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Abstract

:

The vacuum chamber is an important part of microparticle optical levitation technology. The traditional vacuum chamber has a large volume and many peripheral components, which cannot meet the requirements of miniaturization and on-chip optical levitation technology. Therefore, this study proposes a novel microparticle vacuum chamber based on the micro-electro-mechanical system (MEMS) process. This MEMS microparticle vacuum chamber adopts a “glass-silicon-glass” three-layer vacuum bonding process, with a volume of only 15 mm × 12 mm × 1.2 mm, including particle chamber, cantilever resonator chamber, and getter chamber, which can encapsulate microparticles in a tiny vacuum environment and realize optical levitation of microparticles. At the same time, the air pressure in the micro vacuum chamber is monitored by the cantilever resonator, which can provide a miniaturized microparticle chamber with a more accurate vacuum environment for microparticle optical levitation. The research of this paper has significance for promoting the development of miniaturized optical levitation technology.
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1. Introduction


Since the birth of optical levitation technology in the 1970s, this new means of levitation technology has been widely used in many frontier research fields such as micro-molecule capture, targeted therapy, quantum precision measurement, and dark matter detection [1,2,3,4,5] with its high precision, high resolution, and nondestructive contact properties. However, the current common optical levitation systems are generally conventional optical devices consisting of optical elements, desktop lasers, and large-volume mechanical vacuum systems, especially for mechanical vacuum chambers, which can achieve high vacuums (10−4 torr) [6,7,8,9,10]. In particular, in the field of optical rotation [11], an environment of high vacuum level is often required to reduce air damping for increasing the rotational speed of optical rotating particles. At present, most mechanical vacuum systems mainly include vacuum vessels, connecting pipes, vacuum valves, vacuum pumps, vacuum gauges, and so on [12]. The overall volume is about one cubic meter. Although the mechanical vacuum chamber can achieve a high vacuum environment, it is not convenient to be used in compact optical levitation fields due to its large volume and weight. Miniaturization and on-chip optical levitation are important trends in the development of optical levitation, but the traditional vacuum system cannot meet the requirements. However, so far, there are few research works and papers reported on the miniaturized particle vacuum system to the best of our knowledge, so a miniaturized vacuum system is urgently needed.



Inspired by the atomic vapor cell in the nuclear magnetic resonance gyroscope [13,14,15], MEMS technology has become the best way to prepare small-volume vacuum chambers and replace large-volume mechanical vacuum chambers due to its advantages of high efficiency, good repeatability, and small size of processing devices [16,17,18,19]. However, in order to realize the vacuum level detection of MEMS small-volume vacuum chambers, most of the existing vacuum detection methods for MEMS wafer-level chambers use sensitive structures embedded in the chamber to calibrate the vacuum level. Almost all of them need to convert the electrical signal output with the help of outer lead bonding [20,21,22], which will significantly increase the design and processing difficulty of MEMS microparticle chambers.



To solve the above problems, in this paper, the authors propose a vacuum detection technique with an electromagnetic drive without outer lead bonding based on the realization of the MEMS microparticle chamber structure design. This design simplifies the processing difficulty of the microparticle chamber by using an external electromagnet to drive a resonator prepared from iron material embedded inside the chamber, which can determine the vacuum level of the packaged MEMS microparticle chamber. The vacuum level of the packaged MEMS microparticle chamber was determined with the help of the resonant characteristics of the resonator, and then the optical levitation and rotation of one micron-sized particle were realized with the help of this vacuum environment.



The results show that the microparticle chamber can not only maintain a certain vacuum level, but also have a built-in pressure measurement function, and the volume is small and easy to integrate (the overall volume is on the cubic millimeter level). Compared with the large-volume high-intensity mechanical vacuum chamber, this millimeter-scale microparticle chamber can be better adapted to the miniaturization and on-chip optical levitation system, which presents a new research idea for the integration of optical levitation systems.




