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            Abstract
          
        

        
          Surface acoustic wave (SAW) sensors are widely recognized for their high sensitivity and reliability, which make them suitable for diverse applications. However, they continue to face limitations in repeatability, detection limits, and effective use in extreme environments as well as in biosensing and industrial settings. A critical factor in enhancing the performance of SAW sensors lies not only in the selection of advanced sensing materials but also in the precise methods of material integration. Recent advancements have combined nanostructured materials, which improve the surface characteristics, with analyte-specific substances that strengthen interactions, resulting in heightened sensitivity and accuracy. This review categorizes recent SAW sensor studies based on their applications and materials and provides an extensive overview for researchers. Additionally, it highlights how integration techniques affect the uniformity, thickness, and stability of the sensing films, all of which are essential for high-performance sensors. This study aimed to serve as a valuable resource for the development of SAW sensors with high reliability and longevity under challenging conditions.
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      1. INTRODUCTION
      There is growing interest in the development of sensitive sensors for real-time monitoring in various fields, such as process control of industrial equipment, monitoring of environmental hazards, and disease diagnosis. Sensors with different conversion mechanisms have been developed, including capacitive micromachined, optical, photonic crystal, acoustic, and chemiresistive sensors. Among them, acoustic sensors, namely surface acoustic wave (SAW) devices, have a lot of potential as sensors [1-3].

      SAW sensors can detect a variety of factors, such as temperature, pressure, conductivity, and mass, as well as changes in the properties of a wave, such as frequency and amplitude. Because the waves generated by the surface on which the sensing material is incorporated change their properties through interactions with the analyte, they can be selectively and sensitively detected [4]. The SAW sensor can be used in sensing applications using an antenna that stimulates the SAW and can operate automatically without a battery, even under extremely harsh environmental conditions [5].

      In addition, miniaturized SAW Sensors have an overwhelming advantage in terms of mobility if they process signals through wireless communication. Owing to their ease of fabrication and low cost, SAW devices have many applications, such as vapor, humidity, temperature, mass sensors, and biosensors [6-8]. However, they lack the ability to be actively used in industrial, biological, and extreme environments.

      The sensitivity to a particular molecule is strongly influenced by the sensing material incorporated into the SAW sensor and the integration method, which is why new functionalized materials integrated with SAW sensors are constantly being researched.

      This study provides comprehensive information on recent SAW sensors using functionalized sensing materials, including their sensing mechanism and integration techniques. Section 2 discusses the sensing mechanisms of SAW sensors categorized by design type. Section 3 introduces the recent developments in SAW sensor, categorizing six representative sensing materials, including functionalized nanocomposites. Section 4 elucidates the integration of sensing materials into SAW sensors, which is divided into six methods. Finally, in Section 5, we categorize the applications of SAW sensors that utilize functional sensing materials with examples. Through the various SAW sensor research compiled in this paper, we hope that readers will have an opportunity to understand recent developments in SAW sensors and their new applications.

    

    

  
    
      2. SAW SENSING MECHANISM
      The SAW devices consist of two comb-shaped interdigital transducer (IDT) patterns fabricated on a piezoelectric material [9]. The materials used for IDT electrodes are mainly aluminum, platinum, copper, gold, and conducting ceramics. IDT electrode sets are periodic strips with uniform length, width, and spacing when used in sensing applications [10].

      Fig. 1 (a) shows a two-port SAW resonator on a quartz substrate. Lc is the cavity length, and w is the acoustic aperture, which refers to the IDT finger overlap length [11,12].

      
        
        

        Fig. 1. 
				
        

        
          SAW Device Structures: (a) Diagram of the 2-port SAW resonator. Reprinted with permission from Ref. [12]. Copyright (2024) MDPI. (b-d) Delay line configuration, two-port resonator, and one-port resonator. Reprinted with permission from Ref. [2]. Copyright (2024) MDPI. IDT: interdigital transducer.
        
        

        

      

      Following the dynamic change in the electric input signal due to electromechanical coupling, mechanical energy is generated as an acoustic wave of the piezoelectric substrate [13]. The IDT serves as both the input and output electrodes, with one pole of the IDT electrically biased and the second pole grounded [14]. When an electrical sinusoidal wave with a period equivalent to the IDT pitch is applied, the piezoelectric material is periodically compressed owing to the alternating polarity of the electrodes. This results in oscillations under the IDT, producing the acoustic wave perpendicular to the IDT direction [15]. This wave confines and propagates along the surface of the piezoelectric material below the IDT [16]. This acoustic wave is converted back into electrical signal at the output end of IDT. Because the SAW energy propagates mainly through the surface area, slight changes in the surface conditions alter the signals received at the output IDT, which underlies the high sensitivity of SAW sensors.

      Several physical parameters can influence SAW. Wave speed is an important parameter for SAW. The speed of the wave varies depending on the type of piezoelectric substrate, and the wave velocity can reduce the travel time between the IDTs. The wavelength of the SAW is also an important parameter. It is stimulated only when the applied signal wavelength matches the intrinsic wavelength of the SAW corresponding to the pitch of the IDT [17]. The following equation gives the relationship between the wave velocity, wavelength, and frequency:
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      where f0 is the SAW resonance frequency, λ is the SAW wavelength vis the wave speed of the piezoelectric substrate. Typically, smaller IDT widths result in shorter wavelengths, which can increase a sensor's sensitivity by increasing its resonant frequency [18]. In certain applications, changing the width/spacing ratio of an IDT can produce higher harmonics [19].

