[image: image1]Compact Fano-Type Liquid Metamaterial Resonator for High-Precision Temperature Sensing

		ORIGINAL RESEARCH
published: 21 June 2022
doi: 10.3389/fmats.2022.941395


[image: image2]
Compact Fano-Type Liquid Metamaterial Resonator for High-Precision Temperature Sensing
Haotian Chen*
School of Sciences, Southwest Petroleum University, Chengdu, China
Edited by:
Ke Chen, Nanjing University, China
Reviewed by:
Yongjun Huang, University of Electronic Science and Technology of China, China
Guowen Ding, Nanjing University of Information Science and Technology, China
Weiren Zhu, Shanghai Jiao Tong University, China
* Correspondence: Haotian Chen, joyhaotian@163.com
Specialty section: This article was submitted to Metamaterials, a section of the journal Frontiers in Materials
Received: 11 May 2022
Accepted: 25 May 2022
Published: 21 June 2022
Citation: Chen H (2022) Compact Fano-Type Liquid Metamaterial Resonator for High-Precision Temperature Sensing. Front. Mater. 9:941395. doi: 10.3389/fmats.2022.941395

In this paper, a liquid metal mercury (Hg) based high quality-factor (Q-factor) liquid electromagnetic metamaterial unit, the Hg Fano resonator, is designed for the high-precision temperature sensing application. Such Fano resonance in the Hg-resonator is excited by the microstrip-line coupling and the resonance frequency is sensitive to the background temperature changes. Based on the high Q-factor and the temperature-sensitive features of Hg-Fano resonator, the high-precision temperature sensing performance is discussed and achieved, with numerical and experimental demonstrations. The experimental sensitivity of 11.7 MHz/°C and figure-of-merit (FOM) of 0.4/°C are obtained. The proposed compact Hg-Fano resonator-based sensor can be widely used for the wireless temperature sensing area.
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1 INTRODUCTION
Sensors based on the novel electromagnetic structures, including dielectric resonators (Iqbal et al., 2019; Zhang et al., 2020a; Omer et al., 2020), parity-time (PT) symmetry structures (Zhang and Fang, 2018; Farhat et al., 2020; Cheng et al., 2021), carbon nanotubes (Camilli and Passacantando, 2018; Han et al., 2019), and micro-ring and nanobeam resonators (Wang et al., 2018; Xu et al., 2020), have been widely discussed and developed in recent years, to achieve the high sensitivity, high precision, and wide dynamical range performances. Those proposed various electromagnetic structure-based sensors have the abilities for the sensing and detecting of various physical (Wang et al., 2018; Zhang et al., 2020a; Farhat et al., 2020; Omer et al., 2020; Xu et al., 2020), and chemical (Zhang and Fang, 2018; Han et al., 2019; Iqbal et al., 2019) parameters. With the well-developed electromagnetic metamaterial techniques (Fernandez-Corbaton et al., 2019; Kadic et al., 2019; Zhang et al., 2020b; Cao et al., 2021), the new high-performance sensing methods based on the electromagnetic metamaterials, such as the resonate-type unit, transmission lines, and electromagnetic bandgap (EBG) structure, are widely discussed as well (Kabashin et al., 2009; Zhang et al., 2018a; Vivek et al., 2018; Gil et al., 2019; Jun et al., 2019; Yoo and Park, 2019; Mayani et al., 2020; Yao et al., 2021), because of the strong electro-magnetic resonance features of the metamaterial units and the high-sensitivity of resonance feature (including the resonance frequency and resonance amplitude) on the background environment changings. Also, it has been reported that various environment physical, chemical, or biomedical parameters changings will lead to changings in the permittivity or refractive index of substrates/superstrates which used to form the metamaterial units (Melik et al., 2009; Kairm et al., 2014; Liu et al., 2018; Azab et al., 2021; Bhardwaj et al., 2021). For example, the refractive index of the medium around the electromagnetic metamaterial unit will be altered with the changings of lesion and chemical composition/concentration, and by detecting and analyzing the changes of the electromagnetic wave transmission/reflection intensity or the shift of resonance frequency caused by the corresponding refractive index various, the lesion and chemistry densities can be determined (Liu et al., 2018). Moreover, the relative position varying of the dielectric material around the metamaterial resonant unit will also result in changes in the equivalent refractive index of the surrounding dielectric material. Therefore, when forces with different intensities act on the electromagnetic metamaterial, the resonance frequency/intensity will be changed and thereby the force magnitude characteristics can be determined by the detected resonance frequency/intensity changes (Melik et al., 2009). Moreover, O. Karim et al. designed a closed-ring resonator (CRR) and a variety of open-ring resonators based on lithium niobate (LiNbO3) temperature-sensitive dielectric substrate and compared their respective temperature sensitivity performances (Kairm et al., 2014). This CRR structure-based sensor has a temperature sensitivity up to 7.286 MHz/°C.