2. Overall Structural Design of the Microparticle Chamber


2.1. Structure Design


Since optical levitation technology mainly uses focused lasers to trap microparticles stored in a vacuum chamber, it is necessary to ensure good light transmission on the upper and lower surfaces of the designed microparticle chamber. Since silicon wafer is the most basic processing material in the field of integrated circuits and MEMS, it is an ideal structural material with high melting point and stable mechanical properties, so the main structure of the microparticle chamber adopts the sandwich structure of “glass-silicon wafer-glass”. The current MEMS wafer-level vacuum detection technology includes the use of an internally mounted tuning fork quartz crystal as a sensor for vacuum measurement [23], the use of a micro-bridge structure of Pirani gauge as a sensitive unit for vacuum measurement [24,25,26], and so on. However, all of these methods require an external circuit structure to output the measured electrical signal, which includes the design of the circuit structure, lead processing, package preparation, etc., making the structure of the microparticle vacuum chamber more complex, increasing the size and the probability of air leakage from the seal.



Hence, to overcome these problems, the authors choose a three-chamber structure: Chamber I contains a resonator with a cantilevered beam structure. The resonant motion of the cantilever resonator is driven by an external AC field, and the resonant frequencies of the cantilever resonator under different vacuum environments before bonding are calibrated by a laser vibrometer to determine the vacuum level inside the MEMS vacuum chamber after bonding. Chamber II contains a small piece of getter. Getter is often used in vacuum electronic devices (especially in the MEMS devices) to create a good working environment and maintain a certain vacuum level. It is made up of various elements, such as Ti, Zr, Ta, Th, etc. When the getter is activated at a high temperature (350 °C for 20 min), it can absorb the residual gas (H2, H2O) in the particle chamber and maintain the vacuum. Chamber III contains the microparticles for levitation. Nevertheless, the traditional MEMS vacuum devices need enough cleanliness to ensure the bonding effect; the structure is also the biggest difference between microparticle chamber and traditional MEMS vacuum devices. After filling in the particles, the vacuum pumping process will pump some of the particles to the surface of the silicon wafer, increasing the probability of failure of the bond process. Hence, a structure with a glass sheet with a hole and a piece of tinfoil attached to it is used to cover the surface of Chamber III to prevent the particles from escaping during the vacuum pumping process. In order to ensure the same vacuum level inside the two chambers, the three chambers are connected by two micro-channels, which can also prevent the particles excited by the piezoelectric sheet from spreading into Chambers I and II, as shown in Figure 1.




2.2. Design and Vibration Modal Simulation of Cantilever Resonator


To avoid designing additional circuit systems, the iron cantilever resonator is selected as the resonator in the MEMS chamber, and the external electromagnet is used as the driving unit to calibrate the vacuum level in the vacuum chamber. The cantilever resonator parameters in millimeter are shown in Figure 2, and the thickness of iron material is chosen as 0.1 mm.



In order to guide the determination of its resonant frequencies in the experimental tests, the inherent frequencies of the cantilever resonator were first analyzed by using finite element analysis. The simulation results are shown in Figure 3. The characteristic frequencies of the first four modes of the cantilever resonator are 4153.8 Hz, 6269.7 Hz, 16,041 Hz, and 25,167 Hz. Since the driving method uses the electromagnetic field driven by the AC variation directly below the MEMS microparticle chamber, mode one has the largest contact area with the gas inside the chamber and is the most sensitive to the vacuum variation inside the chamber. In the subsequent experimental tests, only the vibration near the characteristic frequency in mode one is focused on. The simulated characteristic frequencies and quality factors of the resonant beam are shown in Table 1.



In order to theoretically guide the calibration of the MEMS microparticle chamber vacuum test, it is necessary to analyze the influence mechanism of damping on the resonant beam. The cantilever resonator will be affected by multiple influences including air damping loss, thermoelastic loss, support loss, surface defect loss, and other environmental losses.



In this paper, the air squeeze-film damping is used as the main factor for the cantilever resonator to sense the air pressure, as shown in Figure 4. Hence, firstly, the influence of the squeeze-film damping on the resonant frequency of the cantilever resonator is analyzed. After that, a brief analysis of the thermoelastic damping existing in the system will be carried out.