      Three structures can be used to design a SAW device: a delay line (DL), a two-port resonator (TPR), and a one-port resonator (OPR). Fig. 1 (b) shows the DL structure, which is usually an array of two sets of IDT that input and output electrical signals to and from a piezoelectric substrate [20]. The two IDT sets are separated by a distance that determines the delay path between the transmission and reception of the SAW. Once an electrical sinusoidal-wave signal is applied to the IDT at the input terminal that generates the surface wave, the wave is sent to the output IDT, which collects and analyzes the received signal. The area between the IDTs was coated with a sensing layer to allow interaction with the analyte. This area creates a time delay between the input and output signals depending on the wave path length and SAW speed [21].

      Fig. 1 (c) shows a TPR consisting of an input IDT, an output IDT, and reflectors. The input terminal converts the electrical signal into a mechanical signal and transmits it, whereas the output terminal converts the mechanical wave back into an electrical signal that it receives [22]. The electrodes deposited outside the IDT generate a resonant acoustic cavity with acoustic reflection electrode lattices [23]. They trap surface waves to form a resonant cavity with an enhanced SAW effect [24].

      The third type of SAW structure is the OPR (Fig. 1 (d)). It comprises a set of IDT reflectors. Changes in the surface of the SAW resonator can alter its properties, rendering it a sensitive detector. The TPR is based on the insertion loss and high Q-factor of devices with a more stable circuit oscillation frequency, lower phase noise, and higher phase slope than DL and OPR [25].

      Most SAW sensors sense by changing the resonant frequency, owing to the adsorption concentration of the analyte on the sensing material. This sensing mechanism is characterized by a frequency shift caused by mass loading, viscoelastic loading, and acoustoelectric loading. The dominant effect depends on the sensing material and device characteristics. The frequency change equation can be expressed as follows [26]:
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      where h and ρ are the thickness and density of thin nonconducting layers, respectively. ∆f is frequency shift, cm denotes mass sensitivity coefficient, ce denotes elasticity sensitivity coefficient, ρs is density of the adsorbent phase, G’ denotes real part of the shear modulus, Kt2is the electromechanical coupling factor, vo is unperturbed SAW velocity, and σs is sheet conductivity of the sensing film, C0 is the capacitance per unit length of SAW substrate given by C0 = εs + ε0, where εs is the permittivity of substrate and ε0 is the permittivity of free space.

      In general, the first term of the equation, that is, the mass loading effect, is dominant, and the resonant frequency decreases with increasing concentration [27]. However, for certain sensing films, the second term of the equation, viscoelastic loading, becomes dominant due to hardening by analyte adsorption, which increases the resonant frequency with increasing concentration [28,29]. SAW sensors can also be found where the third term of the equation, the acoustoelectric loading, is dominant [30].

    

    

  
    
      3. SENSING MATERIALS
      The performance of SAW sensors is measured in terms of sensitivity, selectivity, response and recovery time, hysteresis, and lifetime. The most important factor determining these measurements is the sensing material. However, the sensor's performance also depends on the coating location, coating method, thickness, and uniformity of the sensing material. In the next section, we discuss the integration of the sensing materials in SAW devices.

      In addition, the sensitivity of the SAW sensor can be increased by increasing its resonant frequency; however, because of noise, signal loss, and process limitations, improving the sensitivity of the SAW sensor via sensing material is a convenient approach. Many recent studies have improved sensing performance by functionalizing sensing materials with nanostructures that interact well with analytes. We introduce SAW sensors using functionalized nanocomposites and commonly used sensing materials in the following categories: metal oxide semiconductors (MOS), metal organic frameworks (MOF), carbon nanotubes (CNTs), graphene, noble metal nanoparticles, and polymers.

      
        3.1 Metal Oxide Semiconductors
        MOS has been widely used in chemical sensors, but they typically suffer from the disadvantage that they require operation under high-temperature conditions to achieve high sensing performance, such as selectivity and sensitivity. To improve the performance at low temperatures, research utilizing nanostructures, noble metal doping, and other techniques continues [31-33].

        Zhou et al. [32] developed a SnO2 SAW sensor that could measure NO2 gas at room temperature by engineering the facets. A solvothermal method was utilized to fabricate SnO2, and the growth time was adjusted to change the facets to achieve high adsorption capacities for NO2. In this study, the facet-adjusted SnO2 SAW sensor showed selectivity for NO2 with a linear sensitivity of 17 kHz/10 ppm.

        As a MOS, ZnO has the limitation that it needs to be operated at high temperatures to increase the sensing performance; however, this can be improved by doping ZnO with metal elements or organizing the nanostructure. Shu et al. [33] fabricated a SAW sensor to detect O2 using ZnxFeyO films doped with Fe on ZnO as a sensing material. Fig. 2 (a) shows the scanning electron microscopy (SEM) image of a sample with a high Fe concentration [32]. The Fe doping of ZnO confirmed the performance improvement by doping, and the nanostructure configuration and the uniformity of the sensing film were improved by utilizing an oblique magnetron co-sputtering method for the synthesis of the SAW sensor and ZnxFeyO films. The frequency shift as a function of the amount of Fe doping indicated that the O2 detection performance increased with increasing Fe doping.

        
          
          

          Fig. 2. 
				
