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Abstract—Real-time multifunctional sensing of magnetic fields and temperatures with preserved performances from room temperature to 500℃ has posed a challenge for conventional sensing techniques. In this work, we demonstrate a new and smart multifunctional sensor based on single crystal diamond (SCD) NEMS resonators that can sense both magnetic fields and temperatures up to 500℃. Our strategy is to integrate a magnetostrictive thin film (Curie temperature >650℃) and a non-magnetic thin film on different SCD NEMS resonators on the same SCD chip for magnetic field sensing and temperature sensing, respectively. The multifunctional SCD NEMS sensor can achieve simultaneous sensing of temperatures and magnetic fields with high reliability up to 500℃, the best among all the semiconductors. The concept of SCD-NEMS based multifunctional sensors offers a promising solution for developing multifunctional sensors of magnetic sensing and temperature sensing under harsh environments.
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I. Introduction

Multifunctional sensors are essential in diverse applications that require the sensing of multiple physical, chemical, and environmental parameters within a highly integrated system, as well as in the context of miniaturization and the Internet of Things (IoT). At present, multifunctional sensors encounter the contradiction of functional diversity and cost increase, fabrication limitation 


[1-5] ADDIN EN.CITE . Particularly, the real-time multifunctional sensing of magnetic field and high temperature up to 500℃ has not been achieved. Single-crystal diamond (SCD) offers great potential as a material for developing high-performance and highly reliable NEMS devices owing to its exceptional electrical properties, mechanical strength, and chemical inertness 


[6-10] ADDIN EN.CITE . Galfenol (FeGa) demonstrates a significant magneto-strictive coefficient and outstanding thermal stability, boasting an ultra-high Curie temperature of 675°C [11]. In addition, tungsten carbide (WC) film has advantages of high thermal-stability and high oxidation resistance, which makes it promising for temperature sensing in wide temperature range. The combination of SCD with FeGa film and WC film in NEMS technology harnesses the strengths of these materials, resulting in high sensitivity and reliability devices at high temperatures.

In this work, we demonstrate the dual functional sensors for magnetic fields and temperatures up to 500oC by using different SCD NEMS resonators integrated with a FeGa/Ti film and a WC/Ti film separately to overcome the challenge of conventional sensors with poor thermal stability and reliability
II. Device Concept
The device configuration of the SCD-based multifunctional sensors consist of two SCD NEMS resonators coupling with a WC/Ti layer and a FeGa/Ti layer, respectively, as shown in Fig. 1(a). The FeGa/Ti/SCD resonator sensor is proposed to realize magnetic sensing. Simultaneously, the ambient temperature is monitored and detected by the WC/Ti/SCD resonator sensor. The magnetic sensing principle is based on magnetostictive effect (∆E effect). The magnetic sensitivity is defined as the resonance frequency shift upon the magnetic field. The Young’s modulus of the FeGa/Ti/SCD structure is changed under applying magnetic field, which results in the resonance frequency shift. The resonance frequency shift, ∆fH, generated by applying magnetic field can be expressed as,

∆fH=fH-f0=0.162*t(EH1/2-E01/2)/(L2ρ1/2)
(1)
wherein t and L are the thickness and length of the cantilever. EH and E0 are the Young’s modulus with and without applying the magnetic field, respectively. fH and f0 represent the resonance frequencies with and without applying the magnetic field. The larger ∆E effect can achieve enhanced magnetic sensing performance. The thermal expansion mismatch of the WC/Ti film and SCD resonator is utilized to realize the temperature sensing. The temperature sensitivity is characterized as the resonance frequency shift upon the temperature increasing. The resonance frequency shift, ∆fT, resulted from the temperature variation is described,

