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          Quartz crystal microbalance (QCM) based sensors are used for various applications owing to advantages such as excellent accuracy and precision, rapid response, and tiny footprint. Traditional applications of QCM-based sensors include biological sensing and thin-film thickness monitoring. Recently, QCMs have been used as functional material for novel physical and chemical detections, and with improved device design. QCM-based sensors are garnering considerable attention in particulate matter sensing and electric nose application. This review covers the challenges and solutions in physical, chemical, and biological sensing applications. First, various physical sensing applications are introduced. Secondly, the toxic gas and chemical detection studies are outlined, focusing on introducing a coating method for uniform sensing film and sensing materials for a minimal damping effect. Lastly, the biological and medical sensing applications, which use the monomolecularly decorating method for biomolecule recognition and a brief description of the overall measuring system, are also discussed.

        

      

      
        Keywords: 
Quartz crystal microbalance, Physical sensor, Chemical sensor, Biological sensor

      

    

    

  
    
      1. INTRODUCTION
      Micro electromechanical systems (MEMS) based sensors have drawn considerable attention owing to their compact sizes, high measurement sensitivity, fast response, and low detection limit. Among various MEMS platforms, resonators in suspended membrane and cantilever forms can directly measure the thermal, electrical, and magnetic events with outstanding resolution [1-3]. Such environmental parameters affect the dynamic response of a resonator, inducing a shift in resonant frequency (f0), deflection amplitude, and quality factor (Q). As the terms mentioned above depend on the change in mass, stiffness of the resonator, and damping from the surroundings, MEMS resonant sensors are becoming popular in the commercial sensor market.

      MEMS resonant sensors are actuated using electrostatic, capacitive, thermal, capillary, or piezoelectric forces. Specifically, piezoelectric MEMS resonators are complementary with metal–oxide–semiconductors (CMOSs) [4, 5]. In addition, the integrated piezoelectric component can be utilized as the actuator and receiver (or sensing element), thus reducing the footprint and accompanying electronics. The analog output from the piezoelectric resonators can be acquired using an impedance analyzer, oscilloscope, or vector network analyzer. One can also easily track the frequency shift using a frequency counter or oscillator system embedding the resonator. Various types of piezoelectric MEMS resonators, such as quartz crystal microbalance (QCM), contour mode resonator (CMR), bulk acoustic wave resonator (BAWR), thin-film bulk acoustic resonator (FBAR), and surface acoustic wave resonator (SAWR), have been developed [6-9]. The dynamic properties of piezoelectric resonators can be finely tuned at the design level, as the frequency behavior depends on the piezoelectric layer thickness, spacing of electrodes, and operating modes. The list of suitable piezoelectric materials keeps increasing, including quartz, lead zirconate titanate (PZT), polyvinylidene fluoride (PVDF), zinc oxide (ZnO), lithium niobate (LiNbO3), and aluminum nitride (AlN), while some can be deposited using a sputter deposition tool over a large area [10-12].

      Quartz with excellent purity is abundant in nature and can be easily manufactured using conventional micromachining techniques. Specifically, AT-cut quartz exhibits outstanding temperature stability, low noise, high purity, and a wide operating frequency range from kHz up to hundreds of MHz, ensuring the development of a high-performance sensor. One of the largest areas of quartz applications is using them in frequency filters, clocks, and antennas [13, 14]. QCMs have also been commercially successful, especially in biological sensing and thin-film thickness monitoring in semiconductor deposition processes. Beyond biological sensing, QCMs have been used for mass sensing nano/microparticulate matters and chemical sensing with an adequate integration of functional nanomaterials. Such sensing materials can be patterned on the surface of QCM via thin-film sputtering, spin-coating, dip-coating, electrospray deposition, direct growth, electrospinning, transfer-printing, and electroplating [15, 16]. In addition, materials such as semiconductor oxides, perovskites, metal-organic frameworks (MOF), carbon nanomaterials (CNT, graphene, graphene oxide), and transitional metal chalcogenides (TMDCs) can ensure high measurement sensitivity and selectivity [17-19].

      Although QCMs have a long history, the recent advancements in sensing materials and their integration methods have enabled various new applications, such as fine dust monitors, chemical sensor arrays, portable medical diagnostic systems, and self-powered environment sensors. This mini-review provides the recent advances of QCM-based sensors for physical, chemical, and biological applications, especially focusing on recent studies and demonstrations in emerging application areas.

    

    

  
    
      2. PHYSICAL SENSING APPLICATIONS
      QCMs are widely used for physical sensing applications owing to their exceptional accuracy and precision. Successful applications of QCMs include a thickness monitoring system in metal deposition systems [17]. The resonant frequency of QCMs proportionally decreases with the thickness of the deposited metal film. Therefore, this system enables the deposition of a thin metal film with an accurately controlled thickness. However, for particle and liquid sensing applications, the damping effect, blockage of electric field penetration, and nonuniform mass sensitivity distribution induce an unreliable response. Therefore, there have been many efforts to overcome such limitations.