          

          
            Sensing materials: (a) SEM image of the ZnO sample with high Fe concentration. Reprinted with permission from Ref. [32]. Copyright (2019) MDPI. (b) Representative synthesis and crystal structures of ZIF-8 and ZIF-67 used as the sensitive layers of gas sensors. Reprinted with permission from Ref. [39]. Copyright (2018) MDPI. (c) Gas adsorption and hydrogen bond formation diagram of porous graphene/PVDF film. Reprinted with permission from Ref. [44]. Copyright (2021) MDPI. (d) SEM images of SAW@CNW sensor and SAW@CNW_Treat. Reprinted with permission from Ref. [46]. Copyright (2023) MDPI. (e) TEM image of the TWV-7-0@Ag. Reprinted with permission from Ref. [49]. Copyright (2024) MDPI. (f) Chemical structure of the sensing materials: POSS, TU-1 and TU-2. Reprinted with permission from Ref. [51]. Copyright (2020) MDPI.
          
          

          

        

        ZnO, which is used in a variety of applications, can be utilized not only as a gas sensor but also as a UV sensor [34]. Walter Water and Ren-Yang Jhao [35] developed a SAW-based UV photodetector synthesized with ZnO nanorods by exploiting ZnO's ability to change its conductivity under UV light. As the ZnO nanorods formed by the hydrothermal method have much larger length-to-diameter and surface-to-volume ratios, they increase the area for UV absorption and charge concentration.

      

      
        3.2 Metal Organic Frameworks
        MOFs are porous skeletal structures composed of metals and organic materials. MOFs have many pores that enable them to adsorb certain molecules. They are characterized by tunability and structural diversity, where the pore size of the structure can be adjusted by changing the metal or organic. This tuning enabled the development of sensing materials with different chemical and physical properties. The sensing principle of MOFs is mainly based on the mass loading effect by the adsorption of molecules smaller than the pores and adsorption by chemical interactions such as hydrogen bonding [36,37].

        CH4 or CO2 in the atmosphere is difficult to measure due of their light weight and small size. Devkota et al. [38,39] utilized a zeolitic imidazolate framework (ZIF) as a sensing material to fabricate a one-port DL-type SAW that showed a phase shift of the reflection signal depending on the concentrations of CO2 and CH4. The sensitivity of this sensor to CO2 was greater than that to CH4 because the amount of CH4 adsorbed was smaller. In addition, it can be seen from this paper that the wave mode and wave velocity change depending on the coating thickness of the sensing material, and the sensitivity changes due to changes in wave characteristics. Optimization of the sensing layer thickness to improve the sensing performance is also a key point to consider when developing sensors.

        Bahos et al. [40] demonstrated a sensor to detect acetone, ethanol, and ammonia markers related to diabetes mellitus by spin-coating ZIF-8 and ZIF-67 nanocrystals (pure and combined with gold nanoparticles (AuNPs)) as a SAW sensing material. Fig. 2 (b) shows the structures of ZIF-8 and ZIF-67. ZIF/AuNP layers synthesized using ZIF (with a higher surface area due to larger pore sizes and smaller crystal size characteristics) and AuNPs (with strong interaction characteristics with gas) showed improved sensitivity, limit of detection (LOD), and response time [39]. Furthermore, the sensor could detect and discriminate between acetone, ammonia, and ethanol using principal component analysis.

      

      
        3.3 Graphene
        Graphene oxide (GO) has high mechanical properties compared to other sensing materials. It exhibits good durability and has many hydrophilic groups, so it can adsorb a large amount of moisture, which is why it is often used in humidity sensors [41-44].

        Jung et al. [41] fabricated a multi-frequency SAW humidity sensor that shares one GO sensing area and has three operational frequencies. By comparing the performances of three frequencies according to the level of relative humidity (RH), they identified an operational frequency that was favorable in the range of each RH level, showing that it is necessary to select the optimal operational frequency according to the range of measurement levels. Wang et al. [42] also demonstrated a DL-type SAW humidity sensor coated with GO using the drop-cast method. Utilizing well-matched circuits and software, the integrated SAW sensing system demonstrates a sensitivity of 3.33 kHz/%RH and high stability and repeatability over the range of 0 – 97.3%RH.

        Fig. 2 (c) shows the gas adsorption and hydrogen bond formation diagrams of the porous graphene/PVDF film. Xu et al. [44] fabricated a highly selective SAW sensor for Dimethyl methylphosphonate (DMMP) using molecular imprinting technology to synthesize porous graphene/PVDF sensing material. Molecular imprinting technology is an option for improving sensor performance because it can show high selectivity for the analyte. The sensor demonstrated a high sensitivity of -1.407 kHz/ppm for DMMP due to the synergistic effect of porous graphene and PVDF, which improves the adsorption of DMMP by increasing the specific surface area.

        Li et al. [27] fabricated a SAW-based gas sensor to detect NO2 by spin-coating an MXene-activated sensing material on GO. The abundant functional groups of MXene and the unique multilayered structure of the MXene/GO sensitive layer enabled better adsorption of NO2 gas, resulting in a high sensitivity of 260 Hz/ppm for NO2.

        Zhou et al. [28] demonstrated a SAW sensor that detects acetone with high sensitivity by forming a SiO2 guiding layer in the sensing area and coating a graphene-sensing layer on top of the SiO2. By using SiO2 guiding layer to create a Love wave, the sensor performance was improved, and the sensitivity improved as the grain size of SiO2 became smaller. Unlike conventional sensors that are dominated by the mass-loading effect, the sensing mechanism of this sensor is dominated by the viscoelastic effect of acetone adsorption on graphene.

      

      
        3.4 Carbon Nanotubes
        CNTs, which are classified as single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), have interesting physical properties such as a high surface area, hollow structure, and chemical reactivity, making them popular sensing materials.

