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Measurement of 5-Overtone Quality Factor of QCM Sensor with Asymmetric Ring Electrodes
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The quartz crystal microbalance (QCM) sensor with asymmetric ring electrodes has received widespread attention for its uniform sensitivity distribution. At the same time, its 5-overtone mass sensitivity also greatly improves the fundamental frequency mass sensitivity. The 5-overtone quality (Q) factor is a technical indicator to measure the stable operation of the quartz crystal resonator with asymmetric ring electrodes in the fifth overtone mode. However, there are few papers to report the 5-overtone quality factor (Q5) of QCM sensor with asymmetric ring electrodes. Therefore, it is a crucial value to measure the 5-ovetone Q factor of the QCM sensor with asymmetric ring electrodes. In addition, the actual 5-overtone quality parameter Q5 is different to the nominal 5-overtone quality parameter Q’5. The experimental results show that all the actual 5-overtone quality factor values are larger than 88400. Hence, these results strongly support the QCM sensor with asymmetric ring electrodes to operate stably in the fifth overtone mode. This research work will inspire new applications of QCM sensors with asymmetric ring electrodes in the fifth overtone mode.

Overview of QCM Sensor with Asymmetric Ring Electrodes
[bookmark: OLE_LINK2]The quartz crystal microbalance (QCM) sensor with asymmetric ring electrodes has attracted the attention of a large number of researchers for its uniform sensitivity distribution [1-4], especially the QCM sensor with asymmetric ring electrodes [5]. Compared with the mass sensitivity in the fundamental frequency mode, its fifth overtone mass sensitivity has been greatly improved [6,7]. However, the stability of QCM sensor with asymmetric ring electrodes operating in the fifth overtone mode is unclear and requires further research. 5-overtone Q factor is closely relation with stability of QCM sensor with asymmetric ring electrodes operating in the fifth overtone mode.
QCM sensors have used widely in many areas due to German scientist Sauerbrey’s pioneering research in quartz crystal resonator, and he proposed the famous equation that describe the relationship between mass change and frequency change of the quartz crystal resonator [8-12]. This relationship is usually expressed by the following formula [8], 

                                                                                                                          (1)
where ∆m is the mass change on the electrode surface; ∆f is the resonance frequency of the quartz crystal resonator caused by rigid mass loading; n is overtone number of QCM sensor (here n=5); f0 is the nominal fundamental resonance frequency of QCM sensor (f0=10 MHz); A is the active electrode area; μq (μq= 2.947×1011 g/cm·s2) is the shear modulus of AT-cut quartz crystal; ρq (ρq=2.643 g/cm3) is the density of quartz crystal. Besides, the negative sign indicates that an increase in the rigid mass loading on the electrode surface will lead to a decrease in the resonance frequency. 
Recently, the uniformity of mass sensitivity of QCM sensors and the new mechanism of sensitivity enhancement have become two important directions in QCM sensor research [13-17]. Specifically, the uniformity of mass sensitivity affects the reliability and repeatability of QCM sensor detection, and sensitivity determines the detection accuracy of the QCM sensor and is the core performance indicator of the sensor. For the uniformity of mass sensitivity of QCM sensors, many researchers have proposed new sensor electrode structures to improve the uniformity. Huang et al. presented a new asymmetric ring electrode of QCM sensor for improving the uniformity of mass sensitivity distribution [4]; Jiang et al. designed a double-ring electrode geometry of QCM sensor to improve the uniformity of mass sensitivity distribution [18]; Pan et al. proposed a dot multiring electrode structure of QCM sensors to solve the non-uniformity problem of mass sensitivity distribution [19]; A ring-dot electrode configuration to improve the mass sensitivity distribution was developed by Emadi [20]. Similarly, many researchers have done excellent work on the sensitizing mechanism and sensitizing methods of QCM sensors [21]. Chen et al. proposed an ultrasensitive QCM humidity sensor using graphene oxide and hydroxylated graphene quantum dots as the sensitive materials [22]; Ogi et al. developed a wire-less-electrodeless approach to achieve high sensitivity through thinner quartz crystal resonators  [23]; A PMMA micropillar-based QCM sensor to enhance the sensitivity was pro-posed by Nastaran Tehrani  [24]; A new overtone sensitization mechanism has been proposed, which greatly improves sensitivity [7]. Therefore, combining the overtone enhancement mechanism and the advantages of asymmetric ring electrode QCM sensors, the asymmetric ring electrode QCM sensors operating in the fifth overtone resonant mode deserve further research. 
In this work, we study detailly the actual 5-overtone quality (Q5) factor and the nominal 5-overtone quality (Q’5) factor of QCM sensor with asymmetric ring electrodes. Firstly, we designed the QCM sensors with asymmetric ring electrodes. Secondly, we analyzed the differences between the actual 5-overtone quality parameter Q5 and the nominal 5-overtone quality parameter Q’5 of QCM sensors with asymmetric ring electrodes operating in 5-overtone mode. Finally, the measurement system for obtaining the actual 5-overtone quality factor was built. The experimental results show that all the actual 5-overtone quality factor values are larger than 88400. These results strongly prove that the QCM sensors with asymmetric ring electrodes can operate stably in the fifth overtone mode.