2.2.1. Squeeze-Film Damping


For the designed MEMS microparticle chamber, the two most important parameters to evaluate the gas thinness are the aerodynamic viscosity μ at the air pressure and Knudsen number Kn, which is the ratio of the molecular free range to the characteristic size of the resonator, i.e.,


   K n  =  λ d  =    λ 0  ·  P 0    d · P    



(1)




where λ is the molecular free range at a given air pressure, λ0 is the molecular free range at atmospheric pressure, P0 is the standard atmospheric pressure, P is the given air pressure, and d is the distance between the cantilever resonator and the bottom of the chamber. According to the calculated value of Kn, the gas flow characteristics within the MEMS microparticle chamber can be initially judged: when Kn < 0.001, it is the continuous flow region; when 0.001 < Kn < 0.1, it is the slip flow region; when 0.1 < Kn < 10, it is the excessive flow region; when Kn > 10, it is the molecular flow region. While in the microscopic domain, the aerodynamic viscosity μ is generally replaced by the effective viscosity factor μeff, which is related to Kn and the choice of different mathematical treatment models, as shown in Table 2 [27].



According to the resonant beam structure designed in this paper, it can be calculated that when the air pressure is located at 10–10,000 Pa, Kn is between 0.0013 and 1.286; at this time the gas flow is between the slipstream and over-flow regions, and the viscosity effect produced by the gas molecules is obviously affected by the pressure, so the effective viscosity coefficient must be used as a substitute. The effective viscosity coefficient of the N-S equation model is used in this section.



When the cantilever resonator makes resonant motion, the gas between the cantilever resonator and the bottom of the chamber will be sucked and discharged with its periodic motion, and this process will be affected by the resonant motion of the cantilever resonator due to the change of gas molecules caused by the change of gap, because some of the gas is not compensated or dispersed in time. Equation (2) is the pressure film damping formula for the rectangular structure,


   c  gas   =    μ  eff    W 3  L    h 3    β    W L     



(2)




where W is the width of the rectangular beam, L is the length of the rectangular beam, h is the thickness of the rectangular beam, and β is the scale factor that varies with the width–length ratio of the rectangular beam, since the width–length ratio of the rectangular beam designed in this paper is 0.5, β ≈ 0.7 [27], and the aerodynamic viscosity μ is 17.9 × 10−6 Pa·s at 20 °C.




2.2.2. Thermoelastic Damping


In addition, when the cantilever resonator is excited, the length of the middle plane does not change. On the left and right sides of the middle plane, the material will have different temperature gradients due to compression and tension. This internal temperature conduction will lead to thermoelastic damping loss. Most thermoelastic damping models are based on Zener’s classical thermoelastic damping theory [28]. The following expression of the thermoelastic damping coefficient of the micro cantilever beam is given without deduction [27],


   c  t h e r   =   E  α 2     C p       6   ξ 2    −   6    sin h  ξ + sin ξ      ξ 3     cos h  ξ + cos ξ        



(3)




where E is the modulus of elasticity of the material, α is the coefficient of thermal expansion of material, Cp is the heat capacity per unit volume under fixed pressure or stress, and ξ is a dimensionless coefficient,


  ξ = W      ω 0    2 χ      



(4)




where ω0 is the undamped intrinsic angular frequency and χ is the thermal diffusivity of the material.



Since the damping terms other than squeeze-film damping are not affected by the air pressure, in order to simplify the calculation, the remaining damping terms are considered as a constant in the subsequent simulation calculation.




2.2.3. Vibration Modal Simulation of Cantilever Resonator


According to the damped forced vibration equation, it is known that,


  m  x ¨  + c  x ˙  + k x = F sin   ω t    



(5)







Simplification leads to,


   x ¨  + 2 δ  x ˙  +  ω 0 2  x =   F sin   ω t    m   



(6)




where x is the vibration displacement, c is the damping coefficient (sum of all damping coefficients), δ is the damping rate, δ = c/(2 · m), the damping ratio ζ =   c /   2 ·   k · m      , k is the equivalent stiffness of the system, F is the amplitude value of external driving force, ω is driving frequency, and t is driving time.



In this system, since the mass and surface area of the end rectangular structure are much larger than that of the thin support, the cantilever structure is simplified to a single cantilever resonator with constant cross-section in this section. The cantilever resonator first-order inherent frequency ω0 is shown in Equation (7) [29],


   w 0  =  k 1      E I g    x f   L 4       



(7)






  I =   W  h 3    12    



(8)




where k1 = 1.76, xf is the distributed load force per unit length and I is the moment of inertia of the cantilever resonator.