        Wu et al. [46] reported that DL-SAW sensor using a phexafluoroisopropanol phenyl (HFIPPH)-functionalized MWCNT film as a sensing material showed very high selectivity to DMMP and also exhibited high sensitivity at the sub-ppm level. This was because the micropores in the sensing film adsorbed and transported gas molecules. In particular, the wet etching and dip coating methods used to integrate the sensing film into the bare SAW device ensured the uniformity of the sensing film, and the Hexagonal Boron Nitride (h-BN) layer exhibited good wettability to the HFIPPH-MWCNT solution, which prevented the coffee ring effect. Because functionalized MWCNTs used as sensing materials are highly conductive, the acoustoelectric effect dominates the sensing mechanism.

        A two-port SAW sensor made by Penza et al. [26] used an nanocomposite film of MWCNTs as the sensing material, and it was confirmed through experiments that the sensor exhibited selectivity for ethanol and methanol. The experiments confirmed that the higher the operating frequency and larger the amount of sensing material, the higher the sensitivity. However, in general, high operating frequency and signal noise have a trade-off relationship. In the case of ethanol, the nonlinearity of the frequency shift response with the gas concentration showed that the mass-loading effect, as well as the viscoelastic and acoustoelectric effects, affected the frequency shift.

        Vizireanu et al. [47] demonstrated a SAW sensor for H2 and CH4 detection by modifying the surface chemistry of carbon nanowalls (CNWs) using hydrogen plasma treatment, which improved the sensing ability. Fig. 2 (d) shows SEM images of the CNWs before and after plasma treatment, and it can be seen that the morphology changed after plasma treatment. This change enhances the adsorption capacities for H2 and CH4. Thus, the sensitivity and LOD improved compared to those of the SAW sensor before plasma treatment.

      

      
        3.5 Noble Metal Nanoparticles
        Because of their large surface area and capability for gas molecule adsorption, metal NPs are of interest as sensing materials.

        Asri et al. [48] demonstrated a CO2 detector with excellent performance based on nanostructured silicon combined with a SAW sensor. A metal-assisted chemical etching (MACE) method was utilized to form a nanostructured silicon layer, and the sensing material was coupled to the SAW sensor based on analytically optimal sensing material dimensions through FEA. Notably, the sensor operates at a low frequency of 19.96 MHz but shows a frequency shift of 4.621 kHz at a CO2 concentration of 2000 ppm, which is comparable or superior to that of other CO2 sensors.

        Kus et al. [49] fabricated a SAW device by the drop-casting method using Au nanorods (AuNRs) and Au nanocubes (AgNCs), which have the advantage of increasing interaction sites owing to their high surface-to-volume ratio, and calix [4] arene, which interacts well with volatile organic compounds (VOCs). The synergistic effect of the metal nanomaterial and calix [4] arene improved the sensing performance for VOCs by six to eight times compared to that of the individual materials.

        Scarisoreanu et al. [50] fabricated CH4 sensors by spin-coating sensing materials, such as W&V:TiO2 and W:TiO2, with metal NPs, such as Ag, Pt, and Pd, on SAW devices using a Polyethylenimine (PEI) polymer as a deposition matrix. The sensor was evaluated for CH4 by categorizing the sensing films as S1 – S9 according to the combination of W or W and V doping and the loading of Ag, Pt, and Pd NPs. Fig. 2 (e) shows the TEM image of the TWV-7- 0@Ag. The specific surface area was increased by metal doping and the loading of metal NPs, indicating that the sensor performance increased. The authors demonstrated the frequency shift for CH4 in S1 – S9 films, and the highest sensitivity of 1.79 Hz/ppm and LOD of 17 ppm was observed for S9-TWV-7-1-Pd-PEI.

      

      
        3.6 Polymers
        Polymers have the advantages of low cost and ease of fabrication as sensing materials. Kesuma et al. [51] fabricated a one-port SAW sensor using the photoresist polymer S1805 as a humiditysensing material. S1805 has the advantage of being a photoresist capable of adsorbing humidity and can be deposited on the desired area relatively easily by photolithography. Utilizing photolithography to improve the performance of a one-port SAW sensor by depositing the sensing material only on the reflector area, the humidity sensor exhibited a sensitivity of 155.6 Hz/%RH.

        Memon et al. [29] fabricated a SAW humidity sensor using fluorinated polyimide (PI) as the sensing material and demonstrated a high sensitivity of 4.15 kHz/%RH despite the hydrophobic nature of PI. Unlike conventional sensors, which show a negative frequency shift owing to the mass loading effect when the RH increases, they tend to show a positive frequency shift when the RH increases owing to the viscoelastic effect due to the hardening phenomenon caused by the water absorption of the PI.

        Fig. 2 (f) shows chemical structure of sensing materials: polyhedral oligomeric silsesquioxane (POSS), 1-benzyl-3-phenylthiourea (TU-1) and 1-ethyl-3-(4 fluorobenzyl) thiourea (TU-2). Kim et al. [52] demonstrated a sensor that detects nerve agents using drop-casted POSS-, TU-1, and TU-2-based polymer sensing materials onto a DL-SAW. It was experimentally confirmed that POSS-based polymers have a higher sensitivity because fluorinated alcohols or fluorinated phenolic functional groups maximize hydrogen bonding.

        Gas sensors that utilize the photoconductive properties of sensing materials are another possibility. Jakubik et al. [30] demonstrated a light-activated SAW sensor that detects changes in DMMP by utilizing photoconductive polymer films such as (rr)P3HT (regioregular Poly-3-hexylthiophene) and SilPEG1.4 as the sensing materials. In particular, the sensor showed high sensitivity to DMMP owing to its enhanced DMMP adsorption ability and increased acoustoelectric interaction upon light activation.