Theory and Method
The QCM sensor with asymmetric ring electrodes is shown as Fig.1, and its core part is AT-cut 10 MHz quartz crystal resonator with asymmetric ring electrodes (Wuhan Hitrusty Electronics Co., Ltd. Wuhan, Hubei province, China). In short, the QCM sensor with asymmetric ring electrodes is composed of a ring electrode (up electrode) and a disc electrode (bottom electrode) evaporated on the upper and lower surfaces of a quartz crystal wafer. The diameter of the quartz crystal wafer (d1) is 8.7 mm, and the diameter of the disc electrode is 5.1 mm. d2(d2=5.1 mm), d3(d3=2 mm) are the outer and inner diameters of the ring electrode. A1, A2, and A3 is non-electrode areas, full electrode areas and partial electrode areas, respectively. Specifically, non-electrode areas, full electrode areas and partial electrode areas mean quartz wafer areas without electrode layer on both sides, with an electrode layer on both sides, and an electrode layer on bottom side only, respectively. The thicknesses of the ring electrode and the disc electrode are both 800 Å, and the thickness of the quartz crystal wafer is 0.167mm. Additionally, W1 (W1=0.3mm) is the width of an opening in the ring structure, it should be noted that the reason for this opening is due to manufacturing restrictions.
[image: ]
Fig. 1. Structure diagram of the QCM sensor with asymmetric ring electrodes.

According to the Sauerbrey equation, we can know that the improvement of mass sensitivity of the QCM sensor with asymmetric ring electrodes can be achieved by increasing resonance frequency of the quartz crystal resonator with asymmetric ring electrodes. However, increasing the resonance frequency requires reducing the thickness of the quartz crystal wafer. Thin quartz crystal wafers are prone to damage due to the fragility of the quartz crystal wafer itself, resulting in extremely low yield rates for asymmetric ring quartz crystal resonator with high resonance frequencies, which are not suitable for large-scale production. The 5-overtone resonance frequency of the quartz crystal resonator with asymmetric ring electrodes is 5 times that of its fundamental frequency. Obviously, in theory, the 5-overtone mass sensitivity of the QCM sensor with asymmetric ring electrodes is five times that of its fundamental mass sensitivity. However, the stability of the QCM sensor with asymmetric ring electrodes operating in the fifth overtone mode is a prerequisite for its application.
The Q factor characterizes the stability of QCM sensor with asymmetric ring electrodes. Similarly, the 5-overtone Q factor also presents the stability of QCM sensor with asymmetric ring electrodes operating in 5-overtone mode. It is well known that the Q fac-tor can be used to quantify the resonance frequency sharpness of quartz crystal resonator [25]. In addition, Q factor also can present the ability of a QCM sensor with asymmetric ring electrodes to detect minimum frequency changes [26]. The Q factor can be calculated by the fellow equation [27],

                                                                                                                                       (2)
where f0 is the nominal fundamental resonance frequency; 2г is half-bandwidth. This equation shows that the Q factor is decided by the resonance frequency and half-bandwidth.
Similar to the definition of the fundamental Q factor, the 5-overtone Q factor (Q5) of QCM sensor with asymmetric ring electrodes can be described as follow,