The above variables and corresponding parameters are shown in Table 3.



From that, it can be calculated that,


   ω 0  = 27,755  



(9)







Equivalent stiffness k is,


  k =  ω 0 2  · m = 3.848  



(10)







Since the damping ratio ζ is always less than 1 when the air pressure is in the range of 10–10,000 Pa, the system is an underdamped system with damped intrinsic angular frequency ωd and intrinsic frequency fd as,


   ω d  =  ω 0  ·   1 −  ζ 2     



(11)






   f d  =  ω d  ·  1  2 π    



(12)






  Q =  1  2 ζ    



(13)







The relationship between the variation of the intrinsic frequency and quality factor with air pressure is thus established, and its curve distribution is shown in Figure 5.



From the calculation results, it can be seen that when the air pressure is lower than 10 Pa, the resonant frequency of the system has stabilized, which indicates that the change of air pressure will have little effect on the resonant frequency of the cantilever resonator at this time. When the air pressure gradually decreases, the air damping of the system will also gradually decrease, but due to the presence of other damping components such as thermoelastic damping, the quality factor will also tend to a fixed value. Since the measurement of the quality factor is indirect, its data accuracy is not as direct as that of the resonant frequency, so in the subsequent experiments, this paper mainly uses the resonant frequency curve to calibrate and test the air pressure.






3. Preparation of the Microparticle Chamber


In order to prevent the particles from being projected onto the upper glass surface and not being trapped during the piezoelectric wafer excitation process, the silicon wafers selected must be of sufficient thickness. When the focusing laser passes through the lower surface and upper surface of the glass sheet, there is absorption and refraction phenomena of light. In order to ensure the transmittance and optical path invariance, the thickness of the glass sheet should be as thin as possible while meeting the anode bonding strength. The cantilever resonator is embedded inside Chamber I, and its thickness should not exceed half of the wafer thickness and facilitate external electromagnetic field driving. Combining the above considerations, a 4-inch diameter double-throw silicon wafer with a thickness of 1 mm, two pieces of glass wafer with a thickness of 100 μm, and a pure iron foil with a thickness of 100 μm are used.



In MEMS processing, lithography and dry and wet etching processes are commonly used for batch removal of material and, thus, obtaining correct grinding patterns on the silicon wafers, which are selective, reproducible, and accurate. However, the process time often depends on the chemical reaction rate and is not easy to shape quickly. Due to fact that the designed microparticle chamber is large and the roughness of the chamber sidewalls has no effect on the stiffness of the optical trap, the UV nanosecond dicing technique was chosen for the chamber forming process. To ensure a highly gas-tight fit between the glass and the wafer, a high-temperature anodic bonding process is used for the encapsulation of the chamber.



The flow chart of MEMS microparticle vacuum chamber preparation is shown in Figure 6.



	(a)

	
Cleaning. Using acetone and HF solution to remove small particles of organic and inorganic materials from the silicon wafer surface.




	(b)

	
First dicing. Using a laser dicing machine to pre-process the three chamber structures. (This Figure only shows the structure of Chamber I and Chamber III)




	(c)

	
Second dicing. Processing of the micro-channels connecting three chambers.




	(d)

	
First anodic bonding. The bonding temperature is usually set at 340 °C and the voltage is set at 800 V.




	(e)

	
Particle-filling, getter-filling, and adhesion of small glass pieces, cantilever resonator to the silicon wafer. The adhesive is a high temperature adhesive with a heat resistance of 400 °C. The vacuum pumping process will allow particles in Chamber III to be pumped to the surface of the silicon wafer during the second anode bonding process, and then reduce the bonding vacuum level. Therefore, a small piece of tinfoil is bonded to the top of the small glass sheet with one hole to maximize the bonding effect.




	(f)

	
Second anodic bonding.




	(g)

	
Using the laser to release one micro-hole in the tinfoil. To ensure the air pressure connectivity of the three chambers and to accurately characterize the vacuum level, a laser is used to release a micro-hole in the tinfoil. The released micro-hole must be directly above the hole in the perforated glass sheet. It is important to note that the power and focus of the laser must be strictly controlled to ensure that the upper glass layer is not damaged.