∆fT=fT-fT0=0.162*t(ET1/2-ET01/2)/(L2ρ1/2)
(2)
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where ET and ET0 are the Young’s modulus at the temperature of T and 25℃, respectively. fT and fT0 represent the resonance frequencies at the temperature of T and 25℃. The high thermal expansion mismatch is in favor of obtaining large Young’s modulus change of the WC/Ti/SCD structure, in return achieving high temperature sensing performance.
III. Device Fabrication and Measurement
In this work, the smart-cut technique is employed to produce the SCD resonators 
 ADDIN EN.CITE 
[12-14]
. After the releasing, the as-fabricated SCD cantilevers were annealed at 650°C for 10 hrs in a tube furnace with an oxygen ambient to improve the Q factors. The FeGa film, WC film, and Ti film were deposited on the SCD cantilever by the radio frequency magnetron sputtering. The Ti interlayer was used to improve the adhesion amongst the multilayer structures. An optical system based on Doppler effect of a focused laser (He-Ne laser, 633 nm, <1mW) incident vertically on the substrate was utilized to measure the out-of-plane resonance frequencies of the SCD-based resonators, as shown in Fig. 1(b). The lock-in amplifier system was used to read out the resonance signal. All measurements were conducted in a vacuum chamber with a pressure below 10-3 Pa. The resonators were actuated by utilizing a micro-probe connected to an RF range signal. The magnetic fields, resulted from different magnets, perpendicular to the resonator in the same plane were applied for magnetic sensing measurements.
IV. Results And Discussion
A. High thermal-stability of the SCD NEMS resonators
Fig. 1(c) exhibits the resonance frequency spectrum shifts downward with the etching duration increasing, which is due to the reduction of the thickness in the etching process. The Q factors of the SCD cantilevers are greatly enhanced from 15551.3 to 95539.4 by the etching treatment (Fig. 1(d)). The high Q factor contributes to achieving high-sensitivity [image: image3.emf]902.8903.0903.2903.4
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and low-noise sensors. The dependences of the resonance frequencies and the Q factors on the lengths of the SCD cantilevers after the etching treatment are depicted in Fig. 1(e) and (f). The rule of resonance frequencies and lengths of the SCD cantilevers strictly follows the law of (1). After the etching treatments, the Q factor exhibits the positive-[image: image4.emf]451.6451.7451.8  
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dependence on the length, which indicates that the Q factor is mainly determined by the clamping loss dissipation.

Fig. 2(a) shows the resonance spectrum of a SCD cantilever shifts downward with the evaluated temperature increasing. The dependence of the resonance frequency of the SCD cantilever (L=120 μm) as the measurement temperature during the heating and cooling process is shown in Fig. 2(b). It is shown that the resonance frequency is almost identical for the temperature during the heating and cooling process, which indicates the high thermal stability of the SCD cantilevers. The thermal stability of the SCD resonator is also confirmed by the Q factor variations of the SCD cantilever with temperature during heating and cooling processes (Fig. 2(c)). Based on equation (2), the temperature coefficient of resonance frequency (TCF), namely, TCF=(∆fT/f0)/∆T, was utilized to reveal the thermal stability of the SCD cantilever. The TCF of the SCD cantilever shows weak temperature-dependence of a value of 7.8 ppm/℃ (Fig. 2(d)), which ensures the SCD cantilever as the thermally-stable platform for functional sensors
B. Temperature sensing
The coupling of SCD cantilever with the WC/Ti film offers a promising device configuration to realize the temperature sensing. This is attributed to 1) the existence of the thermal expansion between the SCD and the WC/Ti film, 2) the ultra-high thermal stability of the SCD and the WC/Ti. Fig. 3(a) and (b) show the dependence of the resonance spectrum of a WC/Ti/SCD sensor (L=120 μm) on the actuation voltage at 25℃ and 500℃. The temperature sensor exhibits good resonance vibration features at different voltages. The amplitude peaks of the resonance spectra linearly increase with the driving voltages (Fig. 3(c)). It indicates that the resonance frequency of the sensor shows no dependence on the actuation voltage. Fig. 3(d) shows the dependence of the resonance frequency of the WC/Ti/SCD sensor on the measurement temperature. The WC/Ti/SCD sensor can reach a high temperature sensitivity of 10.1 Hz/℃ within the wide temperature range of 25℃~500℃ (Fig. 3(e)). The trend of Q factor of the temperature sensor shows a negative temperature-dependence (Fig. 3(f)).
C. Magnetic sensing
The magnetic sensor is based on the FeGa/Ti/SCD structure. When the response of the WC/Ti/SCD sensor to the temperature is achieved, the magnetic sensing of the FeGa/Ti/SCD sensor is simultaneously obtained. Fig. 4(a) and (b) show the dependence of the resonance spectra of a FeGa/Ti/SCD sensor (L=160 μm) on the actuation voltage without applying magnetic fields, exhibiting good resonance vibration features at different voltages. The amplitude peaks of the resonance spectra also linearly increase with the driving voltages (Fig. 4(c)). Fig. 4(d) schematically shows the resonance frequency shift of the magnetic sensor without and with a magnetic field (H=4.73 mT) at different measurement temperatures. Fig. 4(e) shows the dependence of the resonance frequency shifts upon the magnetic fields at different measurement temperatures. It is disclosed that the magnetic sensing performance is enhanced with the temperature increasing. This is possibly due to the enhanced strain coupling at the interfaces at high temperatures [4]. The FeGa/Ti/SCD sensor can reach the highest magnetic sensitivity of 4.4 Hz/mT at 500℃ (Fig. 4(e)). The Q factor of the magnetic sensor decreases with the temperature without and with magnetic fields (Fig. 4(f)).
V. Conclusion 