      

    

    

  
    
      4. INTEGRATION METHODS
      
        4.1 Spin Coating
        Spin coating allows for the rapid and simple formation of uniform thin films. This process involves dropping a solution onto a rotating substrate at high speeds, utilizing centrifugal force to evenly spread the solution across the surface of the substrate [53]. The thickness and uniformity of the thin film can be controlled by adjusting factors such as the amount of solution, viscosity, spin coater rotation speed, and spin time [53-56]. Fig. 3 (a) shows the spin-coating process and the variation in film thickness depending on the rotation speed [57].

        
          
          

          Fig. 3. 
				
          

          
            Integration methods for sensing material: (a) Schematic diagram of spin-coating. Reprinted with permission from Ref. [57]. Copyright (2021) MDPI. (b) SEM images of dip coated. Reprinted with permission from Ref. [59]. Copyright (2018) MDPI. (c) Schematic diagram of drop-casting. Reprinted with permission from Ref. [62]. Copyright (2020) Nature. (d) Schematic of electrospray deposition. Reprinted with permission from Ref. [65]. Copyright (2023) Nature. (e) Schematic diagram of the transfer process. Reprinted with permission from Ref. [69]. Copyright (2022) MDPI. (f) Schematic diagram of direct growth. Reprinted with permission from Ref. [72]. Copyright (2023) MDPI.
          
          

          

        

        The advantages of spin coating include its simplicity and ability to form thin films over a large area at a low cost [27,32,34,40,50]. Using a simple technique, one can distinguish between areas that one wants to coat with a sensing film and those that one does not. It is possible to protect areas that do not want to be coated with adhesive tape [29]. If the sensing material is a photoresist, the sensing film can only be coated in the desired area by photolithography after spin coating [51]. Despite the simplicity of the process, which allows the formation of high-performance thin films, one drawback is the lack of material efficiency. Through high-speed rotation, 95 – 98% of the solution distributed on the substrate is discarded outside the substrate [54]. Additionally, drying the applied solution can take several hours, making the process inefficient in terms of overall time.

      

      
        4.2 Dip Coating
        Dip-coating is another thin-film deposition method used for SAW device fabrication and integration [46]. This process involves immersing the substrate in a solution and slowly withdrawing it, allowing the solution to thinly coat the substrate surface. Similar to spin coating, the thickness of the film is determined by factors such as surface tension, gravity, viscosity, and deposition time of the dip-coating process [56,58]. In addition, the thickness of the sensing film can be controlled by varying the number of dipcoating cycles [37,38]. Fig. 3 (b) shows SEM images corresponding to different withdrawal speeds (10 and 20 cm/min) and the average transmittance of the deposited films at each withdrawal speed [59].

        Dip coating allows for deposition on large-area substrates and can be applied to substrates with complex shapes. It is simpler in terms of equipment and more cost-efficient than spin coating. However, the uniformity of the thin film decreases depending on the viscosity of the solution [60]. This renders this method unsuitable for the formation of thick films through repeated depositions.

      

      
        4.3 Drop Casting
        Drop casting is a simple and cost-effective method for forming uniform films [44,52]. In this process, a small amount of the desired solution is dropped onto the electrode surface and allowed to spread naturally as the solvent evaporates and dries at room temperature or under controlled conditions to form a thin film [56,61]. During this process, the coffee-ring effect may occur, where the solute concentrates at the edges as the liquid evaporates [42]. Therefore, additional control is required to achieve a uniform coating. As shown in Fig. 3 (c), the drying method, such as natural drying or N2 drying, affects the morphology of the film. The images show films dried naturally, and the bottom images show films dried using N2 blowing. N2 drying generally resulted in a uniform, dense, and smooth surface [62]. In addition, the coffeering effect can be reduced by making the substrate hydrophilic through plasma treatment or by synthesizing the sensing material with another solution to make it aqueous [43,49].

        However, this method's drawback is that it is difficult to achieve a uniform coating over large areas. To address this, Eslamian et al. [63] improved the spread of water droplets and the uniformity of films by applying ultrasonic vibration to substrates coated with fluorine-doped tin oxide (FTO). Consequently, the films deposited on FTO-coated substrates exhibited improved coverage.

      

      
        4.4 Electrospray Deposition
        The fabrication method of integrating sensing material using electrospray is primarily used to form nanostructured thin films on substrates. This allows for the formation of thin films with high uniformity and precise deposition [64]. The flow rate of the sprayed liquid is controlled using a syringe pump, and the voltage is adjusted, making it a simple and easy-to-operate method. As shown in Fig. 3 (d), when a very high voltage was applied to the liquid droplets, they were atomized. If the electrostatic repulsion exceeds the surface tension, which is known as the Rayleigh limit, the droplets break down into fine particles [65]. Subsequently, as the particles are charged, they follow the electric field, during which the solvent evaporates, and the particles are uniformly deposited onto the substrate [41,66].

        This method is particularly advantageous for SAW applications because it allows precise control over the deposition of functional materials such as polymers, nanoparticles, and bioactive molecules. This contributes to optimizing the device performance by effectively tuning the acoustic properties of SAW sensors or enhancing their sensing capabilities. Electrospray deposition (ESD) can be applied to many processes in modern materials technology, microelectronics, and nanotechnology, as well as in the manufacturing of scientific instruments [67].