                                                                                                                                         (3)
[bookmark: OLE_LINK1]where fR5 is the 5-overtone resonance frequency; 2г5 is the half-bandwidth under 5-overtone mode.
Schematic diagrams of resonance frequency and conductance of the QCM sensor with asymmetric ring electrodes operating in fundamental mode and 5-overtone mode are shown as Fig.2. 2гr and 2г5r are the half-bandwidths of QCM sensor with asymmetric ring electrodes in fundamental mode and 5-overtone mode, respectively. Due to limitations such as manufacturing process, the actual resonance frequency of an asymmetric ring electrode QCM sensor with a nominal resonance frequency of 10MHz is not strictly equal to 10MHz. However, the nominal fundamental resonance frequency f0 is usually used as the actual fundamental resonance frequency fr, which can lead to errors in application. 2г0 and 2г5 are the nominal half-bandwidth and the nominal half-bandwidth of QCM sensor with asymmetric ring electrodes in fundamental mode and 5-overtone mode, respectively. In addition, the actual 5-overtone resonance frequency f5r is also not strictly equal to five times that of actual fundamental resonance frequency fr. According to the equation (3), the Q5 is determined by the actual 5-overtone resonance frequency f5r and 2г5r. Hence, if 5f0 is used instead of the actual 5-overtone resonance frequency f5r when calculating the 5-overtone quality factor, then the errors will be caused.
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Fig. 2. Schematic diagram of frequency and conductance of the QCM sensor with asymmetric ring electrode operating in fundamental mode and 5-overtone mode. The dot line is the conductance diagram of the nominal resonance frequency, and the real line diagram is the actual resonance frequency. (a) Fundamental mode; (b) 5-overtone mode.

According to the equation (3), the 5-overtone Q factor (Q5) is determined by the actual 5-overtone resonance frequency and half-bandwidth of the QCM sensor with asymmetric ring electrodes operating in 5-overtone mode. On the other hand, we also considered that the actual 5-overtone resonance frequency is different with the nominal 5-overtone resonance frequency. Therefore, in order to obtain the actual 5-overtone resonance frequency of QCM sensor with asymmetric ring electrodes, we constructed an experimental measurement system. Fig. 3 shows that the experimental measurement system is constructed to measure the actual 5-overtone resonance frequency of QCM sensor with asymmetric ring electrodes. QCM sensor with asymmetric ring electrodes is placed in the measuring cell we designed, and the cell is connected to the temperature controller. Temperature adjustment of experimental measurement system is controlled by the temperature controller Julabo 4 (Julabo GmbH, Germany), and the experimental system operates at room temperature to restrain the influence of ambient temperature change on measurement. Finally, we used the network analyzer Agilent E5100A (Agilent technologies, US) to measure the actual 5-overtone resonance frequency and half-bandwidth of QCM sensor with asymmetric ring electrodes. Then, we can calculate the actual 5-overtone Q factor by the equation (3).


Fig. 3. Measurement system schematic diagram of the actual 5-overtone resonance frequency and half-bandwidth of QCM sensor with asymmetric ring electrodes.

Experimental Results
[bookmark: _Hlk158302553]The actual 5-overtone quality factor Q5 was calculated by the equation (3), and the calculation results were shown as in Table II. 2г5r is the actual half-bandwidth of QCM sensor with asymmetric ring electrodes operating in fifth overtone mode. All the actual 5-overtone quality factor values are larger than 88400, and these results show that the QCM sensors with asymmetric ring electrodes can operate stably in the fifth overtone resonant mode. That is to say, the applications and measurements of the QCM sensor with asymmetric ring electrodes operating in 5-overtone mode are reliable.
Table 1. 5-Overtone Quality Factor of QCM with Asymmetric Ring Electrodes.



Conclusion
In this paper, we studied the 5-overtone quality factor of the QCM sensor with asymmetric ring electrodes. The 5-overtone quality factor is an important parameter of QCM sensor with asymmetric ring electrodes operating in 5-overtone mode, which is closely related to the related changes in the detection process. In fact, we need to distinguish that there is a difference between the actual 5-overtone quality factor and the nominal 5-overtone quality factor. The experimental results show that the actual 5-overtone quality parameter Q5  are 133318, 91182, 88401 and 97307, and these high Q5 values strongly demonstrate the excellent stability of the QCM sensors with asymmetric ring electrodes operates in the fifth overtone mode. This research work will inspire new applications of QCM sensors with asymmetric ring electrodes in the fifth overtone mode and also promote their application in sensing and detection fields.
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