide (CO,), ammonia (NH3), ethanol (C.HsOH),
and nitrogen dioxide (NO,) due to its high surface reactivity, long-term stability, and rapid response®!2. However, the
performance of ZnO-based sensors is strongly influenced by the deposition technique used to fabricate the sensing layer.
Conventional methods including spray pyrolysis, spin coating and vapor deposition have been extensively explored, yet
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each presents limitation. Spray pyrolysis required high temperatures that will degrade polymer-based substrates, while spin
coating struggles with achieving uniform film thickness, especially on non-planar surfaces'® 4. Although vapor deposition
techniques yield high-quality films, they involve complex procedures and costly equipment, limiting their accessibility for
scalable applications'> 1°.

Electrospray deposition has emerged as a promising alternative, offering precise control over morphology and uniform
coating while operating at room temperature. This method eliminates thermal damage concerns, facilitates uniform coating
on complex geometries, and offers a scalable, cost-effective solution for sensor fabrication. By optimizing electrospray
parameters, the surface characteristics of the ZnO layer can be tailored to enhance gas adsorption efficiency, thereby
improving the ethanol detection sensitivity.

This study presents the development of a SAW-based sensor that integrates ethanol gas sensing with mechanical strain
measurement capabilities to operate at the room temperature. Polyvinylidene Fluoride (PVDF), a well-known polymer for
its excellent piezoelectric properties, is selected as a substrate material due to its compliance to flexible micro-MEMS
device fabrication. The sensor utilized ZnO particles as the sensing layer, leveraging ZnO’s high surface area, and chemical
stability to enhance ethanol detection sensitivity. By leveraging scalable fabrication techniques, including electrospray
deposition for ZnO sensing layer and 3D printed electrode configurations, this research aims to offer versatile, cost-
effective solutions for real-time monitoring in both aerospace and biomedical multifunctional sensing systems.

2. DEVELOPMENT OF SAW DEVICE WITH SENSING LAYER

The fabrication of the gas sensor involves precise steps, beginning with the deposition of a ZnO particles on a PVDF
substrate using the electrospray technique, followed by the printing of fine electrode pattern, as shown in Figure 1.
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Figure 1. Schematic of wave-based sensor development: (a) sensing layer deposition using electrospray process, (b) electrode
deposition using 3D printing method and (c) complete sensor device for gas detection.

2.1 ZnO particles deposition via Electrospray

Electrospray deposition is used to deposit ZnO particles onto the PVDF substrate. In this process, a high voltage is applied
to a liquid passing through a capillary nozzle, generating an electrostatic force that overcomes the liquid’s surface tension
and forms a Taylor cone!”, as shown in Figure 2 (a). When the threshold voltage is reached, a fine jet of liquid is ejected
from the cone’s apex, breaking into smaller droplets due to Coulombic repulsion'8, This mechanism enables the controlled
deposition of particles onto the substrate.

Several operational parameters, including flow rate, applied voltage, exposure time and solution properties, must be
carefully controlled to mitigate potential issues such as clogging, inconsistent spray patterns, and non-uniform deposition.
In this study, a confined spraying area was defined using a masking tape to ensure the ZnO particles deposition only on
the designated region of the PVDF substrate. The electrospray process exhibits predictable patterns: increasing the applied
voltage extends the length of the stable jet while narrowing the spray angle, whereas a higher flow rate results in a longer
jet with a reduced spray angle!® 2. To optimize the deposition conditions, key parameters — flow rate, applied voltage, and
exposure time were systematically varied through parametric sweeps. After each deposition cycle, the distribution of ZnO
particles was evaluated using optical microscopy to ensure uniformity and complete coverage of the substrate. The
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optimized electrospray parameters were determined to be a voltage range of 8-10 kV, a flow rate of 0.012 mL/min, and a
needle to substrate distance of 85 mm. Each sample underwent three electrospray cycles, each consisting of 1 min of
deposition followed by 3 min of drying. These parameters ensured uniform deposition and effective adhesion of ZnO
particles to the PVDF substrate, as shown in Figure 2 (b). Furthermore, the hydrophilicity of the PVDF substrate was
enhanced prior to the particle deposition via air plasma treatment. This treatment introduces polar functional groups onto
the polymer surface, increasing its surface energy and improving wettability. Contact angle measurements, shown in Figure
2 (c) and (d), revealed a decrease from 73.8° (untreated) to 50.13° (treated), confirming enhanced hydrophilicity. This
modification played a crucial role in improving the particle adhesion, thereby enabling uniform deposition of ZnO layer
during the electrospray process.
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Figure 2. (a) Optical image illustrating the ZnO electrospray setup, (b) microscope images of sensing layer with deposited ZnO
particles and contact angle measurements of water on polymer substrate (c) before and (d) after air plasma.

In addition to optimizing substrate wettability, maintaining a stable Taylor cone throughout the electrospray process
requires continuous adjustment of the applied voltage within the specified range. Variations in the surrounding electrostatic
environment, such as interference from external sources or the absence of a controlled enclosure, can affect spray stability.
Furthermore, the formation of a thin conductive layer after each deposition cycle altered the local electrostatic field,
necessitating real-time voltage adjustments to maintain a stable and efficient electrospray deposition.