      

      
        4.5 Transfer Method
        The transfer method is used to move specific materials or films onto a substrate by physically transferring thin films or materials previously fabricated using another process [68]. Fig. 3 (e) shows the method for transferring graphene onto the desired substrate. Yoon et al. [69] coated a sensing material onto a Cu foil with low solubility, followed by laminating a transfer film on top of the sensing material. Using a specific solution, Cu was removed, and the structure adhered to the desired substrate. The transfer film was then peeled off using a dry or wet transfer process.

        This process is applicable to various substrates, making it suitable for a wide range of applications, such as sensors and electronic devices [28,70]. However, residues from these materials may remain on the surface of the sensing material, potentially degrading its properties. Additionally, care must be taken during the transfer process because defects such as wrinkles, cracks, or tears may occur, leading to performance degradation [71].

      

      
        4.6 Direct Growth
        Direct growth method allows the desired material to be formed directly on a substrate without the need for a transfer process. As shown in Fig. 3 (f), this technique typically uses chemical vapor deposition (CVD) to grow materials directly at fixed locations, resulting in high-quality coatings [72].

        Unlike the transfer method, direct growth avoids performancedegrading defects such as wrinkles, tears, and residues, enabling the formation of uniform and high-quality thin films without impurities, which is why it is widely used [47,73]. However, because CVD requires high temperatures, its application to substrates sensitive to high temperatures may be challenging. Additionally, the growth of the desired material may only be possible on specific substrates; therefore, compatibility must be considered.

      

    

    

  
    
      5. SENSING APPLICATIONS
      SAW technology has been widely utilized in various sensors owing to its various advantages, such as miniaturization, high sensitivity, fast recovery, and quick response time. For chemical sensors, the target substance is essential, and the sensor must be able to detect low concentrations of the material, even under limited conditions. The high sensitivity and real-time monitoring capabilities of SAW sensors make them particularly well-suited for gas-sensing applications, and numerous studies have highlighted their effectiveness in this area.

      
        5.1 Gas (VOCs) Sensing
        Various studies have reported the detection of VOCs using SAW [49,74]. VOCs are organic compounds that can easily evaporate into the atmosphere; common examples include acetone, toluene, and benzene. These VOCs can contribute to air pollution and negatively affect human health, leading to increased interest in controlling VOC concentrations for real-time environmental monitoring [75-78].

        Sensor coating technologies utilizing nanomaterials have advanced [42,66]. Materials such as graphene, metal oxides, and 2D materials significantly enhance sensitivity and selectivity [30,41,42,47]. Fig. 4 (a) shows the use of ZIF nanocrystals for detection of VOCs [40]. When ZIF binds to VOCs such as acetone, it causes a frequency shift in the SAW sensor, which is analyzed to detect VOCs.

        
          
          

          Fig. 4. 
				
          

          
            VOC Sensing: (a) Schematic representation of Love-wave sensor and synthesis and characterization of ZIF-67 layer. Reprinted with permission from Ref. [40]. Copyright (2018) MDPI. (b) Love-wave sensor with a functionalized nanoparticle sensing layer. Reprinted with permission from Ref. [80]. Copyright (2017) MDPI. (c) TEM image of nanoparticles and experimental results for VOC sensing. Reprinted with permission from Ref. [81]. Copyright (2018) MDPI. (d) Love-wave SAW sensor with polypyrrole nanoparticles and sensitivity of VOCs. Reprinted with permission from Ref. [82]. Copyright (2020) MDPI.
          
          

          

        

        Šetka et al. [79] developed highly sensitive Love-mode SAW sensors by incorporating cadmium telluride/polypyrrole nanocomposites that demonstrated high sensitivity to VOCs. The results showed the highest sensitivity to acetone, confirming that the sensing composite area effectively adsorbed VOCs.

        Fig. 4 (b) shows a Love-wave SAW sensor, where a sensing material is deposited using the spin-coating method, allowing a larger sensing area [80]. The research group presented a method for detecting VOCs using Love-wave SAW sensors based on amino-functionalized iron oxide nanoparticles. They demonstrated the high sensitivity and fast response times of the sensor for organic solvents such as butanol, isopropanol, toluene, and xylene. The sensor response varied depending on the solvent concentration, with detection limits as low as 1, 2, 3, and 5 ppm for butanol, isopropanol, toluene, and xylene, respectively. This Love-wave sensor offers high sensitivity and selectivity at a low cost and shows great potential for industrial and environmental applications.

        Fig. 4 (c) illustrates the frequency changes for various VOC gases, showing that many studies have focused on highly sensitive SAW sensors using nanoparticle coatings. The research group analyzed SAW sensors with polymer-sensing layers containing Fe3O4 nanoparticles of various sizes and concentrations to detect VOCs. The results showed that increasing the nanoparticle concentration improved the sensor sensitivity, and smaller nanoparticles provided better performance. The SAW sensor with 7 nm nanoparticles had a short response time of approximately 9 seconds for ethanol and a limit of detection of 65 ppm, which was approximately five times better than that of the sensor using the polymer alone. This demonstrates that the nanoparticle size and concentration significantly affect sensor performance [81].

        Fig. 4 (d) illustrates the Love-wave SAW sensor schematic with polypyrrole nanoparticles image and the experimental result. The research group developed Love-wave sensors with silvermodified polypyrrole nanoparticles for VOC detection. This study demonstrated high sensitivity and fast response times for VOCs, with a limit of detection as low as 3 ppb for acetone. The sensor operates at room temperature, and the silver-modified polypyrrole nanoparticles enhance the gas-solid interactions, improving the detection performance. These sensors show potential for applications in air quality monitoring, food assessment, and disease diagnosis via breath analysis [82].