After completing the entire process, each chamber in the wafer is scribed and the individual microparticle chambers cut down are shown in Figure 7. Since it is not possible to use immersion cleaning before step (f), there are a few impurities on the surface that affect the bonding, resulting in a small amount of air bubbles around the bonded chambers, which caused the actual encapsulation pressure of the chambers to be higher than the set bonding air pressure.




4. Test of Microparticle Chamber Vacuum Level


4.1. Principle of Vacuum Level Test


As described in the previous section, the frequency detection method is used to test and calibrate the vacuum inside the microparticle chamber. Firstly, a laser vibration measurement system (Polytec, IT6322A) is used for the calibration experiment of the vacuum level inside the MEMS microparticle chamber. The method of laser vibration measurement is shown in Figure 8.



The driving signal generated by the lock-in amplifier makes the electromagnet generate an AC magnetic field, and the cantilever resonator vibrates under the action of magnetic force. The laser vibrometer transmits the vibration signal back to the phase-locked amplifier and displays it on the PC. In order to facilitate the testing of the resonant frequency and amplitude of the cantilever resonator under different air pressure conditions, before step (f), the upper glass sheet is tightly attached to the processed silicon wafer so as to maximize the simulation of the gas-tight environment after bonding. Then, the resonant peak is calibrated by adjusting the vacuum chamber air pressure.



After step (g), the resonant frequency and amplitude of the cantilever resonator are still tested with the laser vibration measurement system to detect the vacuum level of the chamber after bonding.




4.2. Test and Calibration of the Vacuum Level


To characterize the consistency of the vacuum level of multiple microparticle chambers processed on the same wafer, the vacuum level of four vacuum chambers on the same silicon wafer were tested. After being tested by the phase-locked amplifier and the laser vibrometer, the resonance spectrum of Chamber I before the getter is activated is shown in Figure 9. The resonant frequency of the cantilever resonator is maintained in the range of 4555 Hz to 4561 Hz. The resonant frequency and quality value of the cantilever resonator are different from the simulated results due to the uneven adhesion of the high-temperature adhesive and the deformation and warping caused by the laser thermal effect when cutting the cantilever resonator structure, as well as the influence of uneven density distribution of materials.



After testing, the air pressure in the four microparticle vacuum chambers is shown in Table 4.



The resonant frequency and the sensitivity to the vacuum level of the cantilever resonator structure within the four chambers are not consistent due to the different surface roughnesses of the iron, laser spot calibration positions, bonding positions, and thicknesses of the high temperature adhesive, but the test air pressure is maintained at about 150 Pa. After activation of getter, the minimum air pressure in the particles chamber can reach about 10 Pa.



In order to facilitate the subsequent optical levitation and optical rotation experiments, a batch of microparticle chambers with a vacuum degree of 3 kPa is also prepared. Figure 10 shows the resonant spectrum of the microparticle chamber when the air pressure in the chamber is controlled at 3 kPa.



To evaluate the accuracy of the calculation, a bonded micro-chamber is selected and a hole is drilled on its glass surface. The resonant frequency of the cantilever resonator in this chamber before drilling a hole is 4950.9 Hz, and the pressure corresponding to the calibration curve in Figure 10b is 3.025 kPa. After drilling a hole, by placing it in the vacuum chamber under the calculated vacuum level and retesting the resonant frequency, the test results show that the resonant frequency is 4951.2 Hz. The pressure corresponding to the calibration curve in Figure 10b is 2.873 kPa. Limited by the accuracy of the vacuum chamber and vacuum gauge, there is a certain deviation between these two results. However, the test results are in good agreement with the calculated results within the error range.





5. Test of Laser-Induced Rotating Single Particle


In the previous section, a vacuum chamber containing microparticles was prepared by using the MEMS process, and its vacuum level was calibrated. In this section, the vacuum environment of the microparticle vacuum chamber is further evaluated by building a laser-induced rotating system and combining it with the vacuum chamber to achieve rotational manipulation of a single vaterite particle.