Based on the above-mentioned basic principle demonstrations of the metamaterial-based sensing techniques, the practical compact metamaterial-inspired wireless sensors are also reported in recent years (Jun et al., 2019; Arif et al., 2020). However, most of the above-mentioned sensing mechanisms are based on the dielectric permittivity and/or refractive index changings of the surrounding materials. The sensing sensitivity performance is limited somehow. Furthermore, the conventional metamaterial-inspired sensors suffered from the low Q-factor and low figure-of-merit (FOM), resulting in the low sensing precision. And most importantly, with the permittivity and/or refractive index changings the dielectric loss is varied as well, leading to further deterioration in sensing precision (Kairm et al., 2014).
Recently, on the other hand, the liquid metal-based metamaterial including the conventional split ring resonator (SRR) (Kasirga et al., 2009), Omega-type resonator (Wang et al., 2013), C-shaped resonator (Liu et al., 2015), and cross ring-shaped resonator (Ling et al., 2015) are reported based on the Hg, EGaIn, and/or Galinstan, and the initial temperature sensing application based on the liquid metal-inspired metamaterial unit has been proposed (Ma et al., 2021). Moreover, several high-Q resonators have been developed at the same time, including the Fano (Fedotov et al., 2007; Zhang et al., 2018b), toroidal (Kaelberer et al., 2010; Liu et al., 2017), anapole (Miroshnichenko et al., 2015; Basharin et al., 2017; Wu et al., 2018; Savinov et al., 2019), and hybrid plasmonic (Zhang et al., 2020c) resonators and parts of those high-Q resonators have been proposed to achieve high-precision sensing in rectangular waveguide system (Ma et al., 2021; Li et al., 2022). In this paper, therefore, we propose a new high-Q Fano resonator based on the liquid metal Hg to realize the high-temperature sensitivity and fine sensing precision. Importantly, to simplify and miniaturize the electromagnetic wave and metamaterial unit coupling system, the microstrip coupling line is used to excite the Fano resonance. Different from the conventional metamaterial-inspired temperature sensors based on the surrounding dielectric medium properties changings, the proposed liquid metal-based high-Q Fano resonator temperature sensor is based on the natural large temperature sensitivity (large thermal expansion rate) of liquid metals, making the resonance of the Fano resonator highly-related to the temperature and leading to the large sensing sensitivity and precision performances. At the same time, the Fano resonant strength with almost unchanged Q-factor and FOM can be obtained. Therefore, it has many advantages compared to conventional solid-state metamaterial-inspired sensors.
2 STRUCTURE DESIGN AND NUMERICAL DEMONSTRATION
2.1 Basic Unit Design
The proposed new Fano resonator based on the liquid metal Hg is shown in Figure 1B. As can be seen, based on the basic operating and realization mechanism of Fano resonance (Kabashin et al., 2009; Yoo and Park, 2019) (see Figure 1A), one asymmetric circular C-shaped Hg-ring with a different-height Hg-cylinder is placed inside a low-loss rectangular glass box (εr = 3.7, tanδ = 0.0001). With x-polarization setting, the Hg-Fano resonator has asymmetric resonance feature theoretically (Kabashin et al., 2009; Yoo and Park, 2019), so the high Q-factor resonance can be excited. Moreover, different from the conventional Fano resonator, the additional Hg-cylinder is integrated into the asymmetric Hg-ring to achieve the large Hg-bar length changings when the background temperature is altered. This is mainly based on the natural temperature expansion property of Hg with the constant expansion rate of,
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[image: Figure 1]FIGURE 1 | (A) Theoretical presentation of the Fano resonance, (B) the 3D/2D view of the designed Hg-Fano resonator with parameter definitions, (C) transmission curves of the Hg-Fano resonator under different parameter θ values obtained by numerical simulation in the period boundary condition, and (D,E) the calculated Q-factor, resonant frequency shift, and temperature sensing sensitivity as a function of temperature changings. The modeled surface current distributions at Fano resonance frequency are shown in the inset in panel of (C).