        Kannan et al. [83] conducted a study using an SAW sensor coated with Carbowax-1000 to detect 2,4-dinitrotoluene (DNT) vapor. DNT is found in explosives such as landmines and forms a chemical signature in vapor form at very low concentrations. Highly sensitive sensors are required for accurate detection. The authors used a 150 MHz SAW device with Carbowax-1000 as a chemical interface. The results demonstrated that the sensing material had excellent adsorption properties for DNT vapor and exhibited a linear response in the ppb concentration range.

        There have been active reports on sensors capable of real-time detection of harmful agents through various sensing materials and binding mechanisms between the sensor and target substances.

      

      
        5.2 Chemical Sensing
        SAW sensors are also suitable for detecting harmful gases such as CO2, CO, and NOx [84-87]. One of the key strengths of SAW is their high sensitivity to small mass changes on the surface, allowing for the precise detection of even trace amounts of gas molecules. This makes it ideal for detecting harmful gases at extremely low concentrations, which is crucial for environmental monitoring and industrial safety management. In addition, SAW sensors offer fast response and recovery times because they can instantly detect frequency shifts caused by the adsorption or desorption of gases from the surface. These real-time monitoring capabilities make SAW sensors well-suited for quickly detecting gases such as CO2, CO, and NOx and tracking their concentrations in real time. The high sensitivity and rapid response of SAW sensors, combined with their ability to be functionalized with various materials, make them highly effective harmful gas sensors.

        Lim et al. [85] developed a 440 MHz wireless and passive SAW-based multi-gas sensor for the simultaneous detection of CO2 and NO2. The sensor included a CO2-sensitive film (Teflon AF 2400) and an NO2-sensitive film (Indium Tin Oxide, ITO), which detected changes in the SAW velocity due to gas adsorption. The sensitivity was measured at 2.12 °C/ppm for CO2 and 51.5 °C/ppm for NO2. The sensor also features temperature compensation to minimize the effect of temperature variations during the gas sensitivity evaluation.

        Nikolaev et al. [84] fabricated and investigated ZnO-nanorodbased resistive and SAW CO gas sensors. Their study focused on developing resistive sensors using ZnO nanorod arrays synthesized by pulsed laser deposition at a high argon pressure to detect CO. They constructed several resistive CO sensors and analyzed their resistive properties. The results showed that the resistance of the ZnO nanorods changed linearly with CO concentration. Additionally, the reflection coefficient of the SAW sensor varied with the CO concentration, demonstrating its potential to detect small amounts of CO gas.

        Wen et al. [86] developed a novel NO2 gas sensor by using a dual-track SAW device. Their research team applied a porous tungsten trioxide (WO3) film in the sensitive area of a SAW device to detect NO2 gas. Experimental results showed excellent response characteristics for NO2 concentrations between 0.5 ppm and 10 ppm. The dual-track design effectively eliminated external perturbations caused by environmental factors. The sensor also demonstrated good reproducibility and stability, indicating its potential for long-term use and its ability to detect various gases.

      

      
        5.3 Biological Sensing
        SAW has high sensitivity and is capable of detecting even the smallest changes in surface mass, which gives it a significant advantage in detecting tiny biomarkers such as proteins and DNA [88-91]. Additionally, SAW devices enable real-time monitoring, making them advantageous in situations where immediate detection and analysis of biological signals are required. For example, it plays an important role in detecting biomarkers in body fluids and monitoring environmental changes in living systems.

        Hur et al. [90] developed shear horizontal SAW (SH-SAW) sensors for detecting DNA hybridization. They conducted DNA hybridization experiments using 15-meroligonucleotides on goldcoated DLs of the SAW device. The sensors operated at 100 MHz and detected the frequency changes caused by the mass-loading effect from the hybridization between the target DNA and the immobilized probe DNA. The experiments showed that the sensor responded to DNA hybridization with a sensitivity of up to 1.55 ng/ml/Hz, and 6-Mercapto-1-hexanol was used as a blocking layer to prevent nonspecific binding.

        Klumpers et al. [88] used an SH-SAW biosensor to monitor protein-protein interactions in real-time. The research group analyzed the interaction between Ras GTP-binding proteins and their effector protein Nore1A. Their study showed that Nore1A binds only to the active K-Ras-GppNHp complex, and not to the inactive K-Ras-GDP. The binding strength decreased as the salt concentration increased.

        Rydosz [92] analyzed acetone detection sensors as a potential tool for non-invasive diabetes monitoring. By analyzing VOCs in human exhaled breath resulting from metabolic changes or pathological disorders, they aimed to detect elevated acetone levels in the breath of diabetic patients. This study focused on recent advancements in gas sensor technology for acetone detection, with the goal of developing non-invasive diagnostic tools that could replace the current invasive methods used for blood sugar measurement in diabetes patients.

        Das et al. [93] introduced a detachable SAW immunosensor for the rapid detection of diabetic retinopathy (DR). They analyzed the protein biomarker Lipocalin 1 (LCN1) in human tear samples, and the device enabled early diagnosis of DR. The reusable SAW microchip achieved 99% accuracy within 3 min, and a clinical test involving 10 participants demonstrated high sensitivity and accuracy, with results consistent with those of the traditional ELISA test.

        Gray et al. [94] conducted a study using dual-channel SAW biosensors for an ultra-rapid and highly sensitive HIV diagnosis. They developed a small laboratory prototype using low-cost smartphone components and employed dual-channel biochips to detect HIV antibodies. In a pilot clinical study involving 133 patient samples, they achieved 100% sensitivity and specificity for antibody detection. Notably, anti-gp41 antibodies were detected within 60 s, and the biochip electronic readout provided rapid and accurate results.