      Recently, researchers have exploited QCM as a particle sensor. In particular, QCMs have great potential for a miniaturized particle sensing system owing to their tiny footprint [18-21]. Fig. 1 (a) shows the miniaturized particle sensing system through the combination of aerosol and MEMS technologies [22]. This study designed a virtual impactor for particle size separation and particle collection. Here, the virtual impactor effectively separates the particle without particle bouncing issues.

      
        
        

        Fig. 1. 
				
        

        
          Physical Sensing: (a) Miniaturized particle collection and sensing system using virtual impactor system. Reprinted with permission form Ref. [22]. Copyright (2010) MDPI. (b) Shear wave formation depending on interfacial conditions. Reprinted with permission form Ref. [23]. Copyright (2021) MDPI. (c) Adhesive film coated QCM for efficient particle collection and rigid attachment. Reprinted with permission form Ref. [22]. Copyright (2010) MDPI. (d) Sensing response of PM 2.5 mass concentration using electrostatic particle collector based QCM. Reprinted with permission form Ref. [26]. Copyright (2019) IEEE Xplore. (e) Electrode configurations for tuning of electric field penetration into medium. Reprinted with permission from Ref. [27]. Copyright (2019) MDPI. (f) Ring electrode for a uniform mass sensitivity. Reprinted with permission from Ref. [12]. Copyright (2022) MDPI.
        
        

        

      

      Compared to thickness monitoring systems, particle sensors have two main issues: nonuniform deposition and unperfect interfacial adhesion. As shown in Fig. 1 (b), particles deposit with nonuniform patterns owing to the surface charge effect, coffee ring effect, and unwanted fluidic motion [23, 24]. In addition, interfacial adhesion between particles and QCM would be weak owing to low Van der Waals forces. These issues induce significant damping, ultimately deteriorating the resonance quality of QCM. The adhesive film is coated on the QCM sensor to address the issues mentioned earlier, as shown in Fig. 1 (c) [22, 25]. An adhesive film allows for efficient particle collection and high adhesion, leading to minimized damping. Fig. 1 (d) shows the sensing response of the PM 2.5 mass concentration using an electrostatic particle collector-based QCM [26]. Here, an electrostatic particle collector enables uniform particle deposition as the charged particles repel each other.

      The electrode configuration of QCM has been studied for improved sensing performance. Fig. 1 (e) shows the lateral field excitation (LFE)-QCM for liquid sensing applications [27]. An LFE-QCM allows the electric field to penetrate the testing liquid, thus enabling liquid viscosity and density measurements. Additionally, Fig. 1 (f) shows the ring-electrode configuration for the uniform mass sensitivity distribution [28]. In general, the mass sensitivity of a QCM has a Gaussian distribution. However, the ring electrode configuration has uniform mass sensitivity owing to optimal electric field formation, leading to reliable sensing application regardless of the patterns of the deposited materials.

    

    

  
    
      3. CHEMICAL SENSING APPLICATIONS
      A QCM has been applied for gas sensing [29-32]. The gas sensor requires the sensing film to selectively capture a target species from a gas mixture, as shown in Fig. 2 (a) [33]. Many researchers have focused on the development of high-performance gas sensing systems. The heating system has been proposed for rapid gas interaction kinetics and high sensitivity [34]. In addition, the electro-spraying system has been proposed as a sensing material coating method, as the uniform sensing film ensures the efficient adsorption of a target gas with minimal damping [35]. Fig. 2 (b) shows the electro-spraying system for the uniform sensing layer [36]. This system exploits the high electric field to separate the solution into many droplets. For example, when a high electric field is applied to the solution, the excessive electrical energy on the surface of the solution leads to the generation of micrometer-scaled droplets. Then, the generated droplets travel along an electric field while the unipolar droplets electrically repel each other. Therefore, sprayed droplets uniformly and selectively deposit on the grounded electrode. Moreover, the electros praying system precisely controls the sensing film mass by adjusting the flow rate and monitoring the frequency shift of QCM. The uniform sensing film minimizes the interfacial loss at the interface sensing film and QCM.

      
        
        

        Fig. 2. 
				
        

        
          Chemical Sensing: (a) Sensing material decorated QCM for a gas sensing application. Reprinted with permission form Ref. [33]. Copyright (2022) MDPI. (b) Elect spraying system for the uniform sensing film. Reprinted with permission from Ref. [36]. Copyright (2018) MDPI. (c) Graphene oxide coated QCM and (d) sensing response for a humidity sensing. Reprinted with permission form Ref. [37]. Copyright (2020) MDPI. (e) Acetone sensing using QCM. Reprinted with permission form Ref. [38]. Copyright (2017) MDPI. (f) Alcohol sensing application using QCM. Reprinted with permission from Ref. [40]. Copyright (2018) MDPI.
        