in a wide temperature varying range. Here V0 is the initial total volume of the Hg-cylinder and Hg-ring without temperature changings, ∆V is the volume changing amount at the temperature changing ∆T.
Based on the above-discussed design, the transmission curves with asymmetric Fano resonance features are firstly numerically modeled in finite element method based software. In simulations, the electromagnetic wave is incident along z-axis with the electric field along x-axis. The boundaries along the x and y direction are set as period. After simple structure optimization, the initial parameters for the designed Hg-Fano resonator is: a = 0.4 mm, h = 10 mm, ra = 10 mm, rm = 5 mm, θ0 = 40 deg, and the corresponding transmission (|S21|) curves are shown in Figure 1C.
As can be seen, the asymmetric transmission feature is appeared at each curve, indicating the Fano resonance is achieved. Moreover, as shown in the inset of Figure 1C the obtained surface current distributions also indicate the asymmetric feature. Under different parameter θ values, the asymmetric transmission features are kept well. Figures 1D,E show the simulated Q-factor values, the calculated Fano resonance frequency shift, and the sensitivity for the proposed Hg-Fano resonator under different temperature changings. The represented temperature changings shown in Figure 1 are calculated based on the expansion rate of Hg and the designed Hg-Fano resonator con-figuration,
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where
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Based on the basic resonance mechanism of the electromagnetic resonator, the resonance frequency is inversely related to the electric length (and results in the equivalent lumped parameter) of the resonator,
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here L and C are the equivalent inductance and capacitance. It shows that the proposed Hg-Fano resonator has a high stable Q-factor (around 750), and near-linear resonance frequency change features with quasi-constant sensitivity (∼70 MHz/°C) under different temperature changings. The temperature sensing precision can be represented by the so-called figure-of-merit (FOM), in terms of (Zhang et al., 2020c),
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And the FOM for this proposed Hg Fano resonator is calculated as about 26.25/°C, based on the results shown in Figure 1, which is much larger than most of the resonant-type temperature sensors (Kairm et al., 2014; Ma et al., 2021). Therefore, it can be considered as an ideal temperature sensing platform.
2.2 Microstrip-Line Coupling
The above obtained basic Hg Fano resonator is hard to be used as the temperature sensor node because of the electromagnetic excitation and coupling problems. Therefore, to solve this problem, in this section the microstrip-line is used and the proposed coupling mechanism is shown in Figure 2A. The circular loop is moved to the bottom of the Hg-cylinder to achieve good coupling between the microstrip-line and the resonator. Moreover, in this section, the Hg-cylinder size is reduced slightly and the final temperature sensitivity will be smaller than the one obtained in the previous section based on the theoretical relationship (see Eq. 1).
[image: Figure 2]FIGURE 2 | (A) 3D view of the microstrip-line coupled Hg-Fano resonator with port setting in modeling environment and top view with parameters definition, (B) numerical transmission curves under different parameter θ values, and (C,D) the calculated Q-factor, resonant frequency shift, and temperature sensing sensitivity as a function of temperature changings.
In the simulation for this microstrip-line coupling configuration, the radiation boundaries are applied to the glass box and two wave ports are excited along the microstrip-line, as shown in Figure 2A. The new parameter rm = 3 mm, b = 1.13 mm, and the other structural parameters are not changed. The dielectric substrate (brown) of the microstrip line is the Rogers 4,350 (εr = 3.66, tanδ = 0.004). Based on the above settings, the parallel results are concluded in Figures 2B–D. As can be seen in Figure 2B, the asymmetric transmission feature is kept with also high Q-factor values (about 180) under different temperature changing ranges. Compared to the results shown in Figure 1C, the reduced Q-factor values are mainly due to the radiation loss here because of the open radiation boundaries. However, the obtained Fano resonance frequency-changing features cannot keep the linear feature anymore, as shown in Figure 1D. This is because the coupling between the microstrip and the circular loop affects the resonance slightly. And the obtained average sensitivity is slightly smaller than the one shown in the Figure 1D, due to the reduced Hg-cylinder size as mentioned before. Moreover, the FOM for this microstrip-line coupled Hg Fano resonator is about 1.5/°C, smaller than the one shown in previous subsection.