5.1. Setup of the Optical Systems


A laser-induced rotating system is built as shown in Figure 11. The laser with an output wavelength of 1064 nm is collimated and passed sequentially through a half-wave plate (to adjust the output power) and a quarter-wave plate (to adjust the polarization of the laser), after which it is focused using a microscope objective with a numerical aperture (NA) of 1.25 and a magnification of 100×. A CCD camera combined with dichroic filters and white light illumination was used for observation. To avoid laser damage to the CCD lens, an infrared cutoff filter was used to block the laser. The beam-splitting light is focused to the balanced light detector after passing a polarization beam-splitting cube, and the electrical signal is received by the data acquisition card and transmitted to the computer.




5.2. Laser-Induced Rotating and Detecting of Single Vaterite Particle


The laser power is set to 70 mW, and the vibration effect of the ceramic piezoelectric sheet is used to force the particles to overcome their own gravity and the van der Waals force on the glass surface and be excited into the air. When the combined force on the particle is zero, it can be stably trapped in the optical trap. By adjusting the output laser to a circularly polarized state, the rotation of the vaterite particle can be achieved.



However, when the vacuum level is high, the thermal motion of the particles will be more intense, which puts forward higher requirements on the stiffness of the optical trap and increases the difficulty of trapping. For this reason, the internal air pressure of the vacuum chamber is controlled at 3 kPa to ensure the efficiency of particle trapping.



Figure 12 shows the trapping process of a single vaterite particle with a diameter of 3.5 μm.



The rotational signal of the particle in the atmosphere collected with the balanced light detector is shown in the Figure 13. It is not difficult to find that its rotation speed is about 26 Hz.



Using this data as a reference, the rotational signal of one particle in vacuum is obtained by trapping the particle in the microparticle vacuum chamber. The rotation speed of the particle can be achieved at 162 Hz under a vacuum environment of 3 kPa, as shown in Figure 14, which further confirms the vacuum environment of the microparticle chamber.





6. Discussion


This MEMS microparticle chamber achieves a vacuum environment, but there is still a big gap between its vacuum level and that of a large-volume mechanical vacuum chamber. This is due to the inability to use immersion cleaning after filling the particles and resonator before the bonding process, which inevitably leads to some small molecular particles being adhered to the wafer surface during air pressure calibration and other operations, which reduces the bonding effect to some extent. In addition, the random nature of the trapping process will also interfere with the excitation trapping of microparticles within the chamber, as the optical characteristics of different particles vary. Further work could focus on optimizing the chamber preparation process and further increasing the vacuum level. The increase in vacuum level will also increase the thermal motion of the particles, making them more difficult to trap, so an attempt could be made to select a group of particles with similar morphology and optical characteristics before the filling process to increase the success rate of particle trapping.




7. Conclusions


A MEMS microparticle chamber with built-in vacuum measurement with a size of 15 mm × 12 mm × 1.2 mm is presented in this study. Differently from the traditional MEMS packaging devices, the microparticle chamber is filled with particles, which increases the difficulty of the bonding process and affects the improvement of vacuum level. For this reason, this paper proposes a structure with a glass sheet with a hole and a piece of tinfoil attached to it. It solves the problem of particle contamination to a certain extent. The test calibration of the vacuum level of the MEMS microparticle chamber is achieved by using an electromagnetic excitation and a laser vibrometer system without outer lead bonding. This approach avoids the design process for the circuit and complex sensitive cell of traditional MEMS vacuum chambers, while reducing the difficulty of vacuum testing.