      

      
        5.4 Humidity Sensing
        Humidity is one of the factors that affects our daily lives. It is a critical variable in various environmental monitoring and industrial fields. Beyond agriculture and meteorology, humidity has emerged as a key factor in monitoring human respiration, indoor air quality, and viral transmission [95,96]. Consequently, the demand for humidity sensors has been increasing across various sectors, and in specialized fields, there is a growing need for sensors that are accurate, precise, and exhibit fast response characteristics.

        Wu et al. [97] developed a highly sensitive nanomaterial-based SAW humidity sensor. They designed a humidity sensor using a 128° YX-LiNbO3-based SAW resonator operating at 145 MHz. To eliminate the external temperature fluctuations, a dual-DL configuration was introduced. For selective coating, camphor sulfonic acid-doped polyaniline nanofibers, which possess a high surface-to-volume ratio, were used to enhance the sensitivity. The humidity sensor measured various RH levels between 5% and 90%, exhibited excellent sensitivity and short-term repeatability.

        Fig. 5 (a) shows schematic diagram of humidity sensing experiment and its results [98]. Jakubik et al. investigated the humiditysensing properties of regioregular rr-P3HT (poly-3-hexylthiophene) polymer films using SAW sensors fabricated on 128° YX-LiNbO3 and ST-quartz piezoelectric substrates. The performance of the sensor improved with increasing rr-P3HT film thickness, with a phase shift of approximately −8.2° measured at 60% RH for a 240 nm thick polymer membrane. The sensor exhibited fast and linear responses over the RH range of 5 – 60%, and the polymer layer was fabricated using a low-cost coating method. The sensor demonstrated much faster response times than commercially available humidity sensors and showed potential for use in low-to medium-range humidity-sensing applications.
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            Humidity sensing: (a) Schematic diagram of experimental setup and humidity sensing result. Reprinted with permission from Ref. [98]. Copyright (2024) MDPI. (b) Schematic diagram of the experimental setup; SEM images of silver nanowire and experimental result. Reprinted with permission from Ref. [99]. Copyright (2016) MDPI. (c) Schematic diagram of test setup and experimental result. Reprinted with permission from Ref. [100]. Copyright (2023) MDPI.
          
          

          

        

        Fig. 5 (b) shows the silver nanowire and humidity-sensing result [99]. Irani et al. enhanced the sensitivity of SAW humidity sensors with silver nanowires (AgNWs) coated using ESD. They synthesized AgNWs with an average length of 15 μm and a diameter of 60 nm and coated them onto 433 MHz Rayleigh- SAW devices. Their investigation showed that increasing the coating thickness improved sensor sensitivity, with a maximum frequency shift of 262 kHz. At 80% RH, the sensor demonstrated three times higher sensitivity than that of the uncoated sensor.

        Fig. 5 (c) illustrates the experimental setup and results [100]. Yang et al. studied the gas and humidity sensitivities of a highfrequency SAW CO gas sensor based on a noble metal-modified metal oxide (Pd-Pt/SnO2/Al2O3) thin film. Their research team conducted experiments at 25 °C and 50% RH, testing CO concentrations ranging from 10 to 100 ppm. The sensor based on Pd-Pt/SnO2/Al2O3 films showed a high-frequency response of 13.6 kHz at 100 ppm Co concentration, and the frequency response decreased as humidity increased from 25% to 75%. The sensor demonstrated an average response time of 33.4 s and an average recovery time of 37.2 s, demonstrating excellent performance in detecting CO gas under varying humidity conditions.

        Le et al. [101] developed a high-performance humidity sensor using an aluminum nitride/silicon (AlN/Si) layered structure and a GO sensing layer. They applied the GO thin film, and the sensitivity of the humidity sensor was significantly increased, reaching 42.08 kHz/RH% at RH levels above 80%. The sensor performed well in both low humidity (10% RH) and high humidity (90% RH) ranges, demonstrating low hysteresis, excellent repeatability, and long-term stability. Also, the AlN/Si layered structure greatly improved the thermal stability, and the temperature coefficient of frequency of the sensor was reduced to -22.1 ppm/°C, which is much lower than previously reported sensors.

      

    

    

  
    
      6. CONCLUSIONS
      In this review, we demonstrated that SAW sensors offer versatile advantages, including miniaturization, compatibility with semiconductor processes, fast response and recovery times, high sensitivity, and low power consumption, which make them suitable for a wide range of sensing applications. In addition, we demonstrate how SAW sensors are evolving alongside the evolution of nanomaterials in areas such as environmental monitoring, gas detection, and humidity sensing. We also emphasize the importance of the sensing materials and integration methods in the development of SAW sensors.

      Recent studies have shown that sensors incorporating nanomaterials, such as ZnO, ZIF, graphene, and functional materials that strongly interact with the analyte, show high sensitivity and selectivity. Simultaneously, an optimal integration method, such as ESD or CVD, is necessary to integrate a uniform and dense sensing film into the device. The numerous examples of SAW sensor applications presented in this paper demonstrate that the sensing materials are critical for the desired application.

      There are many possibilities for improving SAW sensors, including sensing materials, integration methods, and design. To develop robust sensors with enhanced performances, ongoing research on sensor reliability is essential. This includes exploring new sensing materials, improving sensor durability in high-temperature and extreme environments, and enhancing sensor accuracy.
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