2.3 Modified Hg-Fano Resonator
To achieve the near-linear Fano resonance frequency-changing feature with the constant sensitivity for future temperature sensing applications, in this subsection a modified Hg Fano resonator configuration is proposed, as shown in Figure 3A. As can be seen, the circular loop is changed to a rectangular loop, and the other structure configurations are not changed. Based on the similar optimization process the new structural parameters are obtained as: a = 0.4 mm, L = 15.2 mm, c = 8.4 mm, h = 6 mm, and rm = 3 mm. And the simulated parallel results are presented in Figures 3B–D. Compared to the previous two Fano resonators we have discussed, the Q-factor and sensitivity for this rectangular-shape Hg Fano resonator are further reduced due to the wide gap and shorter Hg-cylinder tank as shown in Figure 3A. However, here the more stable Q-factor (about 85), and near-liner Fano resonance frequency changes with near-constant sensitivity (∼10 MHz/°C) are obtained. This is a benefit of the stable coupling strength between the microstrip-line and the resonator, because of that the rectangular shape resonator can make the Hg bar has a stronger and more stable coupling rate to the microstrip-line, as shown in Figure 3A. In the next section, the temperature sensing performance for the last discussed Hg Fano resonator is experimentally demonstrated.
[image: Figure 3]FIGURE 3 | (A) 3D view of the modified Hg-Fano resonator with port setting in modeling environment and top view with parameters definition, (B) numerical transmission curves under different parameter d values, and (C,D) the calculated Q-factor, resonant frequency shift, and temperature sensing sensitivity as a function of temperature changings.
3 EXPERIMENTAL DEMONSTRATIONS
To fabricate the designed Hg Fano resonator prototype, one low-loss silica glass with good transparency is used as the substrate, and the hollow pile and cylinder tank which are used to store the liquid metals Hg are machined on the substrate with a precision laser etching technique. Then, one thin additional silica glass cover plate is placed on the etched glass substrate and such to glass are stuck tightly by using the UV glue. In the etching process, in order to inject the Hg into the fabricated hollow pile and the cylinder tank to form the rectangular Hg Fano resonator, a through-hole beside the hollow pile is also etched. Finally, the Hg is injected into the whole hollow pile and cylinder tank by using a syringe, and the achieved rectangular Hg Fano resonator prototype is shown in Figure 4A. It should be noticed that the size of the fabricated prototype and the used silica glass are the same as used in numerical simulations in the previous section. One big hole on the left side of the glass box as shown in Figure 4A is used to place the commercial thermometer probe, as shown in the whole measurement setup (Figure 4B). The final assembled Hg Fano resonator is placed on the top of a pre-fabricated 50-Ω straight microstrip-line with the optimized position shown in Figures 3A, 4C.
[image: Figure 4]FIGURE 4 | (A) Fabricated rectangular-shape Hg Fano resonator prototype, (B) prepared whole measurement setup for the temperature sensing performance demonstration, and (C) zoomed in plot for the prototype over the microstrip line.
In the real-time measurement, the background temperature around the Hg Fano resonator is controlled by a heater and is monitored by the commercial thermometer shown in Figure 4B. Moreover, for a regular S-parameter measurement procedure, the two ports of the vector network analyzer (Agilent 5230A) with the reference plane reaching the two SMA connectors are calibrated by the regular TRL calibration procedure process.
Then the transmission curves are collected in real time under different background temperatures ranging from 26 to 38°C with changing step of 0.1°C, and the measured two-dimensional results are presented in Figure 5A. Several transmission curves at different temperature points are also shown in Figure 5B to see the asymmetric transmission shape, and the calculated Q-factor and the collected Fano resonance frequency shift as a function of temperature are concluded in Figures 5C,D, respectively. It can be found that the fabricated Hg Fano resonator coupled by the microstrip-line still shows the asymmetric Fano transmission shape with the Q-factor around 70, and the Fano resonance frequency is almost linear shifted when the temperature is increased gradually indicating a calculated sensitivity of 11.7 MHz/°C, and FOM of 0.4/°C. Those obtained measurement results agree well to the corresponding numerical results shown in Figure 3. The slight reduction for the Q-factor is because of the in-perfect sample fabrication, glass pasting, and placing processes. Moreover, the dielectric loss of the practical glass and the invasion of the commercial thermometer probe closed to the Hg Fano resonator will also result in the reduction of the resonance strength and Q-factor.