The results show that the microparticle chamber has a built-in vacuum level measurement function and can achieve a certain degree of vacuum packaging effect. This method of preparing and testing MEMS microparticle chambers can provide a certain vacuum environment with small volume that is easy to manufacture in bulk for multidisciplinary fields, including optical levitation and laser-induced rotation technology.
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Figure 1. Structure diagram of the MEMS particle chamber. (a) Top view of the MEMS particle chamber (1: Resonator, 2: Getter, 3: Micro-channels, 4: Small glass sheet with one hole, 5: Micropore, 6: Tinfoil; 7: Vaterite particles); (b) Three-dimensional stereogram of the MEMS particle chamber. 
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Figure 2. Structure and corresponding dimensions of cantilever resonator. 
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Figure 3. Working modal simulation of the cantilever resonator (Characteristic frequency (a–d): 4153.8 Hz, 6269.7 Hz, 16,041 Hz, 25,167 Hz). 
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Figure 4. Squeeze-film damping model. The distance between cantilevered beam and chamber bottom is d. 
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Figure 5. Resonant frequency and quality factor variation curve with air pressure. (a) Variation of resonant frequency with air pressure; (b) Variation of quality factor with air pressure. 
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Figure 6. Preparation process of the MEMS microparticle vacuum chamber (1: Silicon wafer, 2: Micro-channels, 3: Lower glass sheet, 4: Vaterite particles; 5: High temperature adhesive; 6: Cantilever resonator; 7: Tinfoil; 8: Small glass sheet with one hole; 9: Upper glass sheet; 10: Micropore in the tinfoil). (a–g) refer to each processing step. See the text for its specific description. 
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Figure 7. Image of the MEMS microparticle chamber. 
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Figure 8. Method of laser vibration measurement. (a) Schematic diagram of principle; (b) Image of the laser vibration system. 
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Figure 9. Variation of resonant frequency of cantilever with air pressure of microparticle chamber in Chamber I. The test data are obtained through experiments after step (g), and the remaining calibration data are obtained through experiments before step (f). (a) Resonance spectrum; (b) Calibrating plot. 
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Figure 10. Variation of resonant frequency of cantilever with air pressure of the microparticle chamber prepared for optical levitation test. (a) Resonance spectrum; (b) Calibrating plot. 






Figure 10. Variation of resonant frequency of cantilever with air pressure of the microparticle chamber prepared for optical levitation test. (a) Resonance spectrum; (b) Calibrating plot.



[image: Photonics 09 00911 g010]







[image: Photonics 09 00911 g011 550] 





Figure 11. The experimental setup used for the trapping and rotation of a single vaterite particle in the microparticle vacuum chamber. (a) Schematic of the setup (L1–9, Lens; λ/2, Half-wave plate; λ/4, Quarter-wave plate; PBS1–2, Polarizing beam splitter; MO1–2, Microscope objective; VC, Vacuum chamber; DF, Dichroic filters; F, Filters; BD, Beam dump; M1–2, Mirror; NDF1–2, Neutral-density filters); (b) Image of the setup. 
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Figure 12. Trapping process of single vaterite particle. (a) Before trapping; (b) After trapping (Particles 1–4 are reference particles). 
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Figure 13. Test of rotation signal in the atmosphere. (a) Time domain signals; (b) Frequency domain signals. 
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Figure 14. Test of rotation signal under a vacuum environment of 3 kPa. (a) Time domain signals; (b) Frequency domain signals. 
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Table 1. Simulated characteristic frequencies and quality factors of cantilever resonator.
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	Characteristic Frequency
	Quality Factor





	4153.8 Hz
	550.29



	6269.7 Hz
	2042.3



	16,041 Hz
	3216.2



	25,167 Hz
	12,415
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Table 2. Effective viscosity coefficient.
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	Mathematical Processing Model
	Effective Viscosity Factor μeff





	N-S equation
	    μ  1 + 6  K n      



	Data fitting
	    μ  1 + 6  K n  + 6  K n 2      



	BT equation
	      D μ    6 Q  D    , D =    π    2  K n      
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Table 3. Calculated parameters of squeeze-film damping.
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	Variable
	Symbol
	Parameter





	Length of cantilever resonator
	L
	3 mm



	Width of cantilever resonator
	W
	6 mm



	Height of cantilever resonator
	h
	0.1 mm



	Density
	ρ
	7680 kg/m3



	Modulus of elasticity
	E
	190 GPa



	Dynamic Viscosity
	μ
	17.6 × 10−6 Pa·s



	Atmospheric pressure
	P0
	101,325 Pa



	Clearance of cantilever resonator to bottom
	d
	0.5 mm
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Table 4. Test pressure of four microparticle vacuum chambers on the same wafer before getter is activated.






Table 4. Test pressure of four microparticle vacuum chambers on the same wafer before getter is activated.





	Chamber
	Resonant Frequency
	Test Air Pressure





	1
	4561.2 Hz
	152 Pa



	2
	4341.7 Hz
	123 Pa



	3
	5711.9 Hz
	182 Pa



	4
	3882.5 Hz
	192 Pa
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