2.2 Morphological and elemental analysis

SEM images of the ZnO deposited PVDF substrate (Figure 3 (a)) reveal a uniform distribution of ZnO particles, with an
average particle size of ~0.6 um observed through particle size distribution analysis (Figure 3 (b)) over a selected area of
58.7 um x 55.1 um and based on 826 particles, demonstrating the effectiveness of the optimized electrospray process.
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Figure 3. (a) SEM image of deposited ZnO particles, (b) ZnO particle distribution, and (c) EDX spectra with elemental content
of ZnO particles deposited on PVDF substrate. The inset shows distribution of Zn and O distribution.
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The particles are well dispersed, indicating consistent deposition across the substrate. Elemental analysis through EDX
(Figure 3 (c)) shows prominent peaks of zinc (Zn) and oxygen (O), confirming the presence of ZnO on the substrate.
Additionally, the strong peaks for carbon (C) and fluorine (F) correspond to the PVDF substrate, validating the successful
deposition of ZnO onto the surface. These observations highlight the effectiveness of the optimized electrospray process
in achieving homogenous ZnO deposition.

2.3 3D printed electrode deposition

Following the deposition of the ZnO sensing layer, the interdigital transducer (IDT) electrodes are fabricated using a
HYREL 3D printer. Conductive silver paste is dispensed through a syringe setup fitted with a Gauge 34 needle (outer
diameter: 0.2 mm, inner diameter: 0.08 mm) to create the electrode pattern. Key printing parameters, such as the print
speed of 2.6 mm/sec and precise X-Y motion control, are governed by G-code inputs to the printer. After optimization,
IDT electrode patterns with a nominal width of 150 um are successfully printed, exhibiting continuous lines and secure
adhesion to both the base substrate and around the deposited sensing layer, as shown in Figure 4.

During the deposition process, the formation of small silver paste islands was observed, particularly at the corners and
edge of the printed IDT patterns. Additionally, a secondary layer of conductive material was deposited due to the
bidirectional motion of the printer, where the printhead retracted the same path in the reverse direction. This effect is
attributed to the buildup of pressure on the syringe needle, which leads to the deposition of an excessive amount of
conductive material, resulting in a thicker electrode layer than originally intended. Despite these minor inconsistencies,
the electrodes exhibited strong adhesion to the base substrate without significant impact on the functionality of the
electrodes. The optimized electrospray and 3D printing parameters enable reliable ethanol detection, while the selection
of sensing layer material can be customized to target specific gases, providing flexibility for detecting a range of VOCs
and broadening the sensor’s application potential.
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Figure 4. Microscope images of 3D printed input and output electrodes with deposited ZnO sensing layer.
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3. GAS SENSING CHARACTERISTICS AND PERFORMANCE EVALUATION

3.1 Ethanol detection under controlled concentration gradients

For the ethanol detection experiments, a custom gas chamber setup was employed, designed to facilitate precise monitoring
of the sensor’s response to varying gas concentrations. This setup includes provisions for connecting RF probes, enabling
simultaneous data collection while controlling the gas supply. A mass flow regulator is connected to a cylinder containing
ethanol gas, with split valve used to control the gas flow. Additionally, a vacuum pump is integrated into the system to
ensure an airtight seal and prevent gas leakage over time, as illustrated in Figure 5. The sensor’s performance was evaluated
by monitoring changes in resonant frequency upon exposure to ethanol gas. These measurements are vital for assessing
the sensor’s sensitivity. The Bode VNA 100, with its S-parameter (Si; and S»;) data, was used to track the sensor’s response
across different ethanol concentrations, providing valuable insights into the sensor’s behavior.
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Figure 5. Schematic illustration of the gas sensing test system, consisting of test chamber with a sensor mounted inside. The inset
depicts the data collection and processing devices, which provides useful real-time gas detection information.

As shown in Figure 6, the representative harmonic resonant frequency response of the sensor was recorded under no-gas
and gas-in conditions. The introduction of ethanol gas, with a maximum concentration of 515 £+ 17 ppm and a constant

flow rate of 0.3 L/min, resulted in a notable frequency shift and a corresponding change in peak intensity due to the mass
loading effect.
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Figure 6. Experimental resonant frequency response of the developed gas sensor with varying gas concentrations (a) Sz1 and (b) Si1.

3.2 Sensitivity characterization and Limit of detection estimation

The sensor exhibits an average sensitivity of 0.407 kHz/ppm to ethanol vapor, as shown Figure 7, demonstrating its
capability to detect ethanol concentration variations with high accuracy and stability. The limit of detection (LOD) for
ethanol is determined to be 16.7 ppm using the three-sigma method?', which considers the sensors’ baseline noise and
achieved sensitivity. The achieved LOD indicates the sensor’s capability to detect ethanol at low concentrations
highlighting its reliability and suitability for applications requiring precise VOC monitoring.

The fabricated sensor exhibits up to 10% variation in the resonant peak across sensor samples, attributed to inherent
accuracy limitations of both IDT and sensing layer fabrication. While primarily designed for ethanol detection, the sensor
also responds to mechanical strain, with strain-induced frequency shifts occurring within MHz range??. The recovery time
for strain-induced shifts is significantly shorter compared to gas-induced shifts, as ethanol adsorption delays peak
restoration. These findings underscore the sensor’s multifunctionality in both gas detection and strain monitoring, with
potential for further methodological studies to differentiate these effects.
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Figure 7. The sensitivity evaluation of the developed gas sensor towards ethanol detection.

4. CONCLUSION

In summary, a room-temperature SAW sensor integrating ZnO particles as the sensing layer via electrospray deposition
and 3D printed IDTs is successfully developed for ethanol detection. The sensor demonstrates a linear frequency response
to ethanol (VOC) up to 515 + 17 ppm, achieving a sensitivity of 0.407 + 0.008 kHz/ppm and a LOD of 16.7 ppm. Beyond
gas sensing, its inherent ability to measure mechanical strain underscores its multifunctionality. Future work will focus on
optimizing the sensing layer design, including incorporation of microstructures to enhance sensitivity, as well as refining
methodologies to differentiate gas and mechanical strain induced shifts. These advancements will further improve
measurement accuracy and expand the sensor’s applicability in aerospace environmental monitoring and safety
applications.
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