[image: Figure 5]FIGURE 5 | (A) Two-dimensional sweep of the transmission curves under different temperatures, (B) the selected several transmission curves at the temperatures shown in the inset, (C,D) the calculated Q-factor and the collected resonance frequency shift as a function of temperature.
However, the measured sensitivity is slightly larger than the simulated one. This is due to the fact that the initial Hg volume V0 is hard to control finely and equal to the numerical one. So the larger sensitivity is reasonable. This is also one theoretical direction for enhancing the sensitivity and FOM by enlarging the initial Hg volume based on the theoretical equations and the numerical results shown in Section 2.1.
Finally, the temperature sensing performances and dimensions for the designed microstrip-line coupled Hg Fano resonator are compared with the previously reported temperature sensors based on other antenna and metamaterial techniques (Haitao Cheng et al., 2012; Kairm et al., 2014; Lorenzo et al., 2016; Li et al., 2022). As can be seen in Table 1, most of the reported microwave temperature sensors are realized by using the temperature-sensitive dielectrics as the substrate of antennas and/or metamaterial resonator units. And those works did not investigate the method to enhance the resonance Q-factor. So both the sensing sensitivity and precision cannot reach an optimized value. The proposed liquid metal Hg-based metamaterial resonator units, including the reported toroidal and EIT resonators realized in the waveguide (Ma et al., 2021; Li et al., 2022) and the one discussed in this paper coupled by the microstrip-line, can exhibit both the high Q-factor and high-temperature sensing performances, because that the Hg is directly used to design the resonators, not just the substrates. Those are the main advantages compared with the previously reported metamaterial-inspired microwave temperature sensors. Moreover, even though the Hg toroidal and EIT resonators showed slightly larger sensitivity and FOM, however, it is realized in a bulk waveguide which is hard to use in practical application. Therefore, the discussed microstrip-line coupled Hg Fano resonator shown in this paper with compact size can be widely used for the wireless temperature sensing area in the near future.
TABLE 1 | Performance comparisons of different kind of temperature sensors.
[image: Table 1]As obtained in this paper, both the simulated and simulated Fano resonant frequency shift is kept well as a near-linear feature. This is mainly because of that in this limited temperature increasing range, the Hg bar length is not changed too much so the Fano resonant feature can be kept well, and the resonant frequency is linearly related to the temperature. However, there is an upper limit that can make the linear frequency shift property not be satisfied anymore. When the changeable Hg bar is closed to the other Hg bar as shown in Figure 3A because of the continuing increase of temperature, the Fano resonance will disappear. So in that case, the high-performance sensing property cannot be kept.
4 CONCLUSION
In this paper, a Hg Fano resonator coupled with the microstrip-line is designed for microwave high-precision temperature sensing applications. With detailed Fano resonator evolution, and the numerical and experimental demonstrations, the measured sensitivity of 11.7 MHz/°C and FOM of 0.4/°C are obtained, and such temperature sensing performances can be further enhanced by simply enlarging the initial Hg volume for the Fano resonator structure. The proposed microstrip-line coupled Hg Fano resonator can be widely used for the wireless temperature sensing area.
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Sensing Mechanism

Dielectric constant changing of the CRR resonator
Thermal expansion of Hg toroidal resonator in waveguide
Thermal expansion of Hg EIT resonator in waveguide
Dielectric constant changing of the antenna substrate

RFID tag with NTC thermistor

Thermal expansion of Hg Fano resonator over microstrip line

Unit Dimension (with
Coupling system)

110 x 55 x 200 mm
72 x 34 x 120 mm
47 x 22 x 50 mm
26 x 72x5 mm
7 x 60 x 100 mm

Sensitivity

7.3 MHz/'C*
16.4 MHz/'C
9.5MHz/'C
0.4 MHz/'C
023 kHz/'C
11.7 MHz/C

FOM

0.69/°C
0.68/'C
0.016/°C

0.4/C
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