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This paper presents for the first time a high-voltage MEMS plasma switch for boosting the energy transfer efficiency of conditioning circuits for triboelectric nanogenerators (TENGs). The novel MEMS switch has a narrow-hysteresis loop for a permanent high-efficiency energy conversion thanks to the combination of electrostatic actuation and plasma-discharge. At the same time, the converted energy is automatically transferred to a low-voltage reservoir through a buck converter. The experimental results show that the MEMS switch improves the harvesting efficiency by two orders of magnitude (145 times) compared to the conventional full-wave rectifying circuit architecture.

INTRODUCTION

Triboelectric nanogenerators (TENGs) have attracted great research interests thanks to the characteristics of flexibility, simplicity and high output power density [START_REF] Chen | Reviving vibration energy harvesting and self-powered sensing by a triboelectric nanogenerator[END_REF][START_REF] Tao | Origamiinspired electret-based triboelectric generator for biomechanical and ocean wave energy harvesting[END_REF][START_REF] Hinchet | Transcutaneous ultrasound energy harvesting using capacitive triboelectric technology[END_REF]. TENGs transfer the mechanical energy into electricity by coupling the principles of contact electrification and electrostatic induction [START_REF] Ghaffarinejad | A conditioning circuit with exponential enhancement of output energy for triboelectric nanogenerator[END_REF]. For the most classical TENG, i.e. the contact-separate ones, opposite charges will be left on the surfaces of the two contact materials and a current will take place from one electrode to another to rebalance the electrostatic field when they separate/contact each other with the mechanical force.

How to efficiently manage the generated high peak voltages (above 100V) of the TENGs is still under consideration. It has recently been proved that adding switches [START_REF] Niu | A universal self-charging system driven by random biomechanical energy for sustainable operation of mobile electronics[END_REF][START_REF] Zi | Effective energy storage from a triboelectric nanogenerator[END_REF][START_REF] Yang | Managing and optimizing the output performances of a triboelectric nanogenerator by a self-powered electrostatic vibrator switch[END_REF][START_REF] Cheng | Managing and maximizing the output power of a triboelectric nanogenerator by controlled tip-electrode airdischarging and application for UV sensing[END_REF][START_REF] Zhang | A self-sustained energy storage system with an electrostatic automatic switch and a buck converter for triboelectric nanogenerators[END_REF][START_REF] Zhang | A conditioning system for high-voltage electrostatic/triboelectric energy harvesters using Bennet doubler and selfactuated hysteresis switch[END_REF] to the condition circuit could significantly improve the performances. For example, Niu et al. proposed a 2-stage circuit, which included a full-wave rectifier and a impedance-matched capacitance as the 1 st stage, an electronic switch and a transformer as well as a storage reservoir as the 2 nd stage for lowering down the high rectified DC voltage [START_REF] Niu | A universal self-charging system driven by random biomechanical energy for sustainable operation of mobile electronics[END_REF]. Zi et al. has reported that a mechanical switch synchronized with the movement of the TENG can improve the maximum energy-storage efficiency by up to 50% and promote the saturation voltage by at least a factor of two [START_REF] Zi | Effective energy storage from a triboelectric nanogenerator[END_REF]. However, the energy consumption of the electrostatic switch is huge and the mechanical switch is not universal to all of the TENGs. We have previously reported a manually-fabricated electrostatic switch [START_REF] Zhang | A self-sustained energy storage system with an electrostatic automatic switch and a buck converter for triboelectric nanogenerators[END_REF][START_REF] Zhang | A conditioning system for high-voltage electrostatic/triboelectric energy harvesters using Bennet doubler and selfactuated hysteresis switch[END_REF], which realized selfsustainability and hysteresis-loop.

In this paper, in order to further improve the stability and precision of the switch, we employ MEMS technique to fabricate the switch. It combines the principles of plasma discharge and electrostatic actuation. Narrow-and fullhysteresis loops can be generated by controlling the gap between anode and cathode.

DESIGN AND ANALYSIS Systematic Diagram

A progressive contact-separate TENG [START_REF] Zhang | Progressive contact-separate triboelectric nanogenerator based on conductive polyurethane foam regulated with a Bennet doubler conditioning circuit[END_REF] based on macro-shaped conductive polyurethane foam and polytetrafluoroethylene (PTFE) film was employed in the system. The conditioning circuit as shown in Fig. 1 includes a TENG and a Bennet doubler [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF] to charge a small buffer capacitor as the 1 st stage, and a buck converter for lowering down the voltage as the 2 nd stage. Finally, a commercial regulator is used to stand the output voltage at 3.3V. The small buffer capacitor (4.7nF) is firstly charged to a high voltage (hundreds of volts) through a Bennet topological circuit. As a special characteristic of the Bennet circuit, there is no voltage saturation phenomenon like the classical full-wave or half-wave rectifiers. On the contrary, the voltage across will increase exponentially until it approaches the voltage limitation of the capacitors or of the diodes. Thus can approach a very high value. When reaches the ON voltage of the switch, the switch will be actuated ON and then the energy in will be transferred to the storage capacitor (22μF) through the buck converter. As a result, decreases until it reaches the OFF voltage of the switch. There are two cases for the switch to operate: i) a full-hysteresis loop, indicating a high ON voltage (hundreds of volts) and a very low OFF voltage (close to 0V); ii) a narrow-hysteresis loop, having also a high ON voltage, but an OFF voltage only a few percents lower than the ON voltage. A schematic of the two hysteresis loops can be found in Fig. 2. Theoretically, a narrow-hysteresis switch brings a higher energy harvesting efficiency because the circuit can always operate at the optimized point having the highest energy per cycle. 

Switch Design and Analysis

A schematic of the switch is shown in Fig. 3(a). A fixed electrode as cathode is connected to Node O (referred in Fig. 1), i.e. the input of the buck converter. A movable electrode as anode is connected to Node N (referred in Fig. 1), i.e. the output of the Bennet. Four suspension beams support the movement of the anode, which is obtained with four electrostatic comb-drives actuators connected to the reference ground.

When a high voltage is applied between the anode and the ground, it pulls the anode close to the cathode. Thanks to the specific design, there is no pull-in occurring in any situation because the anode and cathode electrodes work like a pair of stoppers: before the voltage across the combfingers reaches the pull-in, physical contact always arises first between the anode and cathode electrodes, which results in the release the energy and drop of the voltage.

As the switch combines the principles of electrostatic actuation and plasma discharge, the foresaid two cases of hysteresis loop can be realized. The full-hysteresis is attributed to the electrostatic actuation resulting in a direct physical contact between anode and cathode. The narrowhysteresis is due to the plasma discharge when the applied voltage is high enough to reach the air breakdown voltage but not enough for the physical contact, whose threshold voltage is based on the Paschen's law curve [START_REF] Ono | Micro-discharge and electric breakdown in a micro-gap[END_REF]. Our device works in the air (a constant pressure), therefore the gap between anode and cathode becomes the critical parameter that determines the final breakdown voltage. The gap ( ) between anode and cathode is dynamically changing with the variation of the applied voltage, therefore the breakdown voltage of the device will change as well, according to the Paschen's law:

= 1 1 (1)
where is the dynamic gap between anode and cathode, and here is initially designed as 6μm, 9μm, and 12μm; is the operating pressure; is the gas composition and A and B are constants based on the gas composition. The Paschen's law curve as well as the function curve of the voltage ( ) versus the fingers' displacement are shown in Fig. 4.

It can be concluded that in case the gap is small, the breakdown voltage would be ultra-high thus physical contact occurs before plasma discharge, and a fullhysteresis switch is obtained. When the gap is high enough so that the voltage limit for physical contact is much higher than that of the breakdown, the plasma discharge takes place first and a narrow-hysteresis loop is expected as the current of the plasma discharge is much lower than that of the physical contact.

Fig. 4. The Paschen's las curve and the function of versus the gap between anode and cathode.

Fabrication Process

The fabrication of the switch is based on a dicing-free silicon-on-insulator (SOI) technique. The SOI wafer used in our fabrication has a 40μm device layer, a 2μm box layer and a 400μm handle layer. The SEM image can be found in Fig. 3(b). The fabrication process is shown in Fig. 5 

EXPERIMENTAL RESULTS

We firstly did the experiments with the conditioning circuit shown in Fig. 1 to test the effectiveness of the whole system. When using a switch with = 6μm in the circuit, a full-hysteresis is obtained: the switch turns ON at a highvoltage (~425V) and turns OFF at 0V, as the orange line shows in Fig. 6(a), which indicates a hysteresis loop of ~425V. The recharging time from 0V to the ON-voltage is 4.7s and the switch-ON period is 0.2s. Thus the ON-OFF frequency for the switch ( = 6μm) is ~0.2Hz. However, if applying the regulator and a resistive load of 660kΩ, the output of the regulator cannot stand at 3.3V continuously because of the long recharging time.

In contrast, when using a switch with =9μm, there is a small ON-OFF hysteresis loop (<10V), as shown in Fig. 6(b). The narrow hysteresis results in a higher ON/OFF frequency of ~1.7Hz. Despite the ON voltage of 300V much lower than that using SW_M 6μm , the output of the regulator can always stand at 3.3V with a load of 660kΩ. The equivalent available RMS power that can be applied to a load is = ⁄ = 15 . The following experiments were done to compare the efficiencies of different circuits and switches for charging a 22μF capacitor. Performances of the circuits with Bennet and switches (both SW_M 6µm and SW_M 9µm

) as well as the most basic circuit of full-wave are compared. The charging curves and energy per cycle in Cstore versus voltages without applying regulators nor loads are drawn in Fig. 7(a) and 7(b). It can be seen that the periods to charge the capacitor to 4.5V are 19.8s, 26.5s and 147.7s for the three circuits, respectively. Also, the energy per cycle at the voltage of 4.5V for the three circuits are 7.96µJ/cycle, 5.66µJ/cycle and 0.59µJ/cycle, respectively. If we define the charging efficiency as the energy per cycle in Cstore at 4.5V (the regulator's operation voltage) divided by the charging period to this voltage, we can conclude that using the 2stage conditioning circuit with a 6µm-gap MEMS switch improves the energy transfer efficiency by 145 times (7.96µJ/cycle/19.8s versus 0.59µJ/cycle/147.7s) compared to only using full-wave rectifier.

CONCLUSIONS

In summary, this paper proposed and fabricated a MEMS switch using the principles of electrostatic actuation and plasma discharge to significantly improve the energy harvesting efficiency. The proposed switch can be employed in a wider energy harvesting area like the electret kinetic energy harvesters (eKEH) by adjusting the ON/OFF voltage of the switch by proper designs.
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 1 Fig. 1. The schematic of the 2-stage conditioning circuit for the TENG.
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 2 Fig. 2. The schematic of the ON/OFF statuses of the switch with a full-or a narrow-hysteresis loop. Dashed lines indicate the voltage upward curves while the solid lines show the voltage downward curves.
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 3 Fig. 3. The schematic (a) and SEM image (b) of the plasma switch.
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 5 Fig. 5. The fabrication process of the switch.

Fig. 6 .

 6 Fig. 6. Voltage across the buffer capacitor (Cbuf), across the storage capacitor (Cstore), and at the regulator output when using switches with 6µm-gap (SW_M 6µm , a) and 9µm-gap (SW_M 9µm , b).
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 7 Fig. 7. The charging curves of the storage capacitor with three different methods (a). FW only here means we use the basic full-wave rectifier to directly charge a 22uF capacitor. The periods to get 4.5V for the three methods are 19.8s, 26.5s and 147.7s, respectively. Energy per cycle versus voltage across Cstore without applying any load and the regulator (b).