In summary, for the first time the multifunctional sensors for simultaneous realization of temperature sensing and magnetic field sensing based on the SCD-based resonators in wide working temperature range of 25℃~500℃ were demonstrated. The high temperature sensitivity of 10.1 Hz/℃ and high magnetic sensitivity of ~4.4 Hz/mT at 500℃ for the multifunctional sensors with high reliability and wide working temperature range were achieved, exhibiting a great promising for the future sensing applications of high-integration, multifunction, miniaturization.
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Fig. 1. (a) Optical image of the multifunctional sensors. (b) Schematic measurement setup of the multifunctional sensor based on a SCD resonator. (c) Resonance spectrum shift with the etching treatment. (d) Q factor variations before and after the etching treatment. Dependences of (e) resonance frequency and (f) Q factor on length of SCD resonators after the etching treatment.
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Fig. 2. (a) Resonance spectra shifts of a bare SCD cantilever as a function of the measurement temperature. Dependences of (b) the resonance frequency and (c) Q factor of the SCD cantilever (L=120 μm) as the measurement temperature during the heating and cooling process. (d) Dependence of the ratio of frequency shift to the resonance frequency of the bare SCD cantilever on the temperature.
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Fig. 3. Resonance spectra of the WC/Ti/SCD sensor (L=120 μm) as a function of actuated voltage at (a) room temperature and (b) 500℃. (c) Dependence of amplitude peak of resonance spectrum of the WC/Ti/SCD sensor on the actuation voltage at room temperature and 500℃. (d) Resonance spectra shifts of the WC/Ti/SCD sensor as a function of the measurement temperature. (e) Dependence of the resonance frequency shift of the WC/Ti/SCD sensor on the temperature. (f) Variation of Q factor of the WC/Ti/SCD sensor with the temperature increasing.
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Fig. 4. Resonance spectra of the FeGa/Ti/SCD sensor (L=160 μm) vs the actuation voltage at (a) room temperature and (b) 500℃. (c) Dependence of amplitude peak of resonance spectrum of the FeGa/Ti/SCD sensor on the actuation voltage at room temperature and 500℃. (d) Resonance spectra shifts of the FeGa/Ti/SCD sensor induced by applying the magnetic field as a function of the measurement temperature. (e) Resonance frequency shift of the FeGa/Ti/SCD sensor vs the magnetic field at different evaluated temperature. (f) Q variations of the FeGa/Ti/SCD sensor with the measurement temperature without and with applying magnetic field.

