        

        

      

      For viscous target materials such as humidity, accumulated target materials induce a significant damping effect. Graphene oxide has drawn much attention as a humidity-sensing film. Graphene oxide has an abundant hydroxyl group on its body, which captures water molecules, while its majority consists of a hydrophobic six-hexagonal carbon ring. Therefore, graphene oxide efficiently captures water molecules without significant damping, as shown in Fig. 2 (c-d) [37]. Recently, the QCM gas sensing application has been extended to detect hazardous gases such as volatile organic compounds (VOC), as shown in Fig. 2 (e-f) [38-40]. MOFs have drawn much attention as a VOC sensing material owing to its significant surface area.

    

    

  
    
      4. BIOLOGICAL SENSING APPLICATIONS
      A QCM device has been applied as a transducer for a biological sensing system [41-46]. Fig. 3 (a) shows the biological sensing scheme using QCM [47]. The receptor is monomolecularly layered on a QCM electrode to immobilize biomolecules. Before decorating the receptor, an electrode surface is functionalized by attaching a functional group (for example, thiols, sulfides, disulfides, etc.) to immobilize the receptor. The receptor and functional group are decorated as ordered monomolecular layers through a self-assembly monolayer (SAM), as shown in Fig. 3 (b) [48]. Fig. 3 (c) shows the experimental setup used to measure biomolecules in a biofluid [49]. The microfluidic system allows the biofluid to flow through the sensing area of QCM. The receptor immobilizes the recognition biomolecules, leading to a resonant frequency shift of QCM owing to mass loading. The oscillator and frequency counter system monitor and track the resonant frequency of QCM. This system enables real-time sensing with a high accuracy and resolution, as shown in Fig. 3 (d) [50].

      
        
        

        Fig. 3. 
				
        

        
          Biological Sensing: (a) a virus sensing scheme using QCM. Reprinted with permission form Ref. [47]. Copyright (2017) MDPI. (b) Schematic view of SAM formation for a surface functionalization. Reprinted with permission form Ref. [48]. Copyright (2022) MDPI. (c) Experimental setup of biofluidic sensing system. Reprinted with permission form Ref. [49]. Copyright (2014) MDPI. (d) Real-time response for breast cancer cell. Reprinted with permission form Ref. [50]. Copyright (2021) MDPI. (e) Schematic view of QCM-D system to monitor the viscoelastic behavior of polymeric film. Reprinted with permission form Ref. [55]. Copyright (2022) MDPI. (f) a SELEX process for an aptamer selection and immobilization of aptamers on QCM. Reprinted with permission form Ref. [56]. Copyright (2022) MDPI
        
        

        

      

      Immobilizing biomolecules or forming molecularly imprinted polymers are essential in the design biological sensing platform [51-53]. Therefore, the real-time monitoring of the physical and chemical alterations of the polymeric film in the sensing area is required to achieve a reliable sensing platform. A general QCM measures the resonant frequency shift and calculates the added mass using the Sauerbrey equation [54]. However, such a system becomes unreliable when the viscoelastic behavior of a polymeric film is involved. Therefore, many researchers have presented a QCM-D system that can measure energy dissipation due to viscoelastic behavior and resonant frequency shifts, as shown in Fig. 3 (e) [55]. This system accurately measures the added mass by reflecting the shift in resonant frequency and energy dissipation. Further, energy dissipation gives valuable information such as film growth, adsorption of target materials, and film swelling.

      The aptamer is a promising molecular recognition element. It is an artificial single-stranded oligonucleotide obtained through the systematic evolution of ligands by exponential enrichment (SELEX) in vitro. The aptamer is an economical receptor for biding target analytes owing to its simple manufacturing process, enabling mass production and ease of high-quality purification. Compared with antibodies, the aptamer maintains its properties at room temperature with high chemical stability, and their low surface density enables efficient recognition with minimal steric hindrance. Many researchers have integrated aptamer with a QCM capable of real-time, on-site, and label-free detection with high sensitivity, as shown in Fig. 3 (f) [56-58].

    

    

  
    
      5. CONCLUSIONS
      This review outlined QCM sensor-based physical, chemical, and biosensor applications. A fine particle sensor was discussed as a representative physical sensing application. Many researchers focused on adhesive films to collect and attach particles efficiently. In addition, a MEMS-based impactor system was used as a miniaturized particle sensing platform. Secondly, gas sensing technologies were introduced as examples of chemical sensing applications. The uniformity of a sensing film and viscous effect due to accumulated gas molecules were critical issues in a gas sensing field. The previous study exploited the electro-spraying system to decorate a sensing film uniformly. In addition, graphene oxide attracted significant attention for minimizing the damping effect due to accumulated gas molecules owing to its unique structures. Lastly, a QCM has great potential for biological sensing applications owing to rapid, accurate, and precise sensing performance. The QCM electrode was functionalized with a monomolecular functional group for biomolecule recognition through SAM. This QCM sensor was integrated with resonant measuring instruments and a biofluidic system, enabling a rapid detecting